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PREFACE

v

The normal precursor of malignant melanoma is the melanocyte, a cell of neural crest
origin. In their embryological state, neural crest cells are unique in that they dissociate
from the notochord on days 10–14 and migrate out, or “metastasize,” to numerous sites
of the body as their new “homes.” These cells are known as “argentaffin cells” and
include the melanocytes. Of interest is that melanocytes can also accumulate abnormally
in clusters as nevi and thereafter reside in the lower stratum of the epithelium just above
the level of the dermis (and occasionally in the dermis). The most important function of
these melanocytes either singularly or in clusters is to manufacture melanin, a pigmented
biopolymer that is distributed throughout the skin to protect the host from the damage of
ultraviolet radiation. Indeed, the amount of pigmentation sets the background of racial
groups in human beings. It is estimated that the number of melanocytes in the body is
relatively constant between different racial groups, although the production of melanin
varies dramatically from one race to the other. Melanocytes in lightly colored skin make
the least amount of melanin, whereas melanocytes in darker skin make larger amounts
of melanin, which provides significantly greater protection against the direct ultraviolet
radiation at the equator and its subsequent photocarcinogenesis.

It is in the transformation and mutation of these melanocytes that melanoma cells
are derived. Approximately 95% of the time, melanoma can be traced to a pre-existing
nevus, but about 5% of the time, the original site may not be determined because mela-
noma presents as metastatic melanoma. Although melanoma is a potentially incurable
disease, especially in its late stage, the overall incidence of melanoma is relatively low
compared with other types of cancer. Of special interest is the incidence of cutaneous
melanoma, which is dramatically lower in the more heavily pigmented populations, such
as blacks and Asians. The mechanisms of melanogenesis have been studied, but are still
not fully understood. It is our hope that From Melanocytes to Melanoma: The Progres-
sion to Malignancy presents all available evidence to date in order to establish a scholarly
record of what is known about the progression of changes from melanocytes to mela-
noma. The intriguing differences between the lighter and darker skinned racial groups
with respect to the different incidences of melanoma need to be explained. Patients with
xeroderma pigmentosum (XP), a multigenic, multiallelic, autosomal recessive disease,
have more than a 1000-fold increased risk of cutaneous melanoma. Thus, XP deserves
special attention, since mechanisms responsible for the genesis of melanoma in these
patients can be understood and applied to melanoma in general. One important goal of
these studies is to understand the molecular mechanisms involved in melanogenesis and
in malignant transformation of melanocytes. Potential therapeutic maneuvers may then
be developed to either block these steps or use relevant specific molecules of melanogen-
esis as targets of attack.

From Melanocytes to Melanoma: The Progression to Malignancy is divided into
three parts, with Part I addressing the basic biology of melanocytes and the molecular
mechanisms involved in the development, migration, and differentiation of melanoblasts
to melanocytes. Part II is devoted to elucidating processes involved in the transformation
of melanocytes to malignant melanoma. Finally, Part III focuses on mechanisms
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involved in the further progression of primary melanomas into invasive and metastatic
melanomas. We hope that by studying the molecular signals involved in these processes,
we will be able to develop model systems by which we can trace the molecular mecha-
nisms involved in the malignant transformation of melanocytes to malignant melanoma.
From Melanocytes to Melanoma: The Progression to Malignancy will be a valuable
reference for all biologists and basic scientists who are interested in the biology of
pigment cells, as well as to pathologists, dermatologists, surgeons, and medical
oncologists who are interested in the diagnosis and treatment of melanoma.

Vincent J. Hearing, PhD

Stanley P. L. Leong, MD
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Summary
Melanocytes are specified from pluripotent neural crest cells that delaminate from the developing

neural tube and overlying ectoderm early in development. As a subset of these neural crest cells migrate
along the dorsal–lateral path, they begin to differentiate into melanocyte precursors (called melanoblasts).
While the melanoblasts continue to differentiate, the population expands through proliferation and
prosurvival processes. Melanoblasts eventually migrate through the dermis, into the epidermis, and, in
mice and humans, into hair follicles, in which they produce melanin. Several classes of proteins, includ-
ing transcription factors, extracellular ligands, transmembrane receptors, and intracellular signaling mol-
ecules regulate these processes. The genes that are currently implicated in melanocyte development and
their relationship with each other will be discussed in this chapter.

Key Words: Neural crest; melanocyte.

INTRODUCTION

Melanocytes are pigment-producing cells that populate the integument, inner ear, and
eyes of vertebrate organisms. Arising entirely from pluripotent neural crest cells, melano-
cytes undergo complex developmental processes that can be divided into several stages
based on location and marker expression (Fig. 1). First is the initial specification of the
neural crest cells, followed by their emigration from the neuroepithelium. Next, a subset
of this population is specified as melanocyte precursors (termed melanoblasts), and
expands and migrates along a dorsal–lateral path beneath the ectoderm. As development
progresses, the melanoblasts simultaneously differentiate, proliferate, and migrate
extensive distances throughout the embryo until finally populating the entire organism.
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Fig. 1. Cartoon depicting stages of melanocyte specification and migration. The neural crest
population is induced from dorsal edges of the neural tube (dark shading), and undergoes an
epithelial to mesenchymal transition into the migration staging area (1). A subset of neural crest
cells is specified as melanoblast precursors and migrate dorsal-laterally beneath the ectoderm
(early migration) (2). The melanoblasts migrate through the dermis and then into the epidermis
(mid migration) (3). The melanoblasts migrate within the epidermis and become incorporated
into developing hair follicles (late migration) (4). The melanoblasts continue to populate the
epidermis and hair follicles, eventually becoming melanocytes that produce pigment (5). NT,
neural tube; S, somite; E, ectoderm.

The neural crest cells initially form as the neural tube is closing: at 8 d of gestation in
mice and at 22 d in humans. Neural crest cells develop in a rostral to caudal direction from
the neuroepithelium at the lateral edges of the neural folds and the junction with the
ectoderm. Remarkably, neural crest cells differentiate into many distinct cell types that
are dramatically different in function and location in the adult vertebrate. For example,
in addition to melanocytes, other neural crest derivatives include the neurons and glial
cells of the entire peripheral and enteric nervous systems, as well as craniofacial tissues
and cardiac cells. These cell types develop in distinct and consistent spatial and temporal
patterns, and are identifiable by their pattern of migration, by lineage specific markers,
and by intrinsic cell characteristics, such as pigment production.

 Before their emigration from the neuroepithelium, the neural crest cells are specified
within the dorsal neural tube, as evidenced from expression of markers including Wing-
less/INT-related (Wnt) 1 and 3, Paired box transcription factor (Pax3), Foxd3, and in
chick and Xenopus only, Slug (Table 1 and Fig. 1, no. 1) (1–9). The specified neural crest
population then undergoes an epithelial to mesenchymal transition, migrates out from
the neuroepithelium as individual cells and into a region called the migration staging
area, located dorsal to the neural tube and underneath the ectoderm. At this stage the
premigratory neural crest cells are multipotent and express pan-neural crest markers:
SRY box containing transcription factor (Sox10), Sox9, and, in mice, Snai2 (10–12). In
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support of this theory, single neural crest cells that are marked by dye injections in mouse
dorsal neural tubes give rise to multiple lineages (13). In addition, individual neural crest
cells in culture form mixed colonies of differentiated cells (14,15).

After the neural crest cells leave the migration staging area, they migrate either ven-
trally or dorsal-laterally away from the neural tube (Fig. 1, no. 2). In mice, these migra-
tory events appear to occur simultaneously, whereas, in chick, dorsal–lateral migration
of melanoblasts appears to be delayed 1 d compared with ventral neural crest migration
(16,17). The ventrally migrating cells follow a path between the somites and neural tube,
and eventually give rise to the peripheral nervous system and some endocrine cells. The
dorsal-laterally migrating cells follow a path between the dermamyotome and ectoderm
and eventually become melanocytes. Analysis in chick and mice suggests that melano-
cytes migrate primarily along the somite boundaries but may show some mixing along
the midline and anterior–posterior axes (18). Because melanoblasts are the only neural
crest derivative thought to migrate along the dorsal–lateral pathway, the presence of
neural crest-derived cells in this pathway has also been used as one characteristic trait
to identify melanoblasts. Nonmelanoblasts that migrate along the dorsal–lateral path-
way may be eliminated through selective cell death, because nonmelanocyte neuronal
lineages have been observed along this pathway but undergo apoptosis before melano-
blast migration (19).

In vivo expression data support two theories regarding when neural crest cells are
specified to the melanocyte lineage. Melanocyte markers, such as Kit and microphthalmia
associated basic helix-loop-helix leucine zipper transcription factor (Mitf), are expressed
in the migration staging area, followed soon after by expression of dopachrome-
tautomerase (Dct) (Table 1) (20–22). This suggests that the neural crest cells are predes-
tined to become melanocytes before migration along the dorsal–lateral pathway and
therefore select the migratory path because they are specified. Alternatively, the pres-
ence of extrinsic factors in the environment through which the cells migrate may con-
tribute to the specification of melanocytes. In support of this latter theory, adhesion
molecules, including Ephrin-B (EphB), extracellular matrix (ECM) proteins, and
cadherins, show reduced expression in melanoblasts and the surrounding cells when the
melanoblasts initiate their migration (22–28). It may be that the expression of some
melanocyte-specific genes is required to promote their initial spatiotemporal migration,
and expression of additional genes is necessary for cells to continue to migrate.

In vitro culture experiments also provide conflicting evidence regarding when cells
are committed to becoming melanocytes. Luo and colleagues have demonstrated that
cultured quail neural crest cells expressing Kit (which marks melanoblasts in the migra-
tion staging area) always give rise to clones that contain only melanocytes (29). How-
ever, experiments from Dunn and Pavan demonstrate that descendants of retrovirally
infected Dct-positive melanoblasts in culture give rise to neural crest derivatives other
than melanoblasts, the majority of which are smooth muscle cells (166). Further analysis
is necessary to clarify the multipotent nature of melanoblasts at this stage, because these
conflicting results could be attributed to different species and culture conditions.

As melanoblasts migrate, the population expands by actively dividing and simulta-
neously inhibiting apoptosis (19,30). They migrate extensive distances through the
dermis, eventually cross the basement membrane, and then enter the epidermis (Fig. 1,
no. 3,4). Mosaic analysis of melanoblasts in mice sought to uncouple the processes of
migration and proliferation and suggests that melanoblasts undergo periods of high
proliferation, then extensive migration into the epidermis without proliferation, then a
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second phase of proliferation, followed by migration to a final destination (31). The Kit
signal-transduction pathway is required for melanoblast expansion, survival, and migra-
tion (32), whereas the endothelin receptor B (Ednrb) pathway functions primarily in
neural crest cell proliferation (33) and perhaps migration (34–36). Melanoblast specifi-
cation and proliferation also may be regulated by several transcription factors, including
Foxd3, Sox9, Sox10, Pax3, Snai2, transcription factor activator protein Ap2 , Tcfap2 ,
and Mitf (1,2,11,12,21,37,38). In avian species, melanoblasts migrate into feather buds,
whereas, in mice and humans, the melanoblasts gain entry into hair follicles (Fig. 1, no. 5),
in which both Kit ligand (Kitl) and Adamts20 are expressed (20,22,39). Once in the hair
follicle, the melanoblasts begin to produce pigment and function as fully differentiated
melanocytes; they transfer pigment to the keratinocytes of the developing hair shaft,
resulting in hair pigmentation.

Our current understanding of melanoblast development is based largely on in vivo
studies of classical coat color mouse mutants, quail and chick transplantation experi-
ments, and, more recently, rats, zebrafish, and Xenopus. The forward genetic screen is
a valuable tool for the identification of novel genes that function in melanocyte devel-
opment. DNA arrays, in situ hybridization, and antibody staining are complementary
approaches to identify genes that are expressed in melanocytes (40). Melanocyte devel-
opment and the genetic pathways that govern it can also be explored using neural crest
cultures. The melanocyte population can be targeted in these cultures using the RCAS-
TVA system (41) and can be targeted in vivo using Cre-Lox technology (42,43). Thus,
these combined in vitro and in vivo approaches have helped to elucidate the molecular
mechanism of melanocyte migration, proliferation, and differentiation. Together, these
studies have revealed roles for transcription factors, adhesion molecules, and signaling
pathways in different aspects of melanocyte development. In this chapter, we will pro-
vide an overview of the main molecules currently implicated as critical for melanocyte
development (Table 1 and Fig. 2).

CELL SIGNALING AND ADHESION

The Wnt/ -catenin-signaling pathway is essential for neural crest induction and, sub-
sequently, for melanocyte development. In addition, components of this pathway are
expressed in melanoma and may be associated with progression of the disease (44–47)
(Table 1). Signaling through this pathway provides a mechanism for extracellular sig-
nals to be directly transduced to transcriptional activation of targets. After Wnt binding
to its receptor (Frizzled), -catenin accumulates, enters the nucleus, and subsequently
interacts with members of the lymphoid enhancer-binding factor (LEF)-1/T-cell specific
(TCF) family of transcription factors, which then modulate transcription of target genes
(48). A subset of Wnt and Frizzled family members is expressed in spatiotemporal
patterns consistent with the timing of neural crest induction. The extracellular ligands,
Wnt1 and Wnt3, are expressed in the dorsal part of the neural tube (3,4,7,9), and -catenin
is expressed in both premigratory neural crest and in migrating neural crest in chick (25).
Wnt6 is expressed in the chick ectoderm (49), and, in zebrafish, Wnt8 is also expressed
in a spatiotemporal pattern consistent with neural crest induction (50).

Studies in several model organisms suggest that components of the Wnt/ -catenin-
signaling pathway are required for induction of melanocyte fate. In chick, Wnt6 is
required for neural crest induction (49). E11.5-d-old mouse embryos that are null for
both Wnt1 and Wnt3 exhibit a marked reduction in melanoblasts (3). Furthermore, when
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Fig. 2. Schematic representing the genetic relationships between genes functioning in melano-
cyte development. Extracellular ligands are indicated with triangles, receptors and signaling
intermediates are indicated with ovals, and transcription factors are indicated with rectangles.
Heavy arrows indicate relationships in which direct transcriptional activation has been shown.

-catenin is eliminated specifically in neural crest cells, these mice lack both melano-
blasts and sensory neurons (51). Similarly, Lewis et al. showed that depletion of Wnt8
in zebrafish results in an absence of neural crest derivatives, including pigment cells
(50). In addition, inhibition of Wnt signaling at later stages using overexpression of a
truncated form of Tcf causes significantly reduced expression of the pigment cell marker,
Mitf, but with no effect on other neural crest markers, such as Sox10 (50).

In vivo and in vitro studies also indicate that the Wnt/ -catenin-signaling pathway is
sufficient for melanoblast development. Overexpression of -catenin in zebrafish pro-
motes melanoblast formation and reduces formation of neurons and glia (52). In Xeno-
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pus, injection of Wnt1 causes an expansion of Slug and Sox10 expression, whereas
injection of GSK-3 , a Wnt antagonist, prevents their expression, consistent with a role
for Wnt signaling in induction of early melanoblast markers (37). Similarly, expression
of Wnt1 in cultured mouse neural crest cells and treatment of cultured chick neural crest
with Wnt3a promotes the differentiation and expansion of melanoblasts (4,41). Interest-
ingly, there is a highly conserved binding site for the LEF transcription factor in the Mitf
promoter (53,54). Together, these studies indicate that Wnt/ -catenin signaling may
promote both melanoblast induction and melanoblast differentiation.

Somewhat paradoxically, however, -catenin is also sufficient for formation of other
neural crest derivatives, such as sensory neurons, that are induced from pluripotent
neural crest before melanocyte induction. Mice that express a constitutively active form
of -catenin specifically in neural crest cells have ectopic sensory neurons at the expense
of other neural crest derivatives, including melanoblasts (55). It seems the temporal and
spatial responses to Wnt1 and Wnt3a (166), and perhaps cell-restricted expression of
Wnt inhibitors (4) could explain how this pathway promotes sensory neuron and mel-
anoblast induction.

In addition to signaling through the Wnt pathway, -catenin also functions in a cell
adhesion pathway downstream of cadherins. Because cadherins are required for cell
migration of many cell types (56), it has been proposed that a regulated switching of
expression of cadherins promotes melanoblast migration first into the dermis and then
into the epidermis and hair follicles. The cadherins, composed of type I (N, E, and P-Cdh)
and type II (Cdh5–Cdh12 in mice), have a dynamic expression pattern during melano-
cyte induction. In early mouse embryos, cadherin 6 is expressed in the neural folds and
neural crest cells both before and after their delamination (57). In avian species, neural
crest precursors express high levels of type II cadherin 6B and low levels of N-cadherin,
but once they migrate from the epithelium, cadherin 7 becomes the predominant family
member expressed in migrating neural crest derivatives (25,58).

Immunohistochemical studies in mice indicate that as the melanoblasts migrate
throughout the embryo (Fig. 1, no. 2–5), expression of E-cadherin and P-cadherin is
upregulated and their expression pattern is identical with that of surrounding cells (27).
This is consistent with the formation of cell–cell contacts between similar cadherin
molecules. In E11.5-d embryos, the melanoblasts are present in the dermis but express
neither cadherin. E-cadherin expression is dramatically upregulated in the melanoblasts
by E13.5, just before when the melanoblasts invade the epidermis. Epidermal melano-
blasts express high levels of E-cadherin and low levels of P-cadherin, although those that
eventually enter the hair follicle exclusively express P-cadherin. N-cadherin is expressed
in the melanoblasts that remain in the dermal layer (and is also a marker in melanoblast
cell lines) (24,27).

In vivo studies indicate a role for cadherins in melanoblast migration. Overexpression
of N-cadherin and cadherin 7 in chick inhibits migration of Mitf-positive cells out of the
neural tube (26). However, no pigmentation defects have been attributed to mice
with loss of function mutations in P-cadherin (59), and homozygous null mutants in
E-cadherin are embryonic lethal, thus, a role for this protein in pigmentation has not been
addressed using these knockout mice (60). Because expression of different cadherins
may also be associated with melanoma progression, further analyses of this family of
proteins may elucidate their role in both development and disease (58,61) (Table 1).
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Adhesion to the ECM also may influence the timing of neural crest emigration from
the neural tube, and the differentiation and migratory path chosen by melanoblasts. ECM
proteins such as collagen, fibronectin, and laminin are expressed in the premigratory
neural crest cells of chick and between the ectoderm and dermatome during neural crest
emigration in mice and chick (22,23,62). Interestingly, expression of peanut agglutinin
lectin and chondroitin-6-sulfate in the dorsal–lateral path decreases as cells migrate
along this pathway (63) (Fig. 1, no. 1,2), suggesting that these molecules may regulate
the timing of melanoblast migration, although this has not been functionally proven. In
addition, melanocytes have been reported to express integrins -2, -3, and -5, which
bind ECM proteins; however, it is not known whether other integrins are also expressed
(64). Although integrins have been associated with the progression of melanoma (65)
(Table 1), further studies are needed to define the spatial and temporal distribution of
ECM components and their binding partners and to elucidate their requirement in mel-
anoblast migration and disease.

A role for ECM proteases in melanocyte development was recently revealed with the
cloning of the Adamts20 metalloprotease (39). Adamts20 is expressed in cells adjacent
to the migratory melanoblasts, in a pattern that precedes melanoblast migration (39).
This expression pattern along with the observation that it is enriched in hair follicles,
suggests that Adamts20 may be required for melanocytes to migrate into hair follicles
(Fig. 1, no. 4,5).

Adamts20 is mutated in belted mice, a classic coat color mutant that lacks pigment
only in a belt-like region of the trunk (39). Grafting experiments support the hypothesis
that Adamts20 acts in the ectoderm to promote melanocyte development. In 1964, Mayer
and Maltby grafted ectoderm and underlying mesoderm from regions of the presumptive
belt of belted embryos onto chick coelom and found that grafts from belted regions
displayed melanocytes in the grafted skin, but fewer pigmented hairs than those from
unbelted regions (66). When Schaible performed similar experiments using older chick
hosts, he obtained significantly more pigmented hairs (167). However, because some
grafts contained white hairs, these results are not completely incongruous and the dif-
ference in results may be caused by the age of hosts and mouse stocks used. Although
Adamts20 is expressed throughout the embryo, belted mutants only have defects in a
localized region of the trunk. The nature of this pattern is unknown, however, it may be
a result of redundancies with other metalloproteases, such as Adam17, which is expressed
in mouse hair shafts (67).

Consistent with a role in melanoblast migration, Adamts20 is homologous to a
Caenorhabditis elegans gene, gon-1, which is required for cell migration in embryos
(68,69). In addition to ECM proteins, extracellular ligands, such as kitl, endothelin 3
(Edn3), or EphB, are also substrates for regulation by proteases. Thus, Adamts20 may
promote melanoblast migration into the hair follicles by modifying the ECM and/or
ligands secreted by the skin, and this could help generate a migratory path and/or activate
chemoattractants. Related to this developmental function, metalloproteases have been
implicated in cancer metastasis and ADAMTS20 is enriched in cancer lines (70) (Table 1),
although its expression in melanoma cell lines has not yet been reported.

SIGNALING THROUGH GROWTH FACTORS AND RECEPTORS

Melanoblasts migrate over very long distances throughout the embryo, while continu-
ing to expand and promote their own survival, suggesting that melanoblast development
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is highly dynamic and likely to require rapid activation of signaling pathways. The
stereotypical melanoblast migration throughout the embryos is reminiscent of
chemoattractant-guided axon guidance. In fact, the presence of a long distance attractive
cue in the dermis for melanoblast induction and migration has been proposed (71–73).
In support of this, dermis grafted distally on one side of the chick neural tube induces
specific and early migration of melanoblasts toward the graft (73). The precise mol-
ecules and signaling pathways responsible for this induction are not definitive, however,
there are several candidates.

Evidence supports a role for the EphB receptor tyrosine kinase pathway in both
promoting and inhibiting melanoblast migration. In chick, EphB receptors are expressed
in melanoblasts (28), and ephrin-B ligands (Efnb) are expressed along the dorsal–lateral
pathway before and after melanoblast migration (74) (Fig. 1, no. 1,2). Because Efnb
inhibit neural crest migration in vitro, it was suggested that this pathway acts as a
repulsive cue for melanoblast migration (74). However, recent studies showed that
addition of Efnb to chick trunk neural crest explants also results in precocious migration
of early neural crest, suggesting that ephrin signaling also promotes melanoblast migra-
tion (28). Santiago et al. also showed that melanoblast migration is prevented when
EphB signaling is blocked in vivo in chick embryos. However, neural crest migration is
unaffected in mice null for either Efnb2 or for both EphB2 and EphB3, suggesting that
there may be redundant genes that regulate the timing and location of melanoblast
migration in mice (75,76). Because ephrin receptors are expressed in melanoma samples
(44,77–79) (Table 1), further studies of this pathway may have important developmental
and clinical applications.

Another family of proteins that can both promote and inhibit melanoblast induction
are the bone morphogenetic proteins (BMPs)/transforming growth factor-  growth
factors. In chick, BMP-4 expression in the neural tube decreases as melanocytes initiate
their migration (4). In mice, BMP-2 is expressed in the surface ectoderm of E8.5 embryos
and BMP-4 is expressed in hair follicles of E16.5 to 19.5 embryos (80,81). In vitro
experiments indicate that these proteins inhibit melanocyte development. Neural tube
cultures treated with BMP-4 have reduced numbers of melanocytes but increased
numbers of neurons and glia (4), and chick cranial cultures treated with both FGF2 and
BMP-2, also have reduced pigment cell production (82). However, independent experi-
ments have shown that treatment of quail neural crest cultures with BMP-2 can increase
expression of the melanocyte-specific gene, tyrosinase (83). These findings suggest that
BMPs affect melanocyte development in a complex manner, depending on the family
member, the stage of development, and the model organism and experimental approach
used for the assay.

Ednrb and one of its ligands, endothelin-3 (Edn3), are expressed in patterns consistent
with a requirement in melanocyte development. In mice, Ednrb is expressed in melano-
blasts, albeit at low levels throughout their development (34). In avian species, two
isoforms, Ednrb1 and Ednrb2, are expressed in complementary expression patterns
during melanoblast development (84). During both mouse and chick development, Edn3
is expressed in the skin (36,85). In addition, changes in EDNRB expression are associ-
ated with melanoma (86). Mutations in both EDNRB and EDN3 are associated with
Waardenburg Syndrome (WS)IV, Hirschprung disease (HSCR), and ABCD syndromes
(87–91) (Table 1).

Embryonic analysis of Ednrb mutants indicates that this signaling pathway is required
for melanocyte development. Ednrbsl/Ednrbsl E10.5 embryos display reduced numbers
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of Dct-positive melanoblasts, suggesting that Ednrb is involved in expansion of melano-
blasts as opposed to specification (92). Elegant studies in which the Ednrb gene was
inducibly eliminated in mice showed that it is required between E10 and E12.5 (35).
Further analyses indicate that E10 to E11-d-old EdnrblacZ heterozygous and homozy-
gous embryos contain melanoblasts in the trunk region where skin is unpigmented in
postnatal animals, but fewer Dct-positive cells in E11.5-d-old embryos (34). Similar to
this phenotype, melanoblasts are absent from the trunk of younger Edn3 ls/Edn3 ls

embryos but repopulate these regions during migration into the epidermis (93) (Fig. 1,
no. 3,4). Together, these results suggest that Ednrb signaling is required primarily for
proliferation of melanocytes, and possibly for their migration.

Numerous in vitro studies of melanocytes in culture strongly support a role for Edn3
in their survival, proliferation, and differentiation (21,33,36,94,168). Because the in
vivo data do not indicate a role for Endothelin signaling in melanoblast survival and
differentiation, it is likely that this pathway is partially redundant with other signaling
pathways. One possible candidate that is also required for melanocyte development is
Kit, because the Ednrb- and Kit-signaling pathways exhibit genetic interactions in vivo
and in vitro (94–96,168).

The Kit receptor tyrosine kinase is expressed throughout mouse development. In
humans, KIT expression is downregulated in melanoma and KIT mutations are associ-
ated with human Piebaldism (97–99) (Table 1). Kit is expressed in premigratory melano-
blasts in the migration staging area, and continues as the melanoblasts migrate through
the dermis and into the epidermis (21,22,100,101). In situ hybridization and immunohis-
tochemical studies indicate that Kitl (also called steel factor) is expressed initially in the
dermamyotome, then in the dermis and in hair follicles before melanocyte invasion, but
in lower levels in the ventral paths of neural crest (20,22,101).

Consistent with these expression patterns, mouse mutations in the receptor (KitW) and
ligand (KitlSl) are hypopigmented, indicating their requirement for melanocyte develop-
ment (102). The spatiotemporal regulation of Kit signaling is likely to be important
because Kitsash/Kitsash embryos which contain a mutation in the regulatory domain of Kit,
display ectopic Kit in defined regions in which Kitl is normally expressed (100), and
resulting mice have regionalized hypopigmentation.

Embryonic analyses of mouse mutants indicate that the pathway is required through-
out melanocyte development for survival, proliferation, and migration. Comparative
analysis of mice homozygous for a Kitl null allele, Sl, and mice homozygous for a Kitl
allele, Sld, which eliminates only the membrane form of Kitl, suggests that the soluble
form of the ligand is essential for early migration and/or survival along the dorsal–lateral
pathway, whereas the membrane form is required for early melanoblast survival in the
dermis (22) (Fig. 1, no. 1,2). KitW/KitW and Kitwv heterozygous and homozygous embryos
have an overall decreased density of melanoblasts but relatively normal distribution, and
these phenotypes are exacerbated in older embryos (30,103), indicating that Kit signal-
ing regulates melanoblast survival and/or proliferation but not later melanoblast migra-
tion throughout the embryo.

Additional studies corroborate roles for Kit signaling in later stages of melanocyte
development. Nishikawa et al. and Yoshida et al. showed that injection of Kit antibodies
into pregnant mice at three different stages of development causes three different pat-
terns of melanocyte density and pigmentation in embryos and adults (93,104). From
these experiments, the authors conclude that Kit signaling is required for melanoblast
migration from the dermis into the epidermis, for melanocyte proliferation and survival
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in the epidermis, but not for late melanoblast migration into hair follicles (Fig. 1, no. 3–5).
This last point is questioned by experiments from Jordan and Jackson, who show that
exogenous Kitl can promote migration of melanocytes into hair follicles using skin
explants (105). The Kit-dependent migration of melanoblasts into the epidermis may be
caused by its activation of E-cadherin expression, because transgenic mice that
ectopically express Kitl in epidermal keratinocytes have increased expression of
E-cadherin in epidermal melanocytes postnatally (27) but not in dermal melanoblasts
embryonically (106). In vitro studies also indicate that Kit signaling promotes melano-
blast proliferation because treatment of neural crest cultures with Kitl causes an increased
number of Dct-positive cells (21). Together, these results suggest that Kit signaling is
required for multiple aspects of melanocyte development but its role is complex.

 Some studies have helped to distinguish the roles of Kit signaling in the varied
processes of survival, proliferation, and migration. Analysis in zebrafish of kit alleles
that distinctly affect first melanocyte survival and then migration, clearly suggests that
Kit signaling promotes both of these processes and that these functions are distinguish-
able (107). To separate the role for Kit in survival and migration in mice, Nf1 mice, which
have increased melanoblast survival, were crossed to Kit mutant mice. In double mutant
embryos, melanoblasts failed to leave the migration staging area, suggesting that Kit
functions in early migration, in addition to its role in melanoblast survival (108). Further
in vivo and in vitro analyses will be useful to clarify the exact mechanism of Kit signaling
in melanocyte development.

TRANSCRIPTION FACTOR NETWORKS AND CELL SPECIFICATION

The transcription factor, Foxd3, is important for formation of many neural crest
derivatives but may inhibit melanoblast induction. In chick, mouse, and Xenopus, Foxd3
is expressed in the dorsal neural tube, in premigratory neural crest, and in neural crest
cell derivatives, with the exception of melanoblasts (1,5,109). In Xenopus embryos, a
dominant negative Foxd3 inhibits neural crest cell differentiation and overexpression of
Foxd3 induces expression of neural crest markers (110). However, an independent group
has shown that Foxd3 overexpression in Xenopus prevents neural crest formation (109),
indicating that Foxd3 may be dosage sensitive and its function in neural crest induction
is not straightforward.

In vivo and in vitro evidence suggests a specific role for Foxd3 in repression of
melanoblast development. Foxd3 depletion in chick embryos and in neural crest cell
cultures causes melanocytes to form at the expense of neurons and glia, whereas Foxd3
overexpression in embryos prevents melanoblast formation in vitro (5). Overexpression
of a tagged form of Foxd3 in chick neural tube prevents neural crest cells from migrating
along the dorsal–lateral pathway beneath the epidermis (1) (Fig. 1, no. 1–3). Because
Foxd3-null mice are early embryonic lethal, its role in mouse neural crest and melano-
blast development has not yet been assessed (111).

Two members of the SRY-box-containing transcription factor family have significant
roles in melanocyte development. Sox9 is expressed in Xenopus progenitor neural crest
cells, coincident with Sox10 expression (12). Depletion of Sox9 in Xenopus results in a
loss of neural crest progenitors and Sox10 expression, whereas Sox9 injection expands
Sox10 expression (12,37). When Sox9-GFP is ectopically expressed in the chick neural
tube, green fluorescent protein is detectable in glial cell lineages and cells migrating
dorsolaterally, but not in neuronal lineages. In these chick embryos, the presumptive
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melanoblasts migrate early, suggesting that Sox9 also promotes induction of the melano-
blasts (112) (Fig. 1, no. 2,3). These studies implicate Sox9 in melanocyte development,
however, Sox9 knockout mice are embryonic lethal (113) so a role for Sox9 in mouse
pigmentation has not yet been addressed.

Sox10 is a close relative of Sox9 and is expressed in a pattern consistent with its
requirement for melanocyte development. Sox10 expression in premigratory neural crest
stem cells and derivatives including dorsal root, sympathetic and enteric ganglia, and
peripheral glia has been detected in humans, mice, chick, zebrafish, and Xenopus
(11,37,114–119). Sox10 is expressed in melanoblasts before, during and at the comple-
tion of their migration (119), however, the levels of Sox10 expression may decrease
during melanoblast development in vivo (W. Pavan, unpublished observation).

Studies of Sox10 mouse mutants suggest that it is required for both specification and
survival of melanoblasts. Sox10Dom mice have an insertional mutation in Sox10, render-
ing it either nonfunctional or possibly dominant negative (119). Sox10LacZ mice harbor
a -galactosidase gene replacing Sox10 coding regions (115). Heterozygous mice of
both genotypes exhibit hypopigmentation of the ventrum and megacolon because of lack
of melanocytes and enteric ganglia, respectively, whereas homozygous mice are embry-
onic lethal. The hypopigmentation phenotype can be attributed in part to defects in
differentiation, because Sox10Dom/+ embryos transiently lose expression of Dct but have
only a slightly reduced population of melanoblasts, as indicated by Kit expression
(115,120). In E10.5 Sox10Dom homozygous embryos, the neural crest cells also undergo
apoptosis, as indicated by increased terminal deoxynucleotidyl transferase biotin-dUTP
NICK END labeling (TUNEL) staining (119). Consistent with studies in the mouse,
analysis of the colorless Sox10 zebrafish mutant also reveals a role for Sox10 in neural
crest survival and migration, and in pigment cell differentiation (117).

Studies in Xenopus and in cultured cells suggest that Sox10 is sufficient for melano-
cyte differentiation. Overexpression of Sox10 in Xenopus causes ectopic pigment cells
(37). Interestingly, these studies also showed that Sox10 expression is dependent on Wnt,
Slug, and Sox9, indicating that Sox10 may be a downstream target of these molecules.
Sox10 transactivates expression of melanocyte genes, including Mitf and Dct (11,120–
123). Further analyses of Sox10 function have important clinical implications because
SOX10 mutations are associated with WSIV (11,124), and SOX10 expression may be
associated with melanoma (125,126) (Table 1).

A transcription factor that has been demonstrated to cooperate with Sox10 in melano-
cyte development is the paired homeodomain transcription factor 3 (Pax3). In mouse and
zebrafish, Pax3 is expressed in the dorsal neural tube and in migrating neural crest cells
(2,127). Similar to Sox10 mutants, Pax3Sp/+ mice are semidominant and hypopigmented
on their ventrum, whereas homozygous mutant mice are embryonic lethal (128). Pax3Sp/
Pax3Sp embryos, thought to contain a loss-of-function Pax3 allele, have reduced num-
bers of melanoblasts emigrating from the neural tube and in the trunk but normal distri-
bution of melanocytes overall (128,129). These findings suggest that Pax3 may function
in early expansion of the melanocyte population but not migration. Interestingly,
transplantation of neural tubes from mice containing Pax3Sp and LacZ driven by a Wnt1
promoter into chick embryos demonstrates rescue of mutant neural crest migration
defects (129). This indicates that this Pax3 defect is nonautonomous to the neural crest
cells. However, intrinsic functions of Pax3 in melanocytes are also likely, because Pax3
transactivates the melanogenic enzyme, Tyrp1 (130), and acts synergistically with Sox10
to activate Mitf (123,131) and Ret (121). Because PAX3 is expressed in human mela-
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noma (132,133) and is mutated in WSI, II, and III (134–136) (Table 1), further studies
of Pax3 function will elucidate its role in development and disease.

Members of the Snail family of transcription factors, which includes Slug and Snail,
are required for development of several neural crest derivatives, including melanocytes,
and are expressed in melanoma samples (137) (Table 1). In Xenopus, chick, and zebra-
fish, Slug and Snail are early markers for premigratory and postmigratory neural crest
(6,8). In contrast, in mice, Snai2 (also called Slug) expression is evident only in migra-
tory neural crest (10,138).

In vivo experiments suggest that this family of proteins is both necessary and suffi-
cient for melanoblast formation. Snai2lacZ/Snai2lacZ and Snai2 1/Snai2 1 mice, which
contain loss-of-function alleles of Snail2, exhibit a low penetrance of hypopigmentation
at their extremities and on their head, and exhibit dominant genetic interactions with Kit
mutants (10,139). In Xenopus, Slug depletion inhibits Sox10 expression (37) and Slug
overexpression results in ectopic melanoblasts (140). Because Mitf has been shown to
activate the Slug promoter in vitro, this suggests that Mitf acts upstream of Slug (139).
However, the precise role of Slug in the transcriptional hierarchy of melanocyte devel-
opment needs further clarification. Because this family of proteins also act as repressors
of E-cadherin expression, which is expressed in epidermal melanoblasts, this may be one
mechanism by which Slug/Snail2 regulates melanocyte development.

Recent studies have indicated that the Tcfap2  (transcription factor activator protein
[AP]-2, ) transcription factor family is also required for melanocyte development. In
mice and zebrafish, Tcfap2  is expressed in the neural ectoderm and lateral edges of the
neural fold, in premigratory neural crest and in migratory neural crest derivatives
(38,141). Zebrafish mutants in Tcfap2  (mont blanc) exhibit defects in neural crest
development and specifically in pigment cell differentiation (38,142,143). Mice lacking
Tcfap2  only in the neural crest lineage have belly spots similar to those seen in Sox10
and Pax3 mutants (144). Interestingly, a decrease in AP-2 expression may be associated
with metastatic progression of melanoma, indicating that the transcription factor may
negatively regulate migration (47,145,146) (Table 1). The precise function of AP-2 in
development and cancer requires further study.

The earliest known marker of specified melanoblasts is microphthalmia-associated
transcription factor (Mitf-M). There are multiple isoforms of Mitf that are likely tran-
scribed by different promoters because they are expressed in different cell types (147).
Expression of Mitf is evident in dorsal neural tubes of E10-d-old mouse embryos, when
the neural crest begins to emigrate, and in migratory melanoblasts throughout their
development (148).

In vivo studies have suggested that Mitf is necessary for melanocyte survival and
differentiation. Mitfmi/+ mice are hypopigmented on their ventral side and Mitfmi/Mitfmi

mice lack any pigmentation (128,149). Mitfmi/+ mouse embryos of all ages have reduced
numbers of melanoblasts and sparse distribution in the trunk region that is approximate
to the region of hypopigmentation in affected adults.

Mitf has been proposed to be a master regulator of melanoblast fate, primarily because
it is sufficient to direct melanocyte fate in transformed fibroblasts and fish embryonic
stem cells (150,151). In addition, misexpression of Mitf in zebrafish results in ectopic
melanocytes (152). Indeed, in vitro and in vivo studies in mice suggest that Mitf is
upstream of the melanocyte-specific genes, Tyr, Melastatin, Tyrp1, Dct, Si, Matp, Melan-
a, and Slug (139,153–157), as well as other genes not specific to melanocytes, such as
bcl-2 (158).
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 Analysis of the Mitf promoter and in vivo experiments suggest that Mitf expression
is regulated by a complex series of transcription factors and signaling pathways, includ-
ing Sox10, Pax3, CREB, and Lef1 (which is activated by WNT/ -catenin signaling) (54).
Mitf can cooperate with Sox10 to transactivate expression of melanocyte specific genes,
such as Dct (122,159). Consistent with such synergistic interactions, Sox10Dom and
Mitfmi double heterozygotes exhibit dramatically increased hypopigmentation (123).
Experiments in zebrafish have led to the proposal that Mitf is the only relevant target gene
of Sox10 that is needed for melanoblast development (160). However, this relationship
has not been established in mice. Interestingly, Mitf also synergizes with LEF-1 to
activate expression of Dct and its own promoter, indicating that regulation of Mitf levels
is tightly regulated (161). MITF haploinsufficiency is associated with the human disease,
WSII (162), and MITF is expressed in primary melanoma (125,163,164) (Table 1).
Future studies of Mitf will contribute to an understanding of both melanocyte develop-
ment and disease.

CONCLUSIONS AND PERSPECTIVES

One theme that emerges from the genetic analysis of melanocyte development is that
the same molecules function throughout melanocyte development from the initial induc-
tion of neural crest to the subsequent differentiation, migration, and expansion of the
melanoblast population. Many of the genes have pleiotropic effects, promoting not only
melanoblast induction but also the earlier induction and specification of dramatically
different neural crest subtypes. It remains to be determined how the functions of such
genes are regulated through protein interactions, and how the dynamic spatiotemporal
expression patterns are modulated. In fact, in many cases, the mechanism by which many
of these proteins affect melanoblast development and communicate with each other is
not yet clear. For example, it is often not straightforward to assign which molecules act
intrinsically or noncell autonomously by signaling from surrounding cells, as has been
found with Ednrb signaling (168).

Defects in neural crest cell migration, proliferation, and/or differentiation can result
in genetic disorders, such as Hirschsprung disease (reduced enteric ganglia); WS
(reduced melanocytes and hypopigmentation); and a number of cancers, including mela-
noma (melanocyte tumor). Melanoma is a malignant cancer caused by overproliferation
of melanocytes in adults, is highly metastatic, and is the most deadly of all forms of skin
cancer. Interestingly, many of the genes expressed in either melanoma cell lines or
melanoma tumors are required specifically during melanocyte development (Table 1)
and similar categories of genes are expressed in metastatic melanoma and in migratory
neural crest cells (23,125,165). This indicates that studies of neural crest cell develop-
ment may provide insight into the genetic causes of cancer and its progression.
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Summary
Since its discovery over a decade ago, the microphthalmia-associated transcription factor (MITF), has

moved ever more to the center of pigment cell biology. Not only has MITF been found to regulate the
expression of a number of genes involved in melanin biosynthesis, it is also essential in cell lineage
determination, regulation of cell proliferation and cell survival, and replenishment of follicular melano-
cytes in the adult. To perform these multiple functions in a temporally and spatially appropriate manner,
Mitf needs to be stringently regulated. Through the fruitful merging of genetics, biochemistry, and
molecular and cell biology, it has become clear that Mitf is regulated both transcriptionally and
posttranslationally in response to extracellular signaling and, hence, serves as a critical link between
extracellular cues and gene expression. Intriguingly, many of the molecular pathways important for pig-
ment cell development are also implicated in the formation of melanoma; therefore, the mechanisms
controlling the development of pigment cells may provide invaluable insights into the cells’ malignant
transformation.
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INTRODUCTION

Melanoma cells and developing melanocytes share many intriguing similarities. Both
cells, for instance, engage in comparable complex behaviors that include the dissociation
from an epithelial environment, invasion of the surrounding tissue, and migration to
distant locations. Both cells respond to microenvironmental signals that regulate their
growth, and both express common molecular markers, including microphthalmia-asso-
ciated transcription factor (MITF), which links extracellular-signaling pathways with
gene expression and seems crucial for the cells’ survival. Hence, similar laws may
govern melanocyte biology during development and malignant transformation, and
understanding melanocyte development may help in understanding the formation and
progression of melanoma.

Development of Mammalian Pigment Cells
Mammalian melanocytes are derived from multipotent precursors in the embryonic

neural crest, which is formed from specific cells residing at the junction between the
surface ectoderm and the neural plate (for a comprehensive review of the neural crest,
see ref. 1). Neural crest cells undergo an epithelial-to-mesenchymal transition, dissoci-
ate from each other, proliferate, and start to express distinct molecular markers. The
expression of particular sets of markers is associated with biased cell fate choices that
ultimately lead to the generation of a number of different cell types. These include,
besides melanocytes, all cells of the peripheral nervous system, smooth muscle cells, and
cartilage cells. The precursors to melanocytes are called “melanoblasts” and can be
defined operationally as cells expressing the high mobility group transcription factor
SOX10; MITF; the tyrosine kinase receptor, KIT; the G-coupled receptor, EDNRB; and
the melanogenic enzyme, DCT (formerly called tyrosinase-related protein-2 or Tyrp-2);
expression of these markers does not, however, preclude potential cell fate changes later
in development. Melanoblasts migrate over considerable distances from the sites of their
initial generation to their final destinations and start their journey approx 1 d later than
other neural crest-derived cells. In areas where somites are present, melanoblasts migrate
on a dorso-lateral path rather than the ventro-medial path along the side of the neural tube
that is taken by other crest cells. Although the mechanisms responsible for these char-
acteristic temporal and spatial migration patterns are not understood in detail, it appears
that cadherins, integrins, and extracellular-signaling pathways operating through
EDNRB are involved (reviewed in refs. 2 and 3).

While traveling to their final destinations, melanoblasts sequentially express
additional melanogenic genes, many of them regulated by MITF (for an overview, see
ref. 4 and references therein). In the mouse, the sequence of expression of these genes
culminates with the appearance of tyrosinase, the rate-limiting enzyme in melanin syn-
thesis, approx 4–5 d after the first expression of MITF (for review, see refs. 4–6). The
emergence of tyrosinase marks the beginning of differentiation into mature, melanin-
positive melanocytes that finally take up residence in skin and hair follicles, the oral
mucosa, the choroid in the back of the eye, the iris, and several internal sites, such as the
poorly understood periorbital Harderian gland, the leptomeninges (which form the
connective tissue around the brain), and the inner ear (Fig. 1A). In the inner ear, melano-
cytes are located in a specialized part of the lateral wall of the cochlear duct, the stria
vascularis, in which they participate by still unknown mechanisms in the regulation of
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the ionic homeostasis of the potassium-rich endolymph. In the absence of strial melano-
cytes, regardless of the genetic cause, the electrical potential between endolymph and
perilymph is close to 0 mV, instead of the normal 100 mV, and auditory hair cells no
longer transduce mechano-sensory signals. In fact, in viable mice with Kit mutations,
there often are asymmetries between left and right ears, and ears containing pigment cells
in their stria display an endocochlear potential, whereas ears lacking strial pigmentation
do not (7,8). In addition, in human Waardenburg syndrome (of which there are several
subtypes including one, Waardenburg IIa, linked to mutations in MITF; see ref. 9),
congenital deafness is associated with pigment disturbances in hair, skin, and iris that
may serve as outward signs of melanocyte deficiencies in the inner ear. Importantly,
however, it is melanocytes and not their melanin that is required for normal hearing; the
lack of melanin per se, such as in albino organisms that retain unpigmented melanocytes
in their stria, causes mild, if any, hearing problems (10), although the sensitivity to
ototoxic drugs may be increased (11).

In the eye, neural crest-derived melanocytes populate the choroid and the anterior
layer of the iris and act as light screens. In addition, as shown in Fig. 1B, the eye
contains a specialized layer of pigment cells, the retinal pigment epithelium, or RPE, that
is derived locally from the neuroepithelium of the optic vesicle. This neuroepithelium
is developmentally bipotential and can give rise to either neuroretina or RPE, and dis-
turbances in cell fate decisions between the future retina and the RPE can lead to devel-
opmental abnormalities that ultimately result in coloboma, retinal malformations, and
microphthalmia (for a recent review, see ref. 12). Postnatally, disturbances in RPE cells
can lead to retinal degeneration because of the critical functions that RPE cells play in
photoreceptor cell physiology and maintenance.

Thus, it follows, that the biology of pigment cells reaches far beyond creating the
variety and beauty of an animal’s or person’s pigmentation and touches on many other
disciplines, including sensory organ physiology and oncology.

Melanocyte Development Is Controlled by a Genetic Network
Much of our knowledge about the network of the molecules controlling birth, prolif-

eration, migration, differentiation, death, or malignant transformation of pigment cells
comes from the successful integration of biochemistry, molecular biology, and genetics.
Fig. 2 shows classical examples from mouse genetics depicting phenotypes associated
with heterozygosity for certain mutant alleles of five distinct genes. They include Sox10,
Pax3, Kit ligand (Kitl), Kit, and Mitf. Each of the mutant alleles produces similar white
belly spots where neural crest-derived melanocytes are missing. Overlapping pheno-
types often suggest that the products of the genes in question participate in common
molecular pathways, and it is a gratifying finding that the five white spotting genes
depicted in Fig. 2 indeed seem functionally linked in a common pathway. Sox10 and
Pax3 encode transcription factors that, although more widely expressed than Mitf, acti-
vate at least one of the many Mitf promoters in vitro (13–15). Kitl and Kit encode a ligand/
receptor pair (for a recent review, see ref. 16), whose activation leads to multiple post-
translational modifications of MITF protein that affect MITF’s transcriptional activities
on target genes (17–19). It thus appears that a network of extracellular and intracellular
regulatory proteins all converge on the single transcription factor, MITF, which, in turn,
serves as the nexus to a set of downstream target genes that execute the requisite program
of melanogenesis (for a review, see ref. 20). Here, we highlight these recent findings and
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focus in particular on mouse Mitf, because Mitf research started in mice, and mice
provide a rich resource of Mitf mutations and will continue to yield important insights
into the function of Mitf. For more comprehensive reviews on the transcriptional regu-
lation of Mitf and its target genes, however, we refer the reader to Chapters 3 and 4 in
this book, and to other recent reviews (21,22).

MITF: EXPRESSION, ALLELES, AND DEVELOPMENTAL PHENOTYPES

The Mitf Gene and Its Protein Products
The Mitf gene was first isolated in 1993 from lines of mice with transgenic insertional

mutations at the microphthalmia (mi) locus (23,24). This locus was originally described
more than 50 yrs earlier with a single mutant allele, mi (25). Meanwhile, more than 30
additional alleles—many of them spontaneous, and some induced chemically, by irra-
diation or by targeted mutagenesis—have been isolated (refs. 26 and 27, and unpub-
lished results). Similar to mice with phenotypically severe mi alleles, mice homozygous
for the transgenic insertion Mitfvga-91 lack neural crest-derived pigment cells in coat,
eye, and inner ear; have an abnormal RPE; small, degenerating eyes; and are profoundly
deaf (23,28–30). In these transgenic mice, extraneous sequences are by chance inserted
into the promoter region of a gene encoding a novel member of the basic helix-loop-
helix–leucine zipper (bHLH-LZ) class of transcription factors (23) that we later termed
Mitf (31) (Fig. 3). Such factors are known to participate in a variety of biological pro-
cesses, including the regulation of cell fate specification, proliferation, and differentia-
tion. The bHLH-LZ domain is the critical domain that allows these proteins to form
obligatory homodimers and heterodimers and to bind specific DNA elements, Ephrussi
(E)-boxes, 5'CANNTG3', in target gene promoters. Because all known mi alleles in mice
turned out to have mutations in this gene, it is now firmly established that Mitf is indeed
the single mi gene in this species (32,33).

Fig. 1. (opposite page) Development of vertebrate pigment cells. (A) One source of pigment cells
is the neural crest. In the trunk area of a wild-type mouse embryo, Mitf-positive melanoblasts (d)
originate at the rooftop of the neural tube and then migrate underneath the surface ectoderm on
a dorsolateral pathway. Other neural crest derivatives (gray circles) take the ventro-medial route.
Some cells (s) may not yet express any cell type-specific marker and represent uncommitted
stem cells. A Kit-LacZ transgene allows migrating Kit-positive melanoblasts to be labeled en
face underneath the surface ectoderm. These melanoblasts migrate and differentiate and finally
take up residence at various sites, such as in hair bulbs, the stria vascularis of the inner ear, or
in the choroid behind the retina. (B) Another source of vertebrate pigment cells is the optic
neuroepithelium which evaginates as an optic vesicle from the telencephalon. After invagination
to form the optic cup, the part of the optic neuroepithelium exposed to growth factors emanating
from the closely juxtaposed surface ectoderm (SE) finally gives rise to a domain that goes on to
form the retina. The part closer to the brain will give rise to a domain that goes on to form the
retinal pigment epithelium (RPE). Each part of the optic neuroepithelium is initially bipotential,
that is, capable of giving rise to either retina or RPE, and addition or removal of growth factors
or genetic manipulations can change the normal fate determinations (119).

1“vga-9” was the ninth transgenic line made with a transgene comprised of a mouse vaso-
pressin promoter, -Gal reporter, and human vasopressin polyA signal.
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Mitf is approx 100 megabasepairs (Mbp) from the centromere on mouse chromosome
6, and its human homolog, approx 70 Mbp from the telomere on chromosome 3p (31).
Mitf is most closely related to three other bHLH-LZ genes, Tfeb, Tfe3, and Tfec. The
proteins encoded by these related genes and MITF can form stable dimeric combinations
among each other but not with other bHLH-LZ or bHLH proteins (34,35), and, together,
constitute the MITF-TFE subfamily of bHLH-LZ proteins (35). In both mouse and
humans, Mitf transcription is initiated from at least nine distinct promoters, giving rise
to mRNAs encoding proteins that differ at their amino-termini but usually share the
sequences of eight exons (Fig. 3). Reverse transcription-polymerase chain reaction
(RT-PCR) approaches, along with the analyses of Mitf mutations, have revealed a vari-
ety of alternatively spliced mRNAs lacking particular exons or parts of exons. Intrigu-
ingly, as shown in Fig. 3, the 3' splice junction of exon 1b; the 3' splice junction of exon
1m; all junctions of exons 2, 3, and 4; and the 5' junction of exon 5 correspond to in-frame
codons. This means that exons 2, 3, and 4 can be spliced out safely without disrupting
the remaining open reading frame, and their inclusion or exclusion could therefore be
regulated depending on the developmental or proliferative state of a given cell. By
contrast, selective elimination of the entire exons 5, 7, or 8, the latter two including
sequences encoding the bHLH-LZ domain, would create mRNAs with premature stop
codons, expected to be subject to nonsense-mediated degradation. Elimination of exon
6, however, does not lead to an interruption of the open reading frame, but, nevertheless,
creates a nonfunctional protein, as seen in mice with the Mitfmi–ew mutation (32). Also,
the 3' splice junction of the exons 1a–1h interrupt the codons corresponding to the
predicted amino-terminal reading frames, precluding the maintenance of open reading
frames for a number of altenative potential splice arrangements such as splicing directly
into exon 2. In fact, the elimination of exon 1b, as seen in Mitfmi–rw mice, in which the
upstream exon A is spliced directly into exon 2, creates mRNAs with premature stop
codons (32,33).

Based on the observed gene structure, the single Mitf gene of mammals could theo-
retically give rise to at least 48 distinct, functional mRNAs and protein isoforms that
retain the full bHLH-LZ domain. For some of these, such as splice forms lacking exon
6a, a genetic role has been established, but for many others, a specific role still needs to
be explored by further mutational analyses. Intriguingly, the genes encoding the related
proteins TFEB, TFE3, and TFEC are organized in a similarly complex manner (36).
Their capacity to dimerize with MITF when coexpressed may thus lead to a vast set of
distinct dimers, each potentially with discrete stabilities and activities.

The Developmental Role of Mitf: Expression Patterns and Genetics
The cell-autonomous role of Mitf in melanocyte and RPE development is evident from

its expression patterns and its genetics. Evolutionarily ancient—homologs are found in
Caenorhabditis elegans and Drosophila (37)—Mitf is clearly expressed in developing
pigment cells starting with urochordates, which have a notochord like vertebrates, but
lack a neural crest (38). Interestingly, tadpoles of the urochordate Halocynthia roretzi
sport exactly two melanin-containing pigment cells, an anterior one called the otolith
that serves as a balance organ akin to that in the inner ear of vertebrates, and a juxtaposed
posterior one that is part of the ocellus, a primitive structure involved in light perception.

In vertebrates, Mitf is expressed in melanoblasts and melanin-containing melanocytes
(called melanophores in fish, amphibia, and reptiles) and RPE cells (30,39–41). This is
not to say that Mitf is only found in pigment cells. For instance, in mammals, some
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isoforms are expressed in unrelated cell types such as osteoclasts (42), NK cells (43),
macrophages (44), B-cells (45), and mast cells (46), all of which are affected, if not by
null alleles, at least by dominant-negative alleles of Mitf. Mitf is also expressed in heart
(23,30), in which its function has yet to be established. In fact, by RT-PCR techniques,
Mitf, at least its exon 1b, is expressed widely, if not ubiquitously, as shown in the gene
expression database GXD (47). It would appear, then, that, evolutionarily, the Mitf gene
must be under considerable constraints to maintain proper expression patterns and regu-
lation to serve the needs of so many different cell types. It also implies that Mitf expres-
sion does not inevitably lead to the activation of the melanogenic program. Rather, it is
the developmental history of cells, or the presence of specific Mitf isoforms, or a com-
bination of history and isoforms, that is associated with the development of the respec-
tive lineages. Hence, despite the demonstration that Mitf or at least some isoforms are
capable of recruiting cells other than melanocytes to become pigmented (48), the broad
term “melanocyte master regulator” should be applied with caution.

Whereas C. elegans, D. melanogaster, and H. roretzi each seem to have only one Mitf
gene, teleost fish (40,49) and Xenopus (50) have two separate genes. One, Mitf-a
(nomenclature according to ref. 40), is expressed in the neural crest and the RPE, and the
other, Mitf-b, in the RPE, epiphysis (zebrafish and frog), and olfactory bulb (zebrafish)
but not, or less abundantly, in melanoblasts. In birds and mammals, there is no evidence
for two separate genes, and tissue-specific roles may be fulfilled by the distinct isoforms.
M-Mitf, the homolog of fish Mitf-a, for instance, is prominently expressed in the neural
crest and not the RPE of mice, and A-Mitf (the homolog of fish Mitf-b) and D-Mitf are
expressed in the RPE (ref. 51, and unpublished results). Their respective roles can be
assessed in organisms with distinct Mitf mutations, which are quite abundant in
vertebrates.

Mutations in Mitf-a in the nacre zebrafish are associated with a selective loss of
melanophores, while other types of pigment cells (xanthophores, iridophores, and RPE
cells) are not affected (39). Although no isolated mutation in zebrafish Mitf-b has yet
been found, it is clear that Mitf-b retains the potential to generate melanophores, because
it can rescue Mitf-a mutations, whereas the related zebrafish Tfe3, for instance, cannot
(40). Mitf mutations have also been found in quail (52), hamster (41), rat (53,54), mice
(23,32,33), and humans (9). In mice, even the mildest alleles affect neural crest-derived
melanocytes, but only more severe mutations affect the RPE as well. The phenotypes
associated with each of these alleles are far from being uniform or merely gradations in
severity, however. Indeed, a trained eye can distinguish the 30 different mouse alleles
and many of their heteroallelic combinations alone by visual inspection of their carriers.

A Variety of Alleles and Phenotypes: The Bane and Beauty of Mitf
One of the many reasons why distinct alleles cause such a variety of phenotypes lies

in the fact that MITF is a protein with multiple, functionally distinct domains, some of
which are subject to further posttranslational modifications. Mutations that eliminate or
distort the protein’s DNA binding basic domain, the dimerization domain, or one of its
activation domains usually result in an early abrogation of the melanocyte lineage and
a hyperproliferation of the RPE followed by subsequent derailment of eye development
(32,55). Hence, mice homozygous for such mutations are white, deaf, and micro-
phthalmic, similar to mice lacking MITF protein altogether. Nevertheless, the complete
lack of MITF protein is milder in its effects than the presence of an MITF protein that,
although unable to bind DNA, still can dimerize or interact with other proteins and exert
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dominant-negative activities. Milder still are alleles that leave the bHLH-LZ domains
intact but affect other protein domains. No doubt the mildest among all published alleles
is Mitfmi–sp (mi-spotted), which, when homozygous, has no obvious pigmentation
phenotype at all, although a reduction in tyrosinase levels in the skin has been observed.
Only in combination with other Mitf alleles do carriers of Mitfmi–sp become conspicu-
ous by the presence of white spots, and it is this fact that originally led to the discovery
of Mitfmi–sp when it appeared de novo in a colony segregating MitfMi–wh (Mi-white)
(56). Mitfmi–sp is caused by the insertion of an extra base pair in exon 6a, leading to the
exclusive expression of mRNAs lacking the exon 6a-associated six codons (encoding
ACIFPT) normally present in at least half of the Mitf mRNAs (32). Lack of these
residues slightly lowers the protein’s avidity for DNA (35) and its capacity to stimulate
transcription. Another mild allele is mi-vitiligo (Mitfmi–vit), which leads to a combina-
tion of white spots and large pigmented areas that prematurely become gray as the animal
goes through its molting cycles. Premature graying is likely caused by premature loss of
melanocyte stem cells in the hair bulb niche (57,58). A similar, though less extensive,
premature graying is also seen with other alleles, but with certain alleles, such as mi-red
eyed-white (Mitfmi–rw), pigmented spots do not seem to prematurely gray. Further,
there are alleles such as mi-brownish (Mitfmi-b) or heteroallelic combinations between
MitfMi–wh and several other alleles that lead to changes in the hue of pigmentation
(55,59). Such color changes show that Mitf does not only regulate melanoblast develop-
ment but also the quality of melanin in the differentiated melanocyte, consistent with
Mitf’s direct transcriptional stimulation of pigmentation genes or its effects on melano-
cyte dendricity or other aspects of melanocyte biology.

The different domains appended to the amino-termini of MITF may also contribute
to allele-specific phenotypes. Available genetic evidence suggests, for instance, that
selective deficiencies in M-MITF result in lack of pigmentation in the coat, choroid, and
anterior layer of the iris, but not the RPE (60), hinting at the possibility that selective
deficiencies in other amino-terminal isoforms might likewise lead to cell type-specific
phenotypes. It is not known, however, whether such cell type specificities are simply
owing to differences in expression patterns or to functional differences between the
different polypeptides. In other words, it is not known to what degree one isoform might
substitute in vivo for another. Nevertheless, functional differences between isoforms
have been suggested by a recent study showing that melanoma cells that lack M-Mitf
expression (although expressing other isoforms), when reconstituted with an M-Mitf
expression plasmid change their morphology and growth characteristics after in vivo
transplantation (61).

A further reason for allele-dependent phenotypic distinctions is heterodimerization of
MITF with TFE proteins. The lack of either TFE3 or TFEC is without obvious pheno-
typic consequences in the mouse and the lack of TFEB is associated with disturbances
in placental vascularization (62). Combinations with Mitf mutations do not result in
novel phenotypes except when both Tfe3 and Mitf are missing. Mice lacking both TFE3
and MITF suffer from severe osteopetrosis that interferes with normal tooth eruption and
is fatal at the time of weaning (62). Indeed, mutations in Mitf alone, when homozygous,
can lead to fatal osteopetrosis if the mutant MITF protein is still capable of hetero-
dimerization with TFE3 but cannot bind DNA, thus mimicking the combined lack of
TFE3 and MITF (53,62). Importantly, however, the simple lack of MITF in osteoclasts
does not result in osteopetrosis, and the lack of TFEB, TFE3, or TFEC does not seem to
affect melanogenesis (62). This suggests that although heterodimers between MITF and
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TFE proteins are found in vivo, such as in osteoclasts (53), they are not essential to the
function of each protein. MITF-TFE proteins, therefore, do not seem to follow the
rationale of regulation by heterodimerization that is seen with the MYC/MAD/MAX
group of bHLH-LZ proteins or the myogenic MYOD group of bHLH proteins. This is
surprising, because MITF, like these other proteins, also links cell proliferation with cell
differentiation (see page 41).

From the genetic evidence it follows, then, that MITF must have multiple functions
in melanogenesis: it recruits cells to the pigment lineage, regulates their proliferation and
survival, induces their differentiation into mature melanocytes, regulates their differen-
tiated state, and is responsible for their maintenance throughout adulthood.

REGULATION OF Mitf

Transcriptional Regulation
Not surprisingly, a factor as potent as MITF must be under stringent regulation to

safeguard against two dangerous derailments: premature cell differentiation, potentially
leading to deficiencies in cell numbers, or prolonged cell proliferation, potentially lead-
ing to an overproduction of immature cells. Ultimately, what needs to be regulated is
Mitf’s function in the broadest sense, which depends not only on Mitf mRNA and protein
levels, but also on posttranslational modifications of MITF and the availability and
activity of cofactors.

A first level of control is exerted, positively and negatively, by a combinatorial set of
transcription factors that each binds specific motifs in the promoter elements of the Mitf
gene and regulates Mitf mRNA expression. One of these, PAX3, is a paired homeodomain
protein required for the proper generation of the neural crest and other lineages includ-
ing, for instance, limb muscle precursors. For melanoblasts, PAX3 is limiting, because
Pax3 heterozygous mice have belly spots (Fig. 2), and PAX3 heterozygous humans have
the typical combination of pigment disturbances and deafness of Waardenburg I syn-
drome (63). Another transcription factor is SOX10, associated with belly spots when
mutated in mice (Fig. 2) and with Waardenburg-Shah syndrome when mutated in humans
(64). In fact, several groups have shown cooperativity of PAX3 and SOX10 on the
M-Mitf promoter (13,14). Additional positive regulators for M-Mitf include members
of the LEF1/TCF family of proteins, which interact with -catenin and link Mitf expres-
sion to Wnt-signaling (65,66); this link provides the rationale for the observation that
Wnt signaling increases the generation of melanocytes in zebrafish (67), quail (68), and
mouse neural crest cell cultures (69), and that Wnt1/Wnt3a double mutant mouse
embryos have a substantial reduction in Dct-positive melanoblasts (70). Intriguingly,
LEF1 can interact with the bHLH-LZ domain of MITF and cooperate in the activation
of the M-Mitf promoter, and this cooperation is even seen with a mutant MITF protein
incapable of efficient DNA binding (71,72). This observation is consistent with the
facts that the M-Mitf promoter does not itself contain MITF binding sequences, and that
Mitf mutations affecting DNA binding do not hamper early developmental Mitf expres-
sion. Consequently, by interacting with LEF1, MITF may potentially regulate its own
expression.

There are a number of additional factors that have been implicated in the regulation
of M-Mitf expression, mostly based on in vitro results. The bLZ protein cAMP respon-
sive element binding protein (CREB), for instance, binds a cAMP-responsive element
(CRE) in the M-Mitf promoter and links Mitf expression to cAMP responsiveness and,
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through CREB phosphorylation, to the mitogen-activated protein kinase (MAPK) path-
way (73; for review see ref. 74). Although CREB would come across as an all-purpose
activator that is stimulated by many signal-transduction cascades and activates many
target genes (75), the CRE of M-Mitf is quite tissue-specific, likely because its activation
codepends on SOX10 (76). Additional factors involved in M-Mitf regulation include the
transcription factor Onecut2, which belongs to a family of homeodomain proteins
involved in lineage determination (77), and the POU domain protein BRN2, which
has been proposed to serve as a negative regulator (21). Interestingly, Brn2 expression
is itself upregulated by Wnt signaling in vitro, as is M-Mitf expression, but Brn2 is not
seen in Dct-positive melanoblasts, only later in hair follicle melanocytes (78). Hence,
Brn-2 may not exert its potential negative activity on M-Mitf early in development.
When prematurely activated in tyrosinase promoter/ -catenin transgenic mice, how-
ever, it interferes with normal melanogenesis (78).

Although the M-Mitf promoter has been studied in some detail, little is known about
the regulation of the other promoters. A recent report shows that for RPE precursors, the
paired domain proteins PAX2 and PAX6 act as critical, though redundant, positive
regulators of Mitf (79), as do the homeodomain proteins OTX1/OTX2 (80). Further-
more, the paired-like homeodomain protein CHX10 represses MITF in the part of the
neuroepithelium destined to become retina. In fact, the lack of MITF repression in the
future neuroretina is part of the ocular phenotype in mice with Chx10 mutations (refs.
81 and 82, and see page 42).

Posttranslational Regulation
Besides regulation at the transcriptional level, MITF is also controlled post-

translationally by several modifications, the best characterized of which is serine phos-
phorylation by MAPK signaling. As mentioned above, it is well established that MAPK
signaling initiated by KITL-activated KIT is of critical importance to melanocyte devel-
opment. In fact, potential links between KIT signaling and mi have been reported even
before Mitf was cloned. For instance, a suggestion that the two genes might interact came
from the observation that the extent of white spotting in mice heterozygous for both
MitfMi–wh and KitW-36H vastly exceeded that of their single heterozygous parents (83),
a finding that we confirmed using the null allele KitlacZ (4). Importantly, however,
combinations of KitLacZ with other Mitf alleles, including the null allele Mitfvga-9, do
not show such phenotypic enhancements, suggesting that Kit heterozygosity does not
lead to further loss of melanocytes in combination with Mitf alleles unless acting through
mutant MITF protein, in particular dominant-negative MITF (unpublished results; for
further discussion of this point, see page 40). Another study showed that the tyrosine
kinase receptor c-FMS, although capable of rescuing Kit mutant mast cells, was inca-
pable of rescuing mi mutant mast cells (84). This suggested that either Mitf was down-
stream of the Kit/c-fms signal-transduction pathway or played entirely independent roles.
In yet another study, however, Kit expression was found to be low in mi mutant mast
cells, suggesting that Mitf was upstream of Kit. These latter two results are not necessar-
ily conflicting, because they may simply reflect a feedback loop between Kit and Mitf.
In fact, it was later shown that in primary melanoblast cultures, Mitf is required for
upregulation and maintenance of Kit expression (4,29), and that in melanocyte or
melanoma cell lines, KIT signaling regulates MITF protein through phosphoryla-
tion (17–19).
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Following KIT signaling, phosphorylation occurs at two serine residues, serine-73
(S73), which is phosphorylated by the MAPK–stimulated extracellular signaling-regu-
lated kinase ERK1/2 (17–19), and serine-409 (S409), which is phosphorylated by p90RSK,
itself activated by ERK1/2 and other kinases (18). Although S73-phosphorylated MITF
can be conveniently detected because of its reduced electrophoretic mobility (17), S409
phosphorylation does not change the protein’s electrophoretic mobility, which makes its
detection less straightforward. Importantly, however, phosphorylation of neither one of
these two serines is necessary for phosphorylation of the other, and either one can be
phosphorylated regardless of the presence or absence of the genetically important exon
6a-encoded residues.

What is the biological consequence of MITF phosphorylation? It appears that unlike
what is observed with other transcription factors, such as the SMAD proteins, phospho-
rylation does not regulate nuclear accumulation of MITF because both wild-type MITF,
whether S73 phosphorylated or not, and MITF whose S73 and S409 have been substi-
tuted for nonphosphorylatable alanines, accumulate efficiently in the nucleus (unpub-
lished results). Phosphorylation at S73 does, however, increase MITF’s transcriptional
activity on the tyrosinase promoter. This is inferred from the fact that a S73LA substi-
tution yields a protein with a two- to threefold lower activity compared with wild type,
as originally tested in the presence of constitutively active RAF and wild-type MEK (17),
or later without these activators (18). The increased activity following S73 phosphory-
lation is thought to result from an increased association with the transcriptional cofactors
CBP/p300 (85,86). CBP/p300 are histone acetyl transferases best known for their ability
to modify chromatin architecture. It is not clear, however, whether the molecular target
of these proteins is chromatin of Mitf target genes or MITF protein itself, which also has
potential acetylation sites; acetylation has been demonstrated to modify the activity, for
instance, of NF- B (87). Alternatively, CBP/p300 might also act as bridging proteins
between MITF and basal transcription factors, as scaffold proteins required for setting
up the transcriptional machinery or as ubiquitin ligases.

Phosphorylation at S73 alone (19) or only in conjunction with phosphorylation at
S409 (18) also renders MITF less stable. This loss of stability is thought to result from
an increased polyubiquitination at lysine 201 (19) followed by proteasome-mediated
degradation. For instance, 5 h after addition of KITL to human melanoma cells, there was
a marked reduction of MITF, which could be prevented by addition of MAPK or
proteasome inhibitors, or combined alanine substitutions at S73 and S409 (18). Despite
an increase in stability, the double alanine substitutions rendered the protein transcrip-
tionally inactive, yet still capable of binding DNA (18). In contrast to S73/409
unphosphorylated wild type or alanine-mono-substituted MITF, however, the doubly
substituted MITF also displayed a surprising increase in electrophoretic mobility (ref.
18, unpublished results), suggesting either a change in conformation or in other modi-
fications of MITF.

S409 phosphorylation has also been implicated in regulating the interaction of MITF
with the zinc finger protein, PIAS3, which was found to repress the transcriptional
activity of wild-type MITF but not of S409 D MITF, a substitution made to mimic the
charge of phospho-S409 (88). Consistent with this finding, PIAS3 bound and inhibited
wild-type MITF and S409 A mutated MITF but not S409 D mutated MITF. PIAS3,
similar to other PIAS proteins, serves as E3 ligase for SUMO-1 (small ubiquitin-like
modifier, a 101-residue-polypeptide), whose attachment to -amino groups of lysines
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embedded in an (I/L/V)KXE motif results in a branched polypeptide (for a recent review,
see ref. 89). Sumoylation has been shown to attenuate the activity of transcription fac-
tors, such as LEF1, by sequestering the sumoylated protein into nuclear bodies (90). It
would be intriguing if S409 phosphorylation modified MITF activity and/or stability by
interfering with PIAS3-mediated sumoylation. It has recently been found that MITF is
indeed sumoylated at two lysines, K182 and K316, and that sumoylation decreases
MITF’s transcriptional activity. This sumoylation depends on SUMO E1 activating
enzyme (SAE I/SAE II) and E2 conjugating enzyme (Ubc9). Nevertheless, coexpression
of PIAS members reduced the transcriptional activity of wild-type MITF and K182/
K316 R mutated MITF to the same extent, suggesting that PIAS does not suppress MITF
by modulating sumoylation (91,92).

Besides phosphorylation at S73 and S409, phosphorylation at two additional serines
has been implicated in the regulation of MITF. Signaling by the stress kinase p38 leads
to phosphorylation at S307 and, concomitantly, to an increase in MITF’s transcriptional
activity (93). This study was limited to osteoclasts, but because p38 is activated by UV
(as are melanocytes), S307 phosphorylation might quite possibly play a role in melano-
cytes as well. It has also been proposed that S298 is phosphorylated by GSK-3 , which
is inhibited in the canonical Wnt/ -catenin pathway but activated by cAMP, known to
stimulate melanogenesis in an Mitf-dependent manner (73,94,95)  This serine is substi-
tuted for a proline in an individual with Waardenburg syndrome (96). In vitro, substitu-
tions for either proline or alanine impair MITF’s activity (96), but so do substitutions
for aspartate or glutamate, despite the fact that these two residues mimic the charge of
p-S298 (94). In fact, to date, S298 fulfills only one of several criteria proposed for
standard GSK-3  targets (97), and until it is unequivocally proven that GSK-3  phos-
phorylates S298, one might explain the results also by assuming that substitutions at this
residue might interfere with phosphorylation at other sites.

Regardless of the precise residue that becomes phosphorylated and the kinases that
are involved, a consensus has emerged that phosphorylation increases MITF’s transcrip-
tional activity. Conversely, as seen, at least with S73 and S409 phosphorylation, it also
decreases MITF stability. That stability can regulate the relative abundance of a tran-
scription factor, and that relative abundance can determine the extent of target gene
stimulation, has been amply demonstrated, for instance, for -catenin or p53 (98). At
first sight, then, MITF’s phosphorylation-dependent loss of stability and its gain of
activity are two opposing principles, whereby one may win over the other, or they may
cancel each other out, depending on when precisely and how efficiently phosphoryla-
tions and dephosphorylations occur during development (for a discussion of the impor-
tance of the kinetics of phosphorylation/dephosphorylation events in vitro, see ref. 99).
Interesting situations may arise with dominant-negative MITF proteins, whose stability
can be regulated by phosphorylation but whose activity cannot be regulated because of
their intrinsic inability to bind DNA. Such proteins should manifest their dominant-
negativity more prominently if they are underphosphorylated. Intriguingly, as mentioned
on page 38, white spotting is increased in Kit heterozygotes if they carry dominant-
negative Mitf alleles but not if they carry Mitf null alleles (refs. 4 and 83, and unpublished
results). However, based on the tight coupling between instability and activity observed
in a number of other transcription factors, including the bHLH-PAS factor AhR (100),
SMAD2 (101), or STATs (102), a different model of transcription regulation has
emerged, in which ubiquitination and proteasome-mediated degradation of enhancer-
bound factor are prerequisite for transcription initiation and elongation (103). Accord-
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ing to this model, a new molecule from the pool of unbound factor would have to be
recruited to bind DNA for each round of transcription initiation, a mechanism that would
allow for a stringent regulation of gene expression, provided the pool of unbound factor
is limiting (which may again depend on the protein’s stability). Future experiments will
show whether MITF might operate along these lines or not. We find it to be of critical
importance, however, that any in vitro results, however compelling, be confirmed in the
intact organism, be it by testing targeted mutations or by rescue strategies using appro-
priate transgene constructs.

THE BUSINESS END OF Mitf: THE REGULATION
OF CELL PROLIFERATION AND DIFFERENTIATION

In 1993, when Mitf was cloned, it was already known that the expression of melano-
cyte pigmentation genes, such as tyrosinase, depended on crucial cis elements called
M-boxes (104). In their core, M-boxes contain a CATGTG E-box, which, in a way, was
puzzling because there is hardly anything melanocyte-specific about an E-box and no
melanocyte-specific E-box-binding bHLH or bHLH-LZ proteins were known. The iden-
tification of Mitf as a bHLH-LZ gene was met with some relief because it went a long
way toward explaining pigment gene regulation via E-boxes, not only in melanocytes
but also in the RPE. However, although much has since been learned about target gene
regulation and the multiple levels of the regulation of Mitf itself, many fundamental
questions remain unanswered. For instance, E-boxes are found in many promoters, and
even the refinement of the optimal MITF binding sequence (105) would not seem to
provide the required element of specificity. Furthermore, Mitf is not specific to pigment
cells, although during development it is most prominently expressed in the pigment
lineage (30). Hence, are pigment gene E-boxes characterized by a particularly high
threshold of activation, and only MITF can meet this threshold because of its high level
of expression in these cells? If so, which other factors, if experimentally expressed to
similar levels, would substitute for Mitf? Or does Mitf cooperate with a distinct set of
other factors to provide the necessary specificity? How does Mitf achieve the correct
temporal sequence with which these target genes are expressed during development?
What factors are responsible for the maintenance of target gene expression once Mitf is
downregulated in differentiated cells, as is the case in the RPE? And finally, what
precisely is the set of genes through which Mitf regulates the specification of precursor
cells, the behavior of melanocyte stem cells, their survival, proliferation, migration,
homing, and, ultimately, differentiation? Interestingly, an ever-growing list of genes
including Matp (also known as Aim-1, underlying the underwhite mutation), Mart1,
Silver, OA1, Ink4a, Cdk2, Mif1, and Slug, turn out to be targets of Mitf (106–112), and
their identification will undoubtedly shed light on some of these questions.

As pointed out on page 29, the lack of Kit or Kitl, similar to the lack of Mitf, leads to
the demise of the melanocyte lineage. A lack of maintenance of KIT protein expression
would therefore seem sufficient reason to explain the early loss of Mitf mutant melano-
blasts (29). However, things are rarely that simple. In fact, mutations in other genes, such
as endothelin-3 (Edn3) and its receptor, Endothelin receptor B (Ednrb) may also lead to
an early loss of melanoblasts (113,114), but a direct link between Mitf and Edn3/Ednrb
has not yet been established. We have recently found, however, that KITL generated by
EDN3-responsive “nonmelanoblasts” can rescue Ednrb-deficient melanoblasts (115),
suggesting that there is perhaps an indirect link to nonmelanoblastic Mitf because of its
response to KIT signaling. Furthermore, Mitf may regulate cell survival via yet another
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factor, the anti-apoptotic gene Bcl2. Bcl2-deficient mice are born pigmented but rapidly
lose their pigmentation with the first hair cycle, earlier than Mitfmi–vit/mi-vit mice (116).
In vitro evidence suggests that Bcl2 and Mitf might act in the same pathway. For instance,
chromatin immunoprecipitation assays indicate that MITF associates with the Bcl2
promoter in melanoma cells, binds to an E-box in this promoter, and mutation of this
E-box abolishes the stimulation of a reporter after MITF overexpression (117). It has
yet to be demonstrated, however, whether Mitf and Bcl2 act in vivo in the same path-
way. In fact, a recent study on hair graying suggests that they may not act in the same
pathway (58).

RPE cells react differently to Mitf mutations than melanocytes (30). Rather than
dying, RPE precursors survive and, in fact, hyperproliferate and transdifferentiate into
a second neuroretina (118,119). It is tempting to speculate, therefore, that if Mitf mutant
melanoblasts could somehow be coerced to survive as well, they would hyperproliferate
like RPE cells, suggesting that Mitf may serve as an inhibitor of cell proliferation. As
listed in Table 1, although there is much indirect evidence suggesting that Mitf is
antiproliferative, there are other studies arguing that it promotes proliferation.

To illustrate how Mitf might regulate cell proliferation negatively in vivo, let us turn
away from pigment cells and consider retinal precursors. Early in mouse eye develop-
ment (at the optic vesicle stage, see Fig. 1), Mitf is expressed in both the future retina and
the future RPE. Experiments with explant cultures of such early eyes have shown that
under the influence of the surface ectoderm, the juxtaposed presumptive neuroretina
begins to express, or maintains expression of, the paired-like homeodomain transcrip-
tion factor, CHX10 (119). This factor is instrumental in the rapid downregulation of Mitf
in the future neuroretina, because, in Chx10 null mutant embryos, Mitf is no longer
downregulated or is downregulated very slowly. This has the consequence that what
should normally develop into a proliferating multilayered retina, now develops into a
hypoplastic retina or, worse, a pigmented RPE-like monolayer in addition to the normal
RPE (81,82). If, however, a Chx10-mutant embryo also carries an Mitf mutation, the
retina develops nearly normally, suggesting that an aberrant maintenance of wild-type
Mitf expression slows down neuroretinal cell proliferation. Interestingly, like Mitf
mutations, null mutations in p27Kip1 also correct the phenotype of a Chx10 mutation
(114,115). p27Kip1, along with p21Cip1, belongs to a class of proteins that inhibit cdk2
and hence inhibit cyclinE/cdk2-mediated G1LS progression. One might postulate, there-
fore, that Mitf inhibits cell cycle progression in the Chx10-mutant retina by stimulating
p27Kip1 expression. This is in line with the observation that p27Kip1 is normally
expressed in the RPE during mid to late embryonic stages, when it might control the
timing of cell cycle withdrawal (122). A similar mechanism may operate in melanocytes,
in which Mitf stimulates p21 expression (123). Nevertheless, other studies show that Mitf
activates the T box gene, Tbx2, which in turn represses the p21 promoter through a
GTGGTA motif (124). Moreover, Cdk2, whose product promotes G1 S progression,
is stimulated by Mitf in some cell lines (111,125). The decision on whether MTIF acts
in a pro- or antiproliferative way may well depend on posttranslational modifications
and on the relative abundance of each splice isoform. We recently found, for instance,
that the isoform lacking exon 6a has little, if any, antiproliferative activity, in contrast
to the isoform containing exon 6a (126). It would therefore be of interest to analyze
which isoforms are expressed in melanomas with Mitf gene amplifications (127). In any
event, it appears that there are multiple pathways with opposite activities, the perfect
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Table 1
Evidence for a Role of Mitf in Regulating Cell Proliferation

Observation Reference

1. Evidence consistent with inhibition of cell proliferation
Hyperproliferation of RPE cells in Mitf mutants (30,118)
Misexpression of Mitf in presumptive neuroretina reduces (81)

cell proliferation
Increased rate of melanoblast proliferation in the head region (131)

of Mitfmi heterozygous embryos
Activation of MITF by p38, itself associated with reduced cell (93)

proliferation
Mitogenic stimuli activate MAP kinase pathway and stimulate (18,19)

MITF degradation
Activated form of the E1A oncogene represses Mitf (132,133)
Mitf stimulates p21 expression, an inhibitor of CyclinE/CDK2,

which normally promotes G1 S progression (123)
Mitf stimulates Ink4a, whose product promotes cell cycle exit (110)
Overexpression of MITF inhibits DNA synthesis (123,126)

2. Evidence consistent with promotion of cell proliferation
In B16 melanoma cells, overexpression of wild-type -catenin

stimulates Mitf expression and increases the number of cells
in S phase. This effect can be reversed by adding dominant-
negative TCF or dominant-negative MITF. (130)

Cdk2, which promotes G1 S progression, is positively regulated
Mitf (111). Mtif activates Tbx2 which in turn suppresses p21, a
negative regulator of cell cycle progression (124).

situation to allow fine-tuning of a system that is critical for achieving the appropriate
balance between cell proliferation and differentiation.

All of this, of course, follows the assumption that MITF integrates the regulation of
cell proliferation and differentiation solely in the capacity of what transcription factors
are best known for, namely, binding enhancer motifs in target genes to stimulate or
repress transcription. This, however, need not necessarily be so as MITF proteins with
DNA binding mutations can retain their antiproliferative capacity upon transfection into
heterologous cells (126). That transcription factors can regulate cell proliferation without
directly regulating transcription has been seen with other proteins as well. For instance,
the homeodomain protein Six3, can promote cell proliferation by sequestering a nega-
tive regulator of cell cycle progression, geminin (128). Another example is MYOD,
which in proliferating, mitogen-stimulated myoblasts, is sequestered by the cyclin D1-
responsive cyclin-dependent kinase, CDK4, and hence, prevented from activating muscle
differentiation genes. This interaction goes both ways: MYOD also inhibits CDK4 ac-
tivities, such as its inhibition of the retinoblastoma protein. Once mitogenic signals are
reduced and cyclinD1 levels decrease, CDK4 is translocated to the cytoplasm, thereby
allowing MYOD to form active complexes with E proteins and to activate muscle gene
expression (129). Taken together, the results suggest that cell proliferation and differ-
entiation in this system are regulated by the relative levels of MYOD and CDK4:
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overexpression of MYOD will override mitogenic stimulation, and overexpression of
Cyclin D1 will override MYOD-mediated differentiation. If MITF regulation followed
similar principles, conclusions based on cell lines in which MITF is expressed above its
physiological levels would have to be taken with a grain of salt.

CONCLUSIONS AND PERSPECTIVES

Thus, it follows that similar pathways may regulate cell survival in melanoblasts and
melanoma. In melanoma, the Wnt/ -catenin pathway is constitutively active, and when
suppressed, for instance, by dominant-negative TCF, interferes with growth (130). As
mentioned, Wnt signaling is likewise critical for melanoblast development. Activating
mutations in BRAF, which occur in a majority of melanoma, activate the MAPK-signal-
ing pathway, and this pathway is likewise crucial for melanoblasts. For both signaling
pathways, Mitf is a critical target. Moreover, Brn2, greatly overexpressed in melanoma,
may suppress Mitf expression to some degree, and, hence, suppress an antiproliferative
action of Mitf. Brn2 is not expressed during early development, however, only later when
melanoblasts are in the epidermis and in hair follicles, where it may function as a stimu-
lator of cell proliferation.

These observations all suggest that a number of shared pathways operate during
development, postnatal replenishment of melanocytes, and melanoma formation. No
doubt, however, by homing in on a few pathways, often chosen because of the chance
availability of striking genetic models or of convenient assays, we vastly simplify the
intricate molecular complexities that characterize the generation of melanocytes and
RPE cells and that are altered when these cells derail during malignant transformation.
As time progresses, we expect that other pathways may gain favor and shine in the
limelight of scientific interest, for shorter or longer periods. We hope that when all is said
and done, a picture will emerge with each actor standing in his proper place on the
common stage. This, we hope, will finally provide the required knowledge to design
therapeutic strategies to lastingly control the growth and spread of melanoma.
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Summary
The microphthalmia-associated transcription factor (MITF) is a basic helix-loop-helix–leucine zipper

(bHLH-LZ) protein that acts as either a homo- or heterodimer with the related proteins TFEB, TFEC, and
TFE3. Several isoforms of MITF have been identified, although only M-MITF is restricted to the mel-
anocyte lineage. Although MITF is important in the development of multiple cell lineages, it plays a
particularly important role in melanocyte differentiation and function. MITF mediates the pigmentation
process through transcriptional regulation of melanogenic enzymes and processing factors. MITF is
directly involved in regulation of multiple targets, some of which are established melanoma histopatho-
logical markers, as is MITF itself. As a point at which upstream signaling pathways converge, and as an
activator of critical downstream cellular processes, MITF is a pivotal transcriptional regulator in the
melanocyte lineage. This chapter will discuss the transcriptional and posttranslational control of MITF,
will summarize the current knowledge of its target genes, and will portray our understanding of its roles
in melanocytes and melanoma.

Key Words: Microphthalmia; melanocyte; melanoma; pigmentation; transcription.

INTRODUCTION

Microphthalmia-associated transcription factor (MITF) is a developmentally regu-
lated and evolutionarily conserved transcription factor, with homologs identified from
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arthropods to mammals, including Drosophila (1), Xenopus (2), zebrafish (3), chicken
(4), mouse (5), and human (6). Mutations in the mouse Mitf locus have demonstrated that
Mitf is implicated in regulation of several cell lineages. It is essential for neural crest-
derived melanocytes (5,7–9), as highlighted by the loss of melanocytes in mice (reviewed
in ref. 10) or melanophores in zebrafish null for Mitf (3). In addition, Mitf is important
for normal development of the retinal pigment epithelium (RPE), osteoclasts, and mast
cells (5,11,12), and some Mitf alleles result in small eyes, osteopetrosis, and mast cell
loss. In humans, mutations in MITF are the cause of Waardenburg Syndrome type 2a
(WS2a), characterized by hypopigmentation and sensorineural deafness resulting from
loss of melanocytes in the skin, hair, and inner ear (13).

Several isoforms of MITF have been identified, exhibiting diverse patterns of expres-
sion ranging from ubiquitous to cell type-specific, such as the restricted transcription of
M-MITF in the melanocyte lineage. MITF expression, activity, and stability are tightly
regulated through different promoters, alternative splicing, and posttranslational modi-
fications. Data accumulating over the last decade have shed some light on the molecular
mechanisms underlying MITF regulation and their roles in melanocytes. In addition,
certain data suggest that MITF, or members of the MITF/TFEB/TFEC/TFE3 (MiT)
family of transcription factors, are implicated in human malignancy.

THE MiT FAMILY

MITF is a member of the MiT family of basic helix-loop-helix–leucine zipper (bHLH-
LZ) transcription factors (5). MITF maps to mouse chromosome 6 D3 (11) and chromo-
some 3p12.3-14.1 in humans (6,13). Additional members of the MiT family are TFE3,
TFEB, and TFEC, which have a similar genomic organization with conserved intron/
exon boundaries (14). The MiT members use the highly conserved basic and HLH-LZ
regions to bind target DNA containing an E-box motif, CAC(G/A)TG (15), and for
homodimerization or heterodimerization (15–17), respectively. The formation of
heterodimers, such as MITF-TFE3 and MITF-TFEC, has been observed (15,18–20);
however, heterodimeric interactions may not be necessary for function, as suggested by
redundant roles of MITF and TFE3 in osteoclast development (21). Similar to MITF, the
related family members TFEB and TFEC are found as alternative splice forms with
differential first exon usage, indicating possible alternative promoters (22). The relative
expression levels of the MiT family members, combined with the alternative splice
forms (22) and the formation of different homo/heterodimers, may contribute to tissue-
specific distribution of MiT complexes.

MITF ISOFORMS

Several isoforms of MITF were identified (designated A, B, C, D, E, H, M, and Mc),
which differ in their N-termini because of alternative promoters and first exons. How-
ever, all of the identified isoforms share downstream exons 2–9, which include the
transactivation domain, basic region, HLH-LZ, and the known posttranslational modi-
fication target amino acids (13,23–26). It is therefore unclear whether the various
isoforms specify distinct functional activities for MITF or whether their different 5' ends
only specify tissue expression patterns. Multiple cell types express MITF; A-, B-, C-, and
H-MITF are ubiquitously expressed; and A-, C-, and H-MITF are enriched in the RPE
(5,12,25–30). D-MITF is also expressed in RPE cells, and can also be detected in mac-
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rophages and osteoclasts (31). E- and Mc-MITF are expressed in mast cells (18,32), and
M-MITF is probably exclusive to melanocytes and melanoma (29,33), although it has
been suggested that M-MITF may be found in osteoclasts (19) and mast cells (32).

In addition to the various MITF isoforms, two alternative splice forms have been
discovered, which include or exclude six amino acids located near the basic region
(5,12). This isoform difference arises from an alternative splice acceptor choice, and
the isoform that includes the six amino acids is absent, because of a splice-site mutation,
in the mouse mutant Mitfsp (12). B-, H-, and M-MITF have been shown to be expressed
containing or lacking the six amino acids, however the existence of these splice vari-
ants in other isoforms, and the functional significance of these six amino acids remains
uncertain (8,24,25). Because of the complexity of the MITF locus, this chapter will focus
on the melanocyte-specific isoform, M-MITF.

MITF AND WAARDENBURG SYNDROME

Waardenburg Syndrome (WS) is a hereditary condition characterized by deficiency
of melanocytes in the skin, hair, eyes, and inner ear, resulting in hypopigmentation and
deafness. Clinically, WS is divided into four subtypes (WS1–4) according to clinical
features beyond the core melanocyte-related abnormalities. The core syndrome is seen
in the WS2 subtype (34). Autosomal-dominant mutations of MITF result in WS2a and
arise as a result of haploinsufficiency of the normal MITF allele (13,35,36). Conversely,
dominant-negative MITF alleles appear to produce the more severe, though highly
related, albinism-deafness disorder, Tietz syndrome (37,38).

Other subtypes of WS are characterized by abnormalities in addition to the features
of WS2a. WS1 is associated with craniofacial deformities and WS3 (Waardenburg-
Klein Syndrome) is associated with limb malformations. Both of these WS subtypes are
caused by mutations in PAX3 (39–41), a transcription factor that is important both in
melanocytes and in other developmental lineages, such as muscle. In Waardenburg-
Shah Syndrome 4 (WS4 or Waardenburg-Hirschsprung disease), additional neurologi-
cal symptoms, including megacolon are observed, caused by defective enteric ganglia,
derivatives of the embryonic neural crest (42). WS4 is alternatively inherited in an
autosomal recessive manner when associated with mutations of the endothelin-B recep-
tor (EDNRB) (43) or its ligand, endothelin-3 (EDN3) (44,45), or as an autosomal domi-
nant trait when SOX10 is mutated (42,46,47).

TRANSCRIPTIONAL REGULATION OF M-MITF

The regulation of M-MITF gene transcription appears to involve the interaction of
multiple transcription factors that help confer the cell-type specific expression operating
in the melanocyte lineage. The phenotypic convergence of WS2 with WS1, WS3, and
WS4 has supported biochemical evidence that SOX10 and PAX3 are upstream regula-
tors of MITF expression in melanocytes. Here, we will concentrate on the regulation of
M-MITF by these, as well as by CREB and LEF-1/TCF transcription factors, shown to
directly bind cis-acting consensus sequences and transactivate the M-MITF promoter/
enhancer. Several transcription factors have been shown to bind and regulate the M-MITF
promoter (see Fig. 1), and it is plausible that others will be discovered, because the M-MITF
promoter/enhancer contains several evolutionarily conserved binding sites that have yet
to be validated.
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Fig. 1. Transcriptional regulation of the M-MITF promoter. The M-MITF promoter is regulated
by the transcription factors CREB, LEF-1/TCF, SOX10, and PAX3. After binding of -melano-
cyte stimulating hormone ( -MSH) to the  melanocortin 1 receptor (MC1R), elevated cAMP
levels produced by adenylate cyclase lead to phosphorylation of CREB, which binds cAMP-
Responsive Element (CRE) to initiate M-MITF transcription. LEF-1/TCF-induced transcription
depends on ligand (such as WNT1 or WNT3) binding to the Frizzled receptor, resulting in

-catenin release from its inhibiting complex, translocation to the nucleus, and activation of
LEF-1/TCF. Although the signaling pathways affecting SOX10 and PAX3 are poorly understood,
PAX3 can be affected by activated interleukin 6 receptor. Mutations in PAX3 and SOX10, as well
as MITF, are associated with subtypes of the deafness-pigmentation disorder, Waardenburg
Syndrome (WS), as indicated. (Graphical icons were adapted from www.biocarta.com.)
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Regulation of M-MITF by CREB
M-MITF is a mediator of the pigmentation response in melanocytes, in which it is

thought to bind and modulate the promoters of several major pigment enzymes via
conserved E-box elements (15,48,49) in response to various stimuli, including the 12-amino
acid peptide, -melanocyte-stimulating hormone ( -MSH) (50,51). -MSH binds to the
seven-transmembrane Melanocortin 1 receptor (MC1R), which signals to increase the
intracellular cyclic adenosine monophosphate (cAMP) (52). The elevated cAMP leads
to phosphorylation and activation of the bZip factors CREB and ATF1 (53). Activated
CREB/ATF1 can bind to a consensus cAMP response element (CRE) in the promoter of
its target genes.

A CRE site is located at –147, relative to the transcription start site, in the promoter
of M-MITF (8,50,54), and M-MITF expression can be induced via the -MSH pathway
and subsequently inhibited by an antagonist of MC1R (50,51,55). This cAMP response
of M-MITF through CREB/ATF1 likely explains the observed cAMP responsiveness
of M-MITF target genes, such as tyrosinase (Tyr). The cAMP response can also be
activated with the application of various pharmaceuticals, such as forskolin, isobutyl-
methylxanthine, and cholera toxin, circumventing the need for -MSH stimulation (56).
With the addition of forskolin, MITF levels (RNA and protein) increase in a melanocyte-
specific context (51). However, because activation of CREB/ATF1 can be induced by
various pathways in multiple cell lineages, an important question would be how expres-
sion of M-MITF is restricted to melanocytes. Recent data suggest that the specificity
might be caused, at least in part, by cooperation between CREB/ATF1 and restricted
SOX10 expression (57).

Regulation by SOX10
SOX10 is a member of the SRY box-containing (SOX) high-mobility group (HMG)

transcription factor family that is expressed in neural crest derivatives (58). The study
of the Dom (Dominant megacolon) mutant mouse which has Sox10 mutations (59), and
the identification of WS4 patients with SOX10 mutations (42,60), helped identify SOX10
as a possible regulator of MITF. In situ hybridization using Dom mice, in which Sox10
is ablated, has revealed disturbances of Mitf expression (61). Although Sox10 is not
required for proper development or early migration of the neural crest, postmigratory
neural crest cells in mice lacking Sox10 undergo apoptosis before differentiation (62).

SOX10 does play an important role in melanocyte differentiation as a direct regulator
of M-MITF (61,63–65). Several SOX10 consensus binding elements are present in the
M-MITF promoter (61,63–65), and an additional two are present in the M-MITF distal
enhancer (66). Transactivation of the M-MITF promoter by SOX10 can be attenuated by
constructs manifesting SOX10 mutations identified in WS4 patients (63–65). The
transactivation can also be amplified by addition of PAX3, suggesting a possible synergy
with SOX10 (61,64,67). In addition, as stated in the previous paragraph, SOX10 has also
been suggested to synergize with CREB/ATF1 to permit cAMP responsiveness of the
M-MITF promoter in melanocytes (57).

Regulation by PAX3
Mutations in PAX3, a paired homeodomain factor, have been associated with WS1

and WS3 (40,41,67,68). WS1 patients have symptoms that overlap with WS2a patients,
caused by mutation of MITF, consistent with a possible epistatic relationship of PAX-
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3 to MITF (69). The M-MITF promoter has been shown to be regulated by PAX3 in
melanoblasts, melanocytes, and melanoma cell lines (67,70). This transactivation failed
when a melanoma cell line was transfected with constructs harboring PAX3 mutations,
as identified in WS1 patients (67). The regulation of Mitf by Pax3 in mice seems to be
further illustrated by the loss of melanocytes in the splotch mice, which harbor a Pax3
mutation (8,71). The role of Pax3 in the regulation of Mitf is further suggested by a study
of B16/F10.9 melanoma cells, in which signaling via an interleukin-6 receptor/
interleukin-6 (IL6R/IL6) chimera led to a decrease in Pax3 mRNA and protein. This
decrease was associated with downregulation of M-MITF mRNA and suppression of
melanogenesis (72).

Regulation by LEF-1/TCF
LEF-1/TCF, HMG-domain transcription factors, are nuclear proteins that mediate

WNT signaling via an interaction with -catenin (73–75). The WNT proteins are secreted
cysteine-rich glycoproteins that usually act in a paracrine fashion as the ligand for a
seven-transmembrane Frizzled receptor. In the absence of WNT signals, -catenin is
complexed with the adenomatous polyposis coli tumor suppressor, axin, and glycogen
synthase kinase-3  (GSK-3 ). In this complex, GSK-3  phosphorylates -catenin,
thereby marking it for ubiquitination and subsequent degradation (73). In the presence
of WNT signals, the canonical pathway allows for the accumulation of -catenin by
inhibiting GSK-3 . The accumulated -catenin migrates to the nucleus, where it func-
tions as a coactivator for DNA binding factors of the LEF-1/TCF family and subse-
quently activates expression of target genes (76–78).

The WNT-signaling pathway has been shown to play a role in the expansion (79,80)
and differentiation of neural crest cells (81–83). M-MITF is one of the targets of the WNT
pathway as a downstream effector of WNT1 and WNT3a (23,84–86). Wnt1 and Wnt3a
appear to have redundant roles in melanocytes, as demonstrated by loss of melanocytes
in Wnt1–/–/Wnt3a–/– mice (80), whereas mutations in either one alone did not affect
melanocytes (87,88). The M-MITF promoter contains LEF-1/TCF consensus binding
sites (23,84) and is directly regulated by WNT/ -catenin when complexed with LEF-1,
thereby activating the M-MITF promoter in mammals as well as in zebrafish (84,85,89).

The role of the WNT/MITF-signaling pathway in melanomagenesis is still being
elucidated. Mutations in -catenin that produce its stabilization have been found in
melanoma cell lines (90), but it is less clear whether these occur in primary melanoma.
Nonetheless, some primary melanoma have been shown to have an accumulation of

-catenin in the nucleus, despite the lack of intrinsic mutations, suggesting that its
stabilization has been dysregulated by an as yet poorly understood mechanism (91).
Importantly, M-MITF can rescue growth suppression of melanoma cell lines after dis-
ruption of the -catenin/LEF-1/TCF complex (89).

CRITICAL ROLES OF MITF IN THE MELANOCYTE LINEAGE

In light of the pigmentation defects in Mitfmi/mi mutant mice and the melanocyte-
specific expression of the M-MITF isoform, it was expected that MITF transcriptional
targets would include genes affecting critical melanocyte functions, such as survival,
proliferation, and differentiation. Indeed, data accumulating over the past decade have
emphasized the importance of MITF in the melanocyte lineage, as a key regulator of
various cellular processes.
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Melanocyte Survival
Functional Mitf protein is required for melanocyte development and maintenance.

Melanoblasts lacking Mitf die within 48 h of appearance (30), demonstrating its neces-
sity for their survival. However, Mitf presence is critical not only for melanoblasts, but
also for the continued existence of differentiated cells of the melanocyte lineage. Post-
natal melanocyte death and premature graying were found in hypomorphic alleles of the
microphthalmia gene, such as in the Mitfvit/vit mice, which are born with slightly lighter
than normal coat color that turns white prematurely (12,92). A similar, although more
accelerated, phenotype was observed with Bcl2 knockoutmice, which turn gray with the
second hair follicle cycle (93). This phenotype was reversed in 90% of Bim–/– Bcl2–/–

double knockouts, but not in Bim+/– Bcl2–/– mice, emphasizing the delicate balance
between proapoptotic and antiapoptotic proteins in melanocytes (94). The identification
of BCL2 as an MITF direct target gene in melanocytes (95) underscored the importance
of MITF in melanocyte survival, and hinted that it might contribute to the notorious
resistance of melanoma to traditional chemotherapeutic treatments.

Pigment Production
Pigment production in the melanocyte lineage takes place only after cellular differ-

entiation of unpigmented melanoblasts to melanocytes. Among the markers of melano-
cyte differentiation is the copper-binding protein tyrosinase (Tyr), is a melanosome
membrane protein that catalyses the initial rate-limiting steps in the process of melanin
biosynthesis, oxidizing tyrosine to dioxyphenylalanine (DOPA), and DOPA to DOPA
quinone (reviewed in ref. 96). Mutations in the Tyr locus result in various forms of
hypopigmentation/albinism in mice (e.g., albino, platinum/cp mutations, refs. 97–99),
and are responsible for oculocutaneous albinism type I syndrome in humans, severely
affecting pigmentation of the skin, hair, and eye (reviewed in ref. 100). Expression of Tyr
is restricted to melanocytes and RPE cells via a proximal promoter (reviewed in ref. 101),
and is probably amplified by an upstream distal enhancer (49,102–104). The identifica-
tion of Tyrp1 and dopachrome tautomerase (Dct)/Tyrp2, tyr-related genes involved in
later steps of melanin synthesis (105–107), enabled analyses of promoter sequences, in
a search for common elements that would account for the spatiotemporal expression of
pigment-producing enzymes (108–110). Detection of conserved DNA sequence
elements in the promoters of all three genes, along with the finding that Mitf is capable
of binding and transactivating this sequence element in vitro (15), lead to the hypothesis
that Mitf might regulate the expression of melanin biosynthesis enzymes. Indeed, reporter
assays have demonstrated the ability of Mitf to transactivate the promoters of all three
Tyr family enzymes, in an E-box-dependent manner (15,48,49,111–114). In addition,
inhibition of Mitf activity downregulated Tyr and Tyrp1 transcription (115,116),
strengthening the upstream role of Mitf in regulation of pigmentation. Interest-
ingly, overexpression of wild-type Mitf in either mouse B16 melanoma cells or human
melanocytes did not upregulate Tyr levels, implying that Mitf alone is not sufficient to
induce Tyr expression and might depend on cooperating protein(s) (116). It is possible
that a cooperative mechanism will also be implicated in the regulation of the DCT pro-
moter. Although MITF can drive transactivation of a reporter gene from the DCT pro-
moter (111,114), a microarray screen for MITF target genes in melanocytes found that
after stem cell factor (SCF) or 12-0-tetradecanoylphorbol-13-acetate (TPA) stimulation,
DCT expression was cycloheximide-sensitive and MITF independent (95). DCT is also
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expressed in the RPE cells of homozygous MITFvga-9 mice, although the vga-9 mutation
behaves like a null allele (5,30). These data point to combinatorial regulation, and,
indeed, recent studies reported synergism between MITF and LEF-1 (117) or SOX10
(114) in DCT/TYRP2 reporter assays. Undoubtedly, MITF expression is crucial for
pigment production, yet the exact mechanisms by which Mitf regulates pigmentation are
still under investigation.

Additional MITF Target Genes
As a protein with restricted expression, MITF is a clinically important diagnostic

marker for melanocytic neoplasms, including melanoma (118–120). Recently, two other
commonly used melanoma markers, SILV/Pmel17/GP100 and MLANA/MART1, were
found to be regulated by MITF (121). SILV is a melanosomal matrix protein, and although
its function is still unknown, an insertion altering its C-terminus induces the silver coat
color phenotype in mice (122,123). MLANA/MART1 is a membrane protein whose
expression is restricted to melanocytes and RPE cells, and has been suggested to play a
role in early melanosome biosynthesis (124,125). Expression levels of MITF, SILV, and
MLANA/MART1 were found to be tightly correlated both in primary melanoma and
melanoma cell lines, collectively representing the differentiation level of the tumor
cells (121).

Another melanocyte differentiation antigen regulated by MITF is MATP/AIM1 (126),
a potential sucrose transporter. Mutations in the mouse Matp gene are the cause of the
underwhite phenotype, exhibiting fur and eye hypopigmentation, sometimes in an age-
dependent fashion (127). MATP is evolutionarily conserved, and a mutation in the
medaka fish homolog, designated b, causes melanin loss and results in a goldfish-like
phenotype caused by default nonmelanin pigments (128). Interestingly, MATP/AIM1
mutations were found in several oculocutaneous albinism type IV patients (see
OMIM:606202), but their exact contribution to the phenotype is unknown.

Recently, MITF was found to be an important regulator of TRPM1/Melastatin1, a
potential calcium channel protein (129). Expression levels of TRPM1 inversely corre-
late with melanoma metastasis (130), although the functional role and importance of
TRPM1 are still enigmatic.

As the directory of MITF target genes is constantly growing, it is important to differ-
entiate between immediate MITF-responsive promoters and secondarily affected genes.
Several key transcription regulators were suggested to be either MITF targets or cyclo-
heximide-resistant c-Kit/TPA and MITF-dependent targets in melanocytes, including
the AP-1 subunits c-FOS and JUNB, ATF4, ELK1, and TBX2 (95). It is plausible that
the wide effect of MITF on the melanocyte lineage is at least partially mediated by
regulation of such transcription factors. Although additional experiments are needed to
verify the effect of MITF on the former ones, Tbx2 levels were shown to be regulated
by Mitf in vitro, and Tbx2 is absent from Mitf-negative melanoblast precursor cells
(131). Acting as a transcriptional repressor, Tbx2 was found to negatively regulate the
Tyrp1 promoter (132). However, because Tbx2 has been implicated in suppression of
cell senescence through downregulation of Cdkn2a (p19ARF) (133) and Cdkn1a
(p21WAF1) (134), its effects in melanocytes might also be cell-cycle related.

An additional transcriptional repressor whose promoter was found to be regulated by
MITF in vitro is SNAI2/Slug (135). Like MITF, SNAI2 can bind E-box motifs, and
mutations in SNAI2 also result in melanocyte loss in human and mouse (135,136). In this
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regard, the ability of SNAI2 to promote cell survival (137) and to downregulate
E-cadherin expression in breast cancer (138) might suggest a role in melanoblast survival
and/or migration, respectively, downstream of MITF. It is virtually certain that MITF is
involved in regulation of additional target genes in melanocytes. Further identification
of these targets may provide important clues to the key functional role for MITF in the
melanocyte lineage.

POSTTRANSLATIONAL MODIFICATIONS OF MITF

As a key regulator of melanocyte processes, control of MITF expression and activity
occurs at several levels, in addition to the transcriptional level described above. Although
regulation of MITF RNA stability is poorly understood, posttranslational modifications
control MITF transactivation capacity and stability (see Fig. 2). The phenotypic similari-
ties between mutations in the c-Kit receptor tyrosine kinase, its ligand Kitl/SCF, and Mitf
(described in 139), suggested that the Mitf protein might be regulated by Kit-dependent
phosphorylation. Biochemical analysis led to characterization of phosphorylation sites
controlling the transactivation activity of MITF, and its half-life (140). On activation of
the Kit/MAPK pathway, MITF is phosphorylated on Ser73 by MAPK1 (ERK2) (140).
This modification allows it to recruit the transcriptional coactivator p300/CBP (141).
MITF transactivation capacity may be further regulated by additional phosphorylation
on Ser409 by the RPS6KA1 (RSK1) kinase (a direct target of ERK), which leads to
ubiquitin-mediated proteolysis (142). Lysine 201 of MITF appears to be a potential
ubiqitination site, because mutating it to alanine blocked proteasomal degradation of
MITF (143). Activity of MITF seems to be dependent also on Ser298, positioned down-
stream of the bHLH-LZ domain. In vitro phosphorylation of Ser298 by GSK-3  was
seen to enhance MITF transcriptional activity in reporter assays (144). The physiologi-
cal importance of this residue is emphasized by characterization of a Ser298 mutation
in individuals with WS2 (39). Although not reported in melanocytes, phosphorylation
of MITF on Ser307 was found in osteoclasts after RANKL stimulation, in a p38-depen-
dent manner (145). It is possible that the MITF protein is further modified on additional
residues by various signaling pathways, yet to be found.

PROTEIN–PROTEIN INTERACTIONS OF MITF

In addition to its ability to form heterodimers with other MiT family members (TFE3,
TFEB, and TFEC), MITF was found to interact with several other proteins, including
transcription factors. As a suggested mechanism of self-amplification in melanocytes,
MITF was reported to bind LEF-1, and to recruit it to its own promoter (146). In osteo-
clasts, MITF was reported to bind PU.1, an Ets family transcription factor expressed in
hematopoietic cells (147). MITF acts downstream of PU.1 during osteoclast develop-
ment, and mutations in PU.1 or MITF can cause osteopetrosis (reviewed in ref. 148). An
additional transcription factor that was shown to interact with MITF is Pax-6 (149).
Because both Mitf mutations and Pax-6 mutations cause eye abnormalities, this interac-
tion might be important for normal RPE differentiation in vivo (149).

A yeast two-hybrid screen for MITF binding proteins identified UBC9, an E2 SUMO
ligase, which was suggested to regulate MITF degradation through the ubiquitin-
proteasome system (143). Interestingly, identification of an MITF interaction with
PIAS3, an E3 SUMO ligase, suggests that an effect of UBC9 on MITF might be SUMO-
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Fig. 2. Regulation of the MITF protein. After activation of the MAPK pathway, following c-KIT
receptor binding by its ligand stem cell factor  (SCF), MITF is phosphorylated at Ser73 by ERK2.
p90RSK, acting downstream from activated ERK1/2, induces a second MITF phosphorylation,
on Ser409. These modifications activate MITF, which, together with the coactivators p300/CBP,
initiates transcription of target genes from E-Box elements. However, phosphorylation on Ser73
also sensitizes the protein to degradation by the proteasome via ubiquitination of Lys201. GSK-3 ,
acting downstream of the WNT/AKT pathways can phosphorylate MITF on Ser298. (Graphical
icons were adapted from www.biocarta.com.)

mediated (150,151). PIAS3 was found to downregulate the transcriptional activity of
MITF, but MAPK/RSK1 phosphorylation on Ser409 of MITF disrupted PIAS3 binding
and enhanced MITF transactivation capacity (151). Another potential inhibitor of MITF
is PKCI/HINT1, which is thought to regulate MITF in mast cells (reviewed in ref. 152).
Embryonic fibroblasts from PKCI null mice show cell-cycle irregularities and increased
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resistance to cytotoxicity by ionizing radiation, although the mice themselves have no
noticeable phenotype (153). Analogous to the MITF inhibition by PIAS3, MAPK-
induced phosphorylation of MITF releases PKCI inhibition (154).

MITF IN CANCER

A recurrent theme in cancer is the dysregulation of transcription factors. As effectors
of multiple downstream genes, transcription factor levels and function are tightly regu-
lated. However, when mutated or abnormally expressed, these proteins might lead to
severe consequences, such as cancer. A well-known example is the MYC proto-
oncogene, a bHLH-LZ protein that heterodimerizes with MAX to bind E-box sequences.
Dysregulated expression of c-MYC is found in numerous cancer types, because of gene
amplification or chromosomal translocation. Data emerging over the past few years have
suggested that the MiT family of transcription factors might be involved in malignancy.
Chromosomal translocations of TFE3 were found in Papillary Renal Cell Carcinoma and
in Alveolar Soft Part Sarcomas (reviewed in ref. 155). In these instances, the bHLH-LZ
domain of TFE3 was found fused downstream from a variety of different donor proteins,
in each case forming a chimeric protein that retains the DNA-binding capacity of TFE3.
Another mechanistically informative pathogenic event involves the recent identification
of TFEB translocations in papillary renal cell carcinomas (156–158). In these particular
cases, a translocation was observed between chromosomes 6 and 11, and SILV/Pmel17/
GP100 expression was observed in the tumor. The expression of this MITF target sug-
gested the possibility that TFEB (located on chromosome 6) may be present at the
translocation breakpoint. In this case, the translocation placed the entire open reading
frame of TFEB downstream of the breakpoint, and the alpha gene into which TFEB was
inserted contributed no open reading frame to the resulting transcript (158). This trans-
location thus represents a pure example of promoter swapping and strongly suggests that
the common mechanistic event in the MiT family translocations is dysregulated expres-
sion of a potentially normal MiT transcription factor (157,158). Similar promoter sub-
stitution was shown to be the mechanism for c-MYC-induced Burkitt’s lymphoma
(159,160). Considering the MiT family’s capacity to regulate transcription via E-box
elements similar to c-MYC, it is possible that a subset of c-MYC target genes may also
be regulated by MiT proteins, and participate in cellular transformation, although this
remains to be determined.

Although chromosomal abnormalities of the MITF gene have not been reported,
MITF has emerged as a clinically useful histopathological marker for melanocytic lesions
and has become incorporated as a common immunohistochemical target in melanoma
diagnosis (118,161–163). Interestingly, MITF levels often decrease during melanoma
progression, although MITF signal has been detected in virtually all samples examined
including amelanotic melanoma (118,161–163). It is notable that expression of MITF
targets such as TRPM1/melastatin1, HMB/pmel17/silver, and MLANA/Mart1 has also
been seen to diminish in association with melanoma progression. The reason for this is
unknown, but one may speculate that diminished MITF expression would be associated
with a less differentiated phenotype (e.g., suppression of pigmentation), which may
provide a growth advantage. Nonetheless, the observation that measurable MITF ex-
pression is usually retained may suggest that different target genes participate in the
survival role of MITF as compared with differentiation/pigmentation, and that, mecha-
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nistically, these target genes might vary in the dose of MITF required for their regulation.
Although the role of MITF in melanoma is certainly far from clear at this time, its ability
to upregulate BCL2 (95), an antiapoptotic gene, may be of particular importance. More-
over, a recent report showing cooperation between MITF and constitutively activated
STAT3 in transformation of NIH-3T3 cells (164) points to a potential contribution of
MITF in transformation, perhaps via upregulation of downstream targets, such as c-Fos
(95,164). The emerging picture from these data points to critical regulation of cellular
survival and proliferation by MiT transcription factors.

CONCLUSIONS AND PERSPECTIVES

MITF is a remarkable factor in serving as a key master regulator of the entire neural
crest-derived melanocyte lineage. Its loss of function produces dramatic phenotypes of
melanocyte loss in numerous species, including humans. Furthermore, gain of function
or dysregulated expression of its family members appear to be oncogenic in certain cell
lineages. MITF plays a pivotal role in differentiation of melanocytes, largely through its
ability to regulate pigment enzyme and processing gene expression. Yet, MITF clearly
regulates other target genes, because pigmentation gene loss presumably cannot account
for lack of melanocyte survival, as albino melanocytes are highly viable. The search for
a more complete list of MITF transcriptional target genes, coupled to increased under-
standing of the signaling pathways and environmental cues that regulate MITF
pretranslationally and posttranslationally, will stand to provide crucial information that
may be of importance in both benign conditions (affecting pigmentation and deafness)
as well as a variety of human malignancies, including melanoma and other MiT family-
associated cancers.
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Summary
The high-mobility group (HMG) domain transcription factor Sox10 influences melanocyte develop-

ment on at least two levels. Sox10 is required for survival, proliferation, and the maintenance of pluripo-
tent neural crest stem cells, thereby controlling the size of the stem cell pool and indirectly influencing
the number of generated melanocytes. Sox10 also directly affects melanocyte specification. Expression
of Mitf, the key regulator of melanocyte development, is controlled by Sox10, which binds to and acti-
vates the M promoter of the Mitf gene in close cooperation with other signaling pathways. Although its
epistatic relationship to Mitf is sufficient to explain the role of Sox10 in melanocyte specification, analy-
ses of expression and target genes suggest that Sox10 has additional functions in melanocytes apart from
and following Mitf activation. Additionally, Sox10 is highly expressed in melanoma. It may influence
melanoma properties and could therefore be of diagnostic and therapeutic value.

Key Words: Sry-box; HMG; neural crest; Mitf; synergy; Pax3; Waardenburg disease; dopachrome
tautomerase; tyrosinase-related protein 2; -catenin.

INTRODUCTION

Transcription factors play vital roles in the development of most cell types, tissues,
and organs. Sox proteins are one such group of transcription factors. They are charac-
terized by possession of a common DNA-binding domain, the Sry-box (1,2) that was first
identified in Sry, a protein encoded on the mammalian Y chromosome and responsible
for male sex determination (3,4). This Sry-box is a variant of the HMG domain that
occurs in several sequence-specific and many nonsequence-specific DNA binding pro-
teins (5). In Sox proteins, it allows minor groove DNA binding in a sequence-specific
manner. Because binding concomitantly introduces a strong bend into the DNA (6), Sox
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proteins are believed to fulfill architectural functions in chromatin in addition to their
role as transcription factors (7).

Sox proteins appear limited in their occurrence in animals, and have been detected in
many different invertebrate and vertebrate species (2,8). In mammals, such as mouse and
humans, 20 different Sox proteins are present. According to amino acid similarities, both
within and outside their HMG domain, these 20 Sox proteins can be further subdivided
into eight groups, A–H (2,8). Group E consists of Sox8, Sox9, and Sox10. In addition
to the HMG domain, these proteins share three additional regions of high amino acid
homology (9). One of these regions is an amino-terminal extension of the HMG domain
(CR1 in Fig.1), which alters the DNA binding characteristics of group E Sox proteins,
because it allows them to cooperatively bind on DNA to adjacent recognition elements
(10,11). The second domain is located in the carboxy-terminal region of the protein and
coincides with the transcriptional activation domain of Sox9 and Sox10 (9,12,13).
Whereas clear biochemical functions were ascribed to these regions, none has yet been
attributed to the third region of homology in the central part of the protein (CR2 in Fig.1).

Sox10 has been identified and studied in many model organisms including human
(14), mouse (15,16), rat (9), chicken (17,18), Xenopus laevis (19,20), zebrafish (21), and
the puffer fish Fugu rubripes (22). Sox10 proteins are highly homologous between even
distantly related species. Thus, amino acid identity of Xenopus Sox10 and mammalian
Sox10 is 71% (20); and rodent and human Sox10 are 97% identical (9). In all analyzed
species, Sox10 has a similar expression pattern in the developing embryo, with strong
expression in the early neural crest and many of its derivatives, followed by a later phase
of expression in glial cells of the central nervous system. In Xenopus, early neural crest
expression appears to be furthermore dependent on Wnt and Fgf signaling and is geneti-
cally downstream of snail (19,20). However, subtle differences in Sox10 expression may
exist between different species. In Xenopus, for instance, Sox10 seems to be turned on
sooner in cells of the premigratory neural crest than in mice (15,19,20).

Although originally expressed in all neural crest cells, Sox10 is not essential for
those cranial neural crest cells that form bones and mesenchyme of the face and skull.
In contrast, many other neural crest cells are affected on inactivation of Sox10. The glial
cells of the peripheral nervous system (23), the precursor cells for the enteric nervous
system, and pigment cells (15,16,24) are completely missing in the absence of Sox10.

Defects are similar in all species in which inactivations of the Sox10 gene have been
observed, including humans, mice, and zebrafish. These overall phenotypic similarities
notwithstanding, slight differences exist between various species. Whereas heterozygous
loss of Sox10 is already sufficient in mice and men to cause partial defects of pigmen-

Fig. 1. Topology of conserved and functional domains in the transcription factor Sox10. Positions
of conserved regions 1–3 (CR1–CR3) relative to the high-mobility group domain (HMG) of
Sox10 are shown. Where known, functions of conserved domains are listed.
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tation and enteric nervous system formation (14,15), no such haploinsufficiency has
been observed in the zebrafish (21).

In zebrafish, Sox10 is inactivated in several allelic variants of the colorless mutant
(21). In mice, a spontaneous, truncating mutation (Dominant megacolon, Dom, Sox10dom)
(15,16) and a targeted mutation that removes the complete open reading frame of
Sox10 (Sox10lacZ) (23) have both been reported. Additionally, SOX10 mutations were
found in human patients suffering from combined Waardenburg-Hirschsprung disease
(14), sometimes associated with additional central or peripheral neuropathies (25–28).
Waardenburg disease is characterized by partial pigmentation defects of skin and hair
combined with sensorineural deafness, whereas Hirschsprung disease results from
aganglionosis of the distal colon. Sensorineural deafness in Waardenburg disease is
generally believed to result from a melanocyte loss in the stria vascularis of the inner ear.
However, the strong Sox10 expression in the olfactory placode and later in the olfactory
epithelium is also compatible with a direct effect on inner ear epithelial cells in the case
of Sox10 mutations (29).

Sox10 performs multiple functions at its various sites of expression. Thus, Sox10 has
been implicated in maintaining the pluripotency of neural crest stem cells (30); in pro-
moting their survival and proliferation (31); in influencing fate decisions (23,32); and,
at a later stage, in terminal differentiation of already specified precursor cells (33).

Because Sox10 influences specification of several neural crest-derived cell lineages,
it cannot exert its function alone but must cooperate with other cell-restricted signaling
pathways and transcription factors that are differentially present or active in the various
neural crest lineages. Thus, Sox10 is necessary for specification of peripheral glia and
melanocytes, but clearly not sufficient.

SOX10 AND MELANOCYTES

The role of Sox10 in melanocyte development has been studied both through loss-of-
function and gain-of-function analyses. Deletion of Sox10 in the mouse leads to a near
complete absence of melanocytes from very early stages (15,23,24), independent of the
marker that was used for melanocyte detection. Injection of Sox10 RNA into one blas-
tomere of a two-cell Xenopus embryo not only led to a strong expansion of neural crest
cells, but also caused these neural crest cells to preferably turn into melanocytes (19).
This increase in the melanocyte pool size was only observed when ectopic Sox10 expres-
sion took place before gastrulation, arguing that its effect on the melanocyte lineage is
an early one (19). It has also been reported that Sox10 expression is rapidly downregulated
from pigment cell precursors in zebrafish (34), again arguing that Sox10 functions early
in the melanocyte lineage, either during melanocyte specification or immediately after-
wards. Because Sox10 expression at this early stage is largely confined to neural crest
cells and their derivatives, a cell-intrinsic function is very likely. Formal proof was
obtained by phenotypic rescue of melanocytes after selective expression of ectopic
Sox10 in neural crest cells from Sox10-deficient mice (35).

In mammals, Sox10 expression in the melanocyte lineage appears to last longer than
in zebrafish, because Sox10 can be readily detected in most melanocyte precursors
migrating along the lateral pathway in mammals but not in zebrafish (15,21,23). This
argues for a species-specific difference of Sox10 expression in the melanocyte lineage.
Whether Sox10 expression in mammals is maintained in fully differentiated melano-
cytes in vivo has not been stringently tested. However, Sox10 is strongly expressed in



74 From Melanocytes to Melanoma

cultures of primary and transformed melanocytes (36–38). If its expression in mamma-
lian melanocytes lasts into later stages of lineage development, Sox10 is likely to have
additional effects on melanocytes apart from the specification event. These effects are,
however, difficult to analyze with the currently available loss-of-function mutants.
Their study requires a system that allows a temporally and spatially controlled ablation
of Sox10.

SOX10 AND MITF EXPRESSION

How can the early function of Sox10 during melanocyte specification be explained on
a mechanistic level? From specification onwards, many aspects of melanocyte develop-
ment rely on the M-specific isoform of the bHLH protein, Mitf, which, through its target
genes, influences proliferation, survival, and expression of differentiation markers in
this cell lineage (see Chapters 2 and 3). Evidence for a genetic interaction between both
genes in vivo came from crosses of heterozygous Mitf+/mi and Sox10+/Dom mice (39). The
resulting double heterozygous mice exhibited a dramatically increased hypopigment-
ation relative to the single heterozygous mice. Although this observation leaves the
question of the epistatic relationship between both proteins unanswered, analysis of
Sox10-deficient mice and zebrafish showed that M-Mitf (and its zebrafish homolog
mitfa) is not expressed in the absence of Sox10 (34,40), suggesting that expression of
M-Mitf is directly controlled by Sox10.

In mammals, expression of the M-Mitf isoform is under control of the melanocyte-
specific M promoter. Transcription from the human and murine M promoter is strongly
activated by Sox10 (37,39–41). Several putative binding sites for Sox10 were identified
by sequence inspection (Fig. 2). Binding studies revealed that among these putative
Sox10 binding sites, one had, by far, the highest affinity for Sox10. This site is conserved
between the mouse and human promoters and is localized in the human promoter at –268
to –262, relative to the transcription start site (37,39,40). Mutation of this site had the
most dramatic effect on Sox10-dependent activation of the M promoter. However, Sox10
responsiveness was not completely abolished after mutation of this site and could be
reduced further by additional mutation of some of the other sites. These results imply that
Sox10 exerts its effect on the M promoter via multiple binding sites, of which one,
however, is functionally predominant (37,39–41). Whether binding of Sox10 to the M
promoter is sufficient for Mitf activation under normal conditions in vivo has not been
addressed so far. The identification of a 298-bp enhancer element in the human MITF
gene located approx 14.5 kb upstream from the transcriptional start site, with additional
Sox10 binding sites and Sox10 responsiveness, might at least point to participation of
additional regulatory elements within the Mitf gene (29).

Similar studies on the Mitf promoter have also been performed in zebrafish and
essentially led to the same results (34). The proximal Mitf promoter from zebrafish
proved responsive to Sox10 and contained many Sox10-binding sites, of which one at
–157 had the strongest effect, with other sites playing accessory roles. Despite this
obvious similarity to the mammalian system, it is noteworthy that the sequences of the
most important site in the mammalian and zebrafish promoters are not conserved (34,40)
and represent fairly different versions of the Sox binding consensus element 5'-A/T

A/T
CAAT/AG-3' (2). In contrast to the studies on the human MITF promoter, analysis of the
zebrafish promoter was not only performed in tissue culture, but also in embryos (34),
thus confirming the in vivo relevance of this regulatory pathway.
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Fig. 2. Topology of mapped binding sites in the promoters of the MITF and Dct genes. The
proximal promoter regions of the MITF gene (positions –685 to +1) and the Dct gene (positions
–535 to +1) contain binding sites for CREB (gray rectangle, CRE); -catenin/LEF1 (unfilled
rectangle, L); Mitf (ellipse, M); Pax3 (gray hexagon); and Sox10 (circles). Functionally domi-
nant Sox10 binding sites are shown as black circles.

Sox10 is not the only transcription factor known to influence the activity of the M
promoter (Fig. 2). This promoter had previously been shown in mammals to be respon-
sive to the canonical Wnt pathway via LEF1-binding, and to -melanocyte-stimulating
hormone ( -MSH) via binding of the cAMP-response element binding protein (CREB)
(42–45). The paired-domain protein Pax3, which is strongly expressed in early neural
crest cells, had similarly been shown to influence M-Mitf expression by direct binding
to the M promoter (46).

Thus, cross talk between Sox10 and any of these activation pathways may exist. The
existence of such cross talk is easily conceivable for Pax3 and Sox10, which are both
expressed in neural crest cells before specification to the melanocyte lineage and the
corresponding onset of Mitf expression. Indeed, Pax3 was found to synergistically
activate Sox10-dependent activation of the M promoter (39,40). Efficient synergistic
activation of the M promoter required both Pax3 and Sox10 to bind to DNA. Interest-
ingly, the functionally most important Sox10 binding site is located immediately adja-
cent to one of two Pax3 binding sites in the proximal M promoter (Fig. 2). It is currently
unknown, however, whether synergy is primarily mediated by this composite element
of adjacent Pax3 and Sox10 binding sites in the M promoter.

Interestingly, a residual synergistic effect between Sox10 and Pax3 was still observed
after mutation of all of the Sox10 binding sites (40). The most parsimonious explanation
for this finding is that, under these circumstances, Sox10 is recruited indirectly to the M
promoter by binding to Pax3. This synergy appears to depend on a region of Sox10 that
corresponds approximately to the CR2 region of homology in the central part of group
E Sox proteins (Fig. 1). Whether this region is directly involved in physical interactions
with Pax3 is unclear at present, because one other study found interaction with Pax3 to
be mediated by the HMG domain of Sox10 (47). It also needs to be mentioned that some
studies on the M promoter failed to detect synergy between Sox10 and Pax3 (37,41).
Given the fact that different cell lines were used in the various studies and that the
experimental setup varied, it is difficult to comment on these differences. Nevertheless,
synergy between Pax3 and Sox10 would effectively restrict Mitf expression in vivo to
cells in which both transcription factors are coexpressed (i.e., neural crest cells), and
from cells in which either Pax3 or Sox10 are expressed alone (i.e., myoblasts and oligo-
dendrocytes).

An interesting cross talk has also been identified between -MSH-dependent stimu-
lation of the Mitf promoter and Sox10 (48). The -MSH pathway is primarily needed to
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activate pigmentation genes in melanocytes through Mitf. Although -MSH functions
via a classical cAMP response element (CRE) in the M promoter, to which CREB binds
(43,44), it does so in a strictly tissue-restricted manner that cannot easily be explained
by the CRE element or by CREB. Interestingly, Sox10 appears to be responsible for the
tissue-restricted function of the CRE based on two findings (48). First, the M promoter
loses most of its responsiveness toward -MSH after mutation of the major Sox10
binding site. Second, tissue restriction of the -MSH effect is overcome after ectopic
expression of Sox10 in nonmelanocyte cell lines. CRE and Sox10 binding sites are
separated by approx 100 basepairs (Fig. 2), thus making direct protein–protein contact
between both proteins unlikely, unless the existence of a complex three-dimensional
enhanceosome on the M promoter is invoked. Again, the combinatorial use of two
transactivation pathways allows the establishment of tissue-specificity, which would not
be possible through either signal alone.

No data exist so far regarding the relationship between Wnt signaling through the
-catenin/LEF1 complex and Sox10-dependent activation of the Mitf promoter. What

is intriguing, however, is the fact that both LEF1 and Sox10 contain a sequence-specific
HMG domain as a DNA binding domain. Although both proteins have quite similar
DNA binding characteristics, the -catenin/LEF1 complex and Sox10 are reported to
function through different binding elements in the M promoter of the Mitf gene
(39,40,42,45). Several Sox proteins have also been reported to interact with -catenin,
thereby interfering with Wnt signaling (49), arguing that -catenin/LEF1 and Sox10
should influence each other during Mitf activation.

MOLECULAR SOX10 FUNCITON

Loss of melanocytes in Sox10-deficient animal models can be easily explained as a
consequence of lost Mitf expression. At least in zebrafish, there is good evidence for the
paramount importance of the epistatic relationship between Sox10 and Mitf. Thus,
ectopic neural crest-specific expression of Mitf in Sox10-deficient zebrafish embryos
was as efficient in rescuing melanophore development as was the analogous ectopic
Sox10 expression (34), clearly indicating that Mitf, under these circumstances, can
compensate for Sox10 during melanocyte development.

This, of course, does not rule out that in other species or even during normal devel-
opment in zebrafish, Mitf cannot fully compensate for the loss of Sox10. There is evi-
dence that at least one other gene in addition to Mitf is regulated by Sox10 in melanocytes,
although this gene is not essential for melanocyte development (23,38,50). This gene is
the dopachrome tautomerase/tyrosinase-related protein-2 (Dct). The number of Dct-
expressing cells in Sox10+/Dom or Sox10+/lacZ mouse embryos was reduced more than the
number of melanoblasts detected with other markers, indicating that some melanoblasts
fail to express Dct (23,50). This inhibition of Dct expression was transient and most
pronounced between 10.5 dpc and 12.5 dpc (50). Importantly, no such selective reduc-
tion of Dct expression was observed in mice carrying heterozygous Mitf mutations,
excluding the possibility that reduced Dct expression is secondary to Sox10 dosage
effects on Mitf expression.

Analysis of the Dct upstream regulatory region over a length that had previously
shown to be sufficient for melanocyte specific expression, revealed many similarities to
regulation of the Mitf promoter by Sox10 (38). As was the case for the Mitf promoter,
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the Dct upstream region contained several putative Sox10 binding sites (Fig. 2). These
sites exhibited different affinities for Sox10, and bound Sox10 either as monomers or as
dimers. The two sites with the highest affinities were again those with biggest contribu-
tion to Sox10-dependent activation of the Dct promoter, whereas other sites contributed
to overall activation to a lesser extent. Interestingly, Sox10-dependent activation of the
Dct promoter could be synergistically increased by Mitf (38), which independently
binds to the Dct promoter (51). Thus, synergy could be severely reduced by mutation of
a composite element within the Dct promoter that consisted of adjacent Sox10 and Mitf
binding sites (Fig. 2), or by combinatorial mutation of all major Sox10 binding sites (38).
The mechanism of synergy is not clear yet. Again, synergistic activation might be essen-
tial to ensure the correct spatiotemporal Dct expression. As Sox10 expression precedes
Mitf expression, Sox10-dependent Dct activation might be particularly important during
the onset of Dct expression, when Mitf expression is still relatively low. Finally, it
deserves to be mentioned that the Dct promoter also contains binding sites for CREB and
the -catenin/LEF1 complex (Fig. 2) (51,52). Future studies will have to address whether
there is also a functional interaction between Sox10 and these regulators.

SOX10 AND MELANOMA

Recently, tumor-infiltrating cytotoxic T-lymphocytes from a patient with dramatic
clinical response to melanoma immunotherapy have been found to be reactive against
Sox10 (36). This argues that Sox10 is expressed in melanoma, a fact that could be
verified by direct expression studies. Recognition by tumor-infiltrating cytotoxic T-
lymphocytes correlates with a fairly high level of Sox10 expression. A second study
reported that Sox10 is differentially expressed in different sublineages of K-1735 murine
melanoma (53). This differential expression correlated with the metastatic potential of
the respective sublineages, being high in those with high metastatic potential.
Upregulation of Sox10 in highly metastatic melanoma sublineages might indicate that
Sox10, in addition to its many other functions, is also involved in positively regulating
cell migration, a function hypothesized for Sox10 in the peripheral nervous system of
zebrafish, but so far unproven (54). If increased Sox10 expression is needed for in-
creased cell mobility, interfering with Sox10 upregulation in melanoma might offer an
opportunity to counteract metastasis.

Whether levels of Sox10 expression differ between melanocytes and melanoma has,
however, not stringently been analyzed. The fact that Sox10 has also been identified as
an antigen in cases of autoimmune-based vitiligo (55) argues for a strong expression
already in the nontransformed state of normal melanocytes. Even if high expression is
not specific for melanoma, Sox10 might still be useful as a source for peptides used in
vaccination of melanoma patients who have to undergo immunotherapy. However, it
needs to be pointed out that the occurrence of Sox10 in other cells apart from melano-
cytes might be problematic in such a strategy, because it might also direct the immune
system of patients against myelinating glia of the peripheral and the central nervous
system and thus cause demyelinating neuropathies.

CONCLUSIONS AND PERSPECTIVES

Sox10 is firmly established as an essential regulator of melanocyte development.
However, its functions after melanocyte specification still need to be defined. Valuable
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insights will be derived from conditional mouse mutants that allow a temporally fine-
tuned interference with Sox10 expression at later stages of melanocyte development.
Equally important is a more complete characterization of Sox10 target genes in melano-
cytes through expression profiling or comparable approaches. By studying these target
genes, common regulatory principles will be identified as well as transcription factors,
with which Sox10 cooperates as part of the transcriptional network that imparts and
maintains melanocyte identity. It will allow us to understand why Sox10 activates genes
in melanocytes that are not turned on in other Sox10-expressing cells, and how Sox10
might be able to activate different sets of target genes at different phases of melanocyte
development. Finally, it will help to clarify potential functions of Sox10 in melanoma.
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Summary
Cutaneous pigmentation is the outcome of exquisite interactions among various cell types in the skin,

the best described of which are the interactions between epidermal melanocytes and keratinocytes, and
between melanocytes and dermal fibroblasts. Melanocytes are the site of melanin synthesis, and
keratinocytes are the recipients of melanosomes, melanin-containing organelles. The wide variation in
constitutive pigmentation among humans is caused by enormous differences in the rate of synthesis of
the two forms of melanin, eumelanin and pheomelanin, and the rate of transfer of melanosomes to
keratinocytes. Cutaneous pigmentation is regulated by a wide array of factors, some of which are endo-
crine, and many are paracrine and/or autocrine. Many of those factors regulate constitutive pigmentation
and also participate in the ultraviolet radiation (UVR)- or inflammation-induced hyperpigmentation.
There is convincing evidence that the tanning response to UVR exposure is mediated by a spectrum of
locally produced cytokines and growth factors, such as -melanocyte-stimulating hormone ( -MSH)
and adrenocorticotropic hormone (ACTH), and endothelin-1 (ET-1). Currently, more is known about the
regulation of melanin synthesis than about the control of melanosome transfer. Only in the past few years
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was significant progress made in defining some of the molecular aspects and genes involved in the latter
process. The significance of cutaneous pigmentation lies in its principal role in photoprotection against
the carcinogenic effects of UVR. Numerous epidemiological and clinical studies have concluded that the
incidence of UVR-induced skin cancer correlates inversely with constitutive pigmentation and the ability
to tan. An important role of some of the paracrine/autocrine factors, such as nerve growth factor (NGF),
stem cell factor (SCF), ET-1, -MSH, or ACTH, is to protect melanocytes from stress-induced apoptosis,
e.g., that induced by exposure to UVR. This survival effect is of tremendous importance given the sig-
nificance of the melanocyte in photoprotection and its limited capacity to proliferate and self-renew. It is
plausible that at least some of those factors might link the survival pathways to the DNA repair pathways
in melanocytes. If this is the case, then the ability of melanocytes to respond to those survival factors
might be a determinant of skin cancer, particularly melanoma, susceptibility.

Key Words: Human melanocytes; endocrine factors; paracrine factors; autoimmune factors; faculta-
tive pigmentation; constitutive pigmentation; photoprotection.

SKIN PIGMENTATION: THE OUTCOME OF MELANIN SYNTHESIS
AND DISTRIBUTION IN THE EPIDERMIS

Melanocytes are cells that are specialized in the synthesis of melanin(s), the pigment
that provides the skin and hair with their distinctive coloration. In humans, the vast
majority of melanocytes reside in the epidermis and within the hair follicles, and some
are present in other anatomical sites, mainly the eyes and inner ear. To date, most of the
current knowledge about the regulation of human pigmentation is either based on studies
of human epidermal melanocytes, or extrapolated from studies on follicular melanocytes
in other mammals, mainly mice. In general, epidermal and follicular melanocytes are
considered to be similar in the manner they are regulated. However, these two melano-
cyte populations differ in several aspects, including their life span, interaction with the
surrounding epithelial and mesenchymal cells, and responses to environmental factors,
particularly ultraviolet radiation (UVR).

In humans, skin pigmentation is the outcome of the synthesis of melanin by epidermal
melanocytes and the distribution of melanin to surrounding keratinocytes (1). In the
human epidermis, melanocytes comprise less than 10% of the entire epidermal cell
population, whereas keratinocytes are the major structural cells. Melanocytes interact
physically via their dendrites with the neighboring keratinocytes. Melanin-containing
melanosomes are transferred along the dendrites of melanocytes to keratinocytes, and
this donation of melanosomes is critical for normal skin pigmentation. The physical
interaction of melanocytes with keratinocytes has led to the concept of the epidermal
melanin unit, which underscores the importance of communication between these two
cell types for normal pigmentation (2). Keratinocytes have a high self-renewal capacity
and undergo a well-defined differentiation program that culminates in apoptotic-like cell
death (3). In contrast, melanocytes in the epidermis are generally highly differentiated
and slowly proliferating, and have a poor ability to regenerate. The significance of the
melanocytes lies in their role in photoprotection against the damaging effects of UVR,
the worst of which is skin cancer; hence, it is crucial to maintain their survival in the
epidermis (4,5).

The wide diversity of skin color in humans is caused by the extensive variation in
constitutive pigmentation, which, in turn, is determined by three main factors: the rate
of synthesis of melanin by melanocytes, the relative amounts of eumelanin (the brown-
black pigment) and pheomelanin (the red-yellow pigment) synthesized by melanocytes,
and the number and size of melanosomes and the rate of their transfer to keratinocytes
(1,6,7). In dark skin, melanosomes are larger and more numerous than in light skin, and
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are transferred as single entities from melanocytes to keratinocytes, whereas, in light
skin, melanosomes are transferred as clusters (1,8). Moreover, the relative eumelanin to
pheomelanin contents in dark skin are always higher than those in light skin (6). Melanin
content in different pigmentary phenotypes is directly proportional to the activity of
tyrosinase, the rate-limiting enzyme in the melanin synthetic pathway, and to the levels
of tyrosinase, and tyrosinase-related proteins (TYRP), TYRP-1 and TYRP-2 (9–12).

Keratinocytes also interact with melanocytes via the synthesis of biochemical media-
tors that regulate the survival, function, and proliferation of melanocytes (13–18). In
turn, the melanocytes, via donation of melanin to the keratinocytes, confer protection for
the entire epidermis from damage caused by intrinsic or extrinsic environmental insults,
such as inflammation or solar UVR, respectively (19–21). Increased melanin synthesis
by melanocytes is suggested to be part of the stress response, and to be induced by DNA
damage (22). Melanin, particularly eumelanin, is thought to be efficient in scavenging
reactive oxygen species produced during inflammation or exposure to UVR (23,24).
Melanin, mainly eumelanin, also acts as a physical barrier that shields the skin from
impinging UVR and limits its penetration through the epidermal layers (25,26). These
properties of melanin account for its photoprotective role against UVR-induced DNA
damage and carcinogenesis. This important function of melanin is supported by many
epidemiological studies demonstrating an inverse relationship between pigmentation
and the risk for skin cancer, including melanoma (27–29).

REGULATION OF PIGMENTATION BY ENDOCRINE FACTORS

Cutaneous pigmentation is the outcome of a complex process that is regulated by an
array of factors that are either locally synthesized in the skin, or produced by distant
organs or tissues and transported to the skin by the circulation. The importance of
endocrine factors is demonstrated by the pigmentary changes observed under certain
physiological and pathological conditions that involve endocrine alterations, such as
pregnancy (30) or Addison’s disease (31,32), respectively. Hyperpigmentation observed
in women during pregnancy is thought to be a result of changes in the levels of female
reproductive hormones, such as estrogen (33,34), and possibly increased melanocortins.
The increased darkening of the genitalia in men and women relative to other organs is
attributed to the effects of male and female reproductive hormones, respectively (35,36).
Melasma, which is often associated with pregnancy and augmented by sun exposure, is
thought to be caused by high levels of estrogens, and melanocortins that are synthesized at
a higher level in the epidermis in response to UVR (33,34). In addition, increased pig-
mentation observed in patients with Addison’s disease that results from increased adreno-
corticotropic hormone (ACTH) levels is now recognized to be a result of the stimulatory
effect of ACTH on human melanocytes via activation of the melanocortin 1 receptor
(MC1R). Some of these clinical observations deserve to be rigorously investigated to
identify the exact nature of the causative melanogenic factors and the mechanisms by
which they affect skin pigmentation.

REGULATION OF PIGMENTATION BY PARACRINE
AND AUTOCRINE FACTORS

Cutaneous pigmentation is not solely regulated by endocrine factors. The traditional
concept that human pigmentation is entirely subject to regulation by endocrine factors
has led to some erroneous conclusions, e.g., about the significance of melanocortins in
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human pigmentation. In the past, it was assumed that melanocortins are only synthesized
by distal organs, mainly the pituitary gland, and, because physiologically relevant levels
of melanocortins could not be detected in human serum, their physiological role in
human pigmentation was undermined and even discounted (37–39). A role for paracrine
and autocrine factors in the regulation of skin pigmentation was first supported by the
clinical observation of postinflammatory hyperpigmentation. It was proposed that
inflammatory mediators, such as immune-inflammatory cytokines and eicosanoids are
involved in this process (21,40). This notion was supported by the findings that the
production of certain cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis
factor-  (TNF- ) (41,42) and eicosanoids, such as prostaglandin (PG) E2, leukotriene
(LT) B4, LTC4, and LTD4 (43,44), and histamine (45,46), all of which affect human
melanocytes, is increased in the skin during inflammation.

It is established that human melanocytes (hMC) are a target for many cytokines
produced by immune cells. In this review, the contributions of epidermal keratinocytes
and dermal fibroblasts, the two major cell types in the skin, to the regulation of melano-
cytes, as well as the effects of known autocrine factors will be addressed. A list of
paracrine and autocrine factors for melanocytes is included in Table 1.

The first experimental evidence for the role of paracrine factors in the regulation of
hMC was provided by the observation that medium conditioned by cultured human
keratinocytes increased melanogenesis and dendricity of cultured hMC (47). Although
many factors affect the melanocytes directly, some factors have indirect effects on
melanocytes. For example, calcitonin gene-related peptide (CGRP) that is synthesized
by human keratinocytes has no direct effects on melanocytes, but conditioned media
derived from human keratinocytes treated with CGRP increase hMC proliferation and
melanogenesis (48). These findings suggest that CGRP stimulates keratinocytes to
synthesize paracrine factors that are mitogenic and melanogenic for hMC.

Similarly, fibroblasts secrete factors that modulate hMC proliferation. Conditioned
medium from cultured human fibroblasts had mitogenic effects on cultured hMC (49).
Basic fibroblast growth factor (bFGF; FGF-2) is one paracrine factor that is synthesized
by keratinocytes as well as fibroblasts (13,49). Other factors that are synthesized by both
keratinocytes and fibroblasts include stem cell factor (SCF), also known as steel factor
or kit ligand, and hepatocyte growth factor (HGF)/scatter factor, both of which are
mitogenic for hMC; and nerve growth factor (NGF), which promotes melanocyte sur-
vival (49–56). Fibroblasts also express the gene for neurotrophin-3 (NT-3), which, like
NGF, increases the survival of melanocytes (57). Recently, it was reported that the
drastic reduction in melanocytes in palmoplantar human skin (i.e., on palms and soles)
is caused, at least in part, by increased expression of dickkopf 1 (DDK1) in palmoplantar
fibroblasts, which inhibits the proliferation and melanogenesis of hMC (58).

The feasibility of culturing hMC has allowed for rapid advances in understanding
the regulation of human pigmentation and provided an optimal in vitro model to test the
effects of various factors, including UVR. Cultured hMC were shown to respond to the
immune inflammatory cytokines IL-1 , IL-1 , IL-6, and TNF-  with dose-dependent
inhibition of proliferation and melanogenesis (59). Another inhibitory cytokine for
hMC is transforming growth factor  (TGF ), known to be an important autocrine
regulator of epithelial cell proliferation and differentiation (60,61). Treatment of cul-
tured hMC with TGF -1 inhibited their proliferation, suggesting a paracrine role for this
cytokine (61). In addition, cultured hMC synthesize the primary cytokines IL-1  and
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Table 1
List of the Major Paracrine and Autocrine Factors

That Affect Human Melanocyte Proliferation, Melanogenesis, and/or Survival

Effect on melanocyte
Cytokine/growth factor Cell source

Proliferation Survival Melanogenesis

IL-1 KC/MC – ND –
IL-1 KC/MC – ND –
IL-6 KC – ND –
TNF- KC – ND –
ACTH KC/MC + + +

-MSH KC/MC + + +
-Endorphin KC/MC + ND +

ET-1 KC + + +
ASP KC – – –
NGF KC/FB ND ND ND
NT-3 KC ND + ND
B-FGF KC/FB + + +
HGF/scatter factor KC/FB + ND ND
SCF KC/FB + + ND
CGRP KC + ND +
PGE2 KC + ND +
PGF2 MC + ND +
LTB4 MC + ND –
LTC4 KC + ND +
LTD4 KC + ND +
PGF 2 KC/MC ND ND ND
12-HETE MC ND ND ND
TGF KC/FB – ND –

DDK1 FB – ND –

IL, interleukin; TNF- , tumor necrosis factor- ; ACTH, adrenocorticotropic hormone;
-MSH, -melanocyte-stimulating hormone; ET-1, endothelin-1; ASP, agouti signaling

protein; NGF, nerve growth factor; NT-3, neurotrophin-3; B-FGF, basic fibroblast growth
factor; HGF, hepatocyte growth factor; SCF, stem cell factor; CGRP, calcitonin gene-related
peptide; PG, prostaglandin; LT, leukotriene; 12-HETE, 12-hydroxyeicosatetranoic acid;
TGF , transforming growth factor ; DDK1, dickkopf 1.

IL-1 , suggesting that these factors act as autocrine regulators (62). Interestingly, the
primary cytokine IL-1  has been shown to upregulate the synthesis and release of
endothelin-1 (ET-1) by human keratinocytes and -melanocyte stimulating hormone
( -MSH) by human keratinocytes and melanocytes; both factors are known to stimulate
hMC proliferation and melanogenesis (15,16,18,63–65). These observations point to
the exquisite ability of the skin to balance the production of inhibitory and stimulatory
factors to regulate melanocyte function.

Response of hMC to Eicosanoids
Eicosanoids represent two main families of arachidonic acid-derived metabolites:

prostaglandins and thromboxanes that are generated from the cyclooxygenase pathway,
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and leukotrienes and hydroxyeicosatetraenoic acids (HETEs) that are the products of the
lipoxygenase pathway. Eicosanoids have long been known for their participation in the
inflammatory response and for their inhibitory effects on melanoma cells (66–68). Mouse
Cloudman S91 melanoma cells were found to respond to PGE1 and PGE2 with dose-
dependent inhibition of proliferation and increase in tyrosinase activity, and to PGA1 and
PGD2 with reduction in proliferation and tyrosinase activity (69). Normal hMC were
shown to respond to LTC4 and LTD4 with a pronounced increase in proliferation (70).
Comparison of the responses of hMC to PGE2, thromboxane B2, LTC4, and LTD4,
revealed that all four eicosanoids increased the amount of TYRP-1 as well as the cell
perimeter, cell area, and number of dendrites; with LTC4 being the most effective (71).
Both LTD4 and LTC4 increased tyrosinase activity. In comparison, PGD2, LTB4, LTE4,
and 12-HETE increased the amount of TYRP-1 protein and melanocyte perimeter, but
not cell area or dendricity. Additionally, hMC were found to respond to LTB4 with
increased proliferation and inhibition of tyrosinase activity (Abdel-Malek et al., unpub-
lished results), suggesting that hMC express peroxisome proliferator-activated recep-
tors (PPAR)- , which are activated by their natural ligand LTB4 (72). Human
melanocytes also responded to PGJ2, which binds to PPAR , by increasing tyrosinase
activity (Abdel-Malek et al., unpublished results). Recently, it was reported that hMC
express EP1 and EP3 receptors, the receptors for PGE2, as well as FP receptors, the
receptors for PGF2 (73). Activation of these receptors by their ligands or agonists
resulted in increased dendrite arborization by hMC, an effect that is expected to enhance
melanosome transfer from melanocytes to keratinocytes. It was shown that activation of
protease-activated receptor 2 (PAR 2), which is expressed on human keratinocytes and
increases phagocytosis of melanosomes, enhanced the release of PGE2 and PGF2 (73).
Not only keratinocytes, but also hMC have the capacity to metabolize arachidonic acid
into specific products of the cyclooxygenase and lipoxygenase pathways. Human mel-
anocytes synthesize PGF2 , 12-HETE, and LTB4, suggesting that these arachidonic acid
metabolites might function as autocrine factors (74).

Paracrine Factors That Activate Tyrosine Kinase Receptors
The discovery that bFGF, which is synthesized by keratinocytes and dermal fibro-

blasts, is a mitogen for hMC further substantiated the role of paracrine factors in regu-
lating skin pigmentation (13,49). The mitogenic effect of bFGF has been exploited for
improving the proliferation of cultured hMC. It is recognized that hMC express specific
bFGF receptors, namely FGF receptor-1, and that bFGF activates signaling pathways,
namely its own tyrosine kinase receptor and protein kinase C, that are critical for hMC
proliferation and survival (75). Unlike most other paracrine factors, bFGF is not secreted
by keratinocytes (13), which raises the question of how it interacts with melanocytes.
One possibility is that keratinocytes secrete bFGF together with extracellular matrix
components. This possibility is supported by the observation that extracellular matrix
produced by cells in response to bFGF mimics all the effects of bFGF on these cells (76).
Another growth factor that is synthesized by human keratinocytes and fibroblasts and is
mitogenic for hMC is hepatocyte growth factor (HGF) (49,52,77–79). Similar to bFGF,
HGF regulates hMC directly by binding to its specific tyrosine kinase receptor, c-Met (80).

The effects of SCF are mediated by activation of its specific tyrosine kinase receptor,
c-kit (81). SCF is synthesized by various skin cells, including epidermal keratinocytes
and dermal fibroblasts (49,82). Stem cell factor is a critical survival factor for various
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cell types, including melanocytes, hemopoietic cells, and germline cells (50,83,84). It
has been known for a long time that mutations that disrupt either the gene for SCF or its
tyrosine kinase receptor, c-KIT, result in white spotting in mice, resulting from failure
of melanoblasts to migrate to the skin from the neural crest during embryonic develop-
ment (85). In humans, piebaldism that is characterized by congenital loss of melanocytes
from patches of skin and hair results from a mutation in the Kit gene (86). Stem cell factor
is a mitogen for hMC in culture (87). When adult human skin grafted onto nude mice was
injected with recombinant human SCF, an increase in melanocyte number and expres-
sion of TRP-1 and pmel 17 (silver protein) was noted (88). Conversely, injection of these
xenografts with the KIT-inhibitory antibody resulted in melanocyte loss. These results
demonstrate that SCF and c-KIT not only play a critical role during embryonic develop-
ment and melanoblast migration to the skin, but also insure melanocyte survival in adult
skin. Treatment of hMC with SCF modulated the expression of various integrins, and had
differential effects on attachment and migration depending on extracellular matrix
ligands (89). Moreover, SCF had profound effects on the organization of the cytoskel-
eton, exemplified by increasing actin stress fiber formation, and the phosphorylation of
the focal contact protein, paxillin (90). These effects provide an explanation for why
mutations in the SCF gene affect melanoblast migration. In addition to bFGF receptors,
c-Met, and c-Kit, hMC express the tyrosine kinase receptor, trk, which is activated by
the neurotrophic factors NGF and NT-3, and trk-c, which is activated by NT-3 (57). Both
NGF and NT-3 are synthesized in the skin and promote the survival of hMC (56,57,91).

ROLE OF ENDOTHELIN-1 IN REGULATING HMC

Endothelin-1 is a 21-amino-acid peptide that is synthesized by keratinocytes and is
mitogenic and melanogenic for hMC (15,63,65,92). The effects of ET-1 are mediated
primarily by binding to the endothelin-B receptor (ETBR), which is predominantly
expressed on hMC (65). The ETBR is a Gq protein-coupled receptor with seven trans-
membrane domains (93). Binding of this receptor by its ligand activates a complex
signaling pathway that includes increased intracellular calcium mobilization, activation
of PKC and nonreceptor tyrosine kinases (93–98). During embryonic development, ET-
3, which binds to ETBR with the same affinity as ET-1, is essential for the migration of
neural crest-derived melanoblasts to the epidermis (65,99). Mutations that disrupt the
expression of the gene for ET-3 or ETBR result in Hirschsprung’s disease, characterized
by spotting, caused by loss of melanocytes from certain skin areas, and megacolon (100).
The pigmentary phenotype that arises from either mutation underscores the importance
of endothelins and ETBR in the survival and migration of melanoblasts from the neural
crest during embryonic development. Moreover, the synthesis of ET-1 by human
keratinocytes suggests its importance as a paracrine regulator of melanocytes.

Neuroendocrine Factors That Affect hMC
NERVE GROWTH FACTOR AND NEUROTROPHIN-3

There is substantial evidence that several known neuroendocrine factors are syn-
thesized in human skin. The neurotrophins NGF and NT-3 are synthesized by
keratinocytes, and NGF is synthesized by fibroblasts and possibly by melanocytes as
well (57,91,101,102). Both neurotrophins serve as survival factors for human melano-
cytes (56,57). The synthesis of NGF by human keratinocytes is induced by substance P
and neurokinin A, both of which are released by cutaneous sensory nerves (103).
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THE MELANOCORTINS AND MC1R
Proopiomelanocortin (POMC) is synthesized and processed into its bioactive pep-

tides, -MSH and ACTH, as well as -endorphin in the skin (16,17,104,105). Corti-
cotropin-releasing hormone, which stimulates the expression of POMC in the pituitary,
is also expressed in human skin (106). Thus, it is conceivable that in the skin, as in the
pituitary, the production of POMC is regulated by corticotropin-releasing hormone. The
melanocortins, ACTH, -MSH, -MSH, and -MSH, are a family of structurally related
peptides that are derived from one precursor protein, POMC (107). Posttranslational
modification of POMC by the enzymes proconvertase 1 and 2 yields the 39-amino-acid
peptide ACTH, and results in the subsequent cleavage of ACTH into the 13-amino-acid
peptide, -MSH, respectively (108). All four melanocortins share a common tetrapep-
tide sequence, His-Phe-Arg-Trp, which is thought to be essential for their pigmentary
effects. Important functions of melanocortins include regulation of steroidogenesis by
ACTH, melanogenesis by ACTH, -MSH, and -MSH, and food intake by -MSH and
possibly -MSH (109).

Classically, -MSH has been known as the physiological regulator of integumental
pigmentation of many vertebrate species (110–113). -MSH regulates rapid color change
by inducing melanosome dispersion in fish, amphibians, and reptiles. In mammals,

-MSH increases eumelanin synthesis, as best demonstrated in mouse follicular
melanocytes decades ago (114). The role of melanocortins in regulating human pigmen-
tation was enigmatic until the early 1990s, when it was confirmed by the cloning of
MC1R from hMC and the demonstration that this receptor can be activated by ACTH and

-MSH, resulting in stimulation of proliferation and melanogenesis, specifically
eumelanogenesis, of cultured hMC (18,115–118). Subsequently, it was shown that the
human MC1R recognizes ACTH and -MSH with similar affinity, has a lower affinity
for -MSH, and the least affinity for -MSH (64). These findings, together with the
evidence for the presence of ACTH and -MSH in the human epidermis, suggested that
among the melanocortins, these two peptides are the most relevant for the regulation of
human pigmentation, whereas -MSH is the least effective (16,17).

Of interest are the findings that ACTH and -MSH increase the expression of the
MC1R mRNA levels, suggesting that these ligands upregulate the expression of their
receptor, thus sustain, or even augment, the response of hMC to melanocortins (64,119).
An increase in MC1R mRNA was also observed after treatment of hMC with ET-1
(65,119). Thus ET-1 interacts with melanocortins not only at the level of cross talk
among their mutual signaling pathways, but also by enhancing the response of hMC to
melanocortins. The MC1R mRNA levels are also increased after treatment of hMC with

-estradiol (119). This effect might contribute to increased skin pigmentation, such as
that seen during pregnancy and in melasma.

In mouse follicular melanocytes, the MC1R is a key to the switch between eumelanin
and pheomelanin synthesis (120–122). Activation of the MC1R by binding of -MSH
induces the synthesis of eumelanin by follicular melanocytes, and temporal expression
of agouti-signaling protein (ASP), the physiological antagonist of -MSH, blocks

-MSH binding and results in pheomelanin synthesis (123). The regulation of ASP
expression and blockade of the MC1R by ASP binding results in the agouti phenotype
that is characterized by a eumelanotic band, followed by a pheomelanotic band, then a
eumelanotic band caused by cessation of ASP expression and resumption of eumelanin
synthesis. The human agouti gene was cloned and its product, the human ASP, purified
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(124). Expression of the human agouti gene in transgenic mice resulted in a yellow coat
color, providing evidence that this gene is homologous to its mouse counterpart in that
it regulates pheomelanin synthesis (125). The human ASP blocks the melanogenic and
mitogenic effects of -MSH on cultured hMC (126). These effects of ASP are mediated
by competing with -MSH for binding to the MC1R. These results unequivocally dem-
onstrate that hMC respond to ASP, suggesting a role for ASP in regulating human
pigmentation. Unlike the MC1R gene, which is highly polymorphic, the agouti gene is
not. So far, only two allelic variants of the human agouti gene have been identified, and
found to be caused by alterations in the noncoding region of the gene (127,128). These
results undermine the role of agouti gene in the diversity of human pigmentation.

Genetic studies carried out in various Northern European populations and Australia
revealed that the human MC1R gene is highly polymorphic, suggesting the significance
of this gene in determining constitutive pigmentation in humans. So far, more than 35
allelic variants of the MC1R gene have been identified, most of which are point muta-
tions that result in a single amino acid substitution. Interestingly, the wild-type MC1R
gene is predominant in African populations (129). Some of the allelic variants of the
MC1R gene, namely Arg142His, Arg151Cys, Arg160Trp, and Asp294His substitutions,
are loss-of-function mutations that are strongly associated with red hair phenotype, poor
tanning ability, and, importantly, with increased risk for melanoma and possibly
nonmelanoma skin cancer (130–135). A number of alleles, such as Val60Leu, Val92Met,
and Arg163Gln substitutions, are thought to have lower penetrance for red hair pheno-
type, yet still seem to contribute to the risk for melanoma and skin cancer in general
(135). The associations with hair color, ability to tan, and skin cancer susceptibility
indicate that the MC1R gene is an important regulator of constitutive, as well as facul-
tative pigmentation. Moreover, these associations implicate the MC1R gene as a mela-
noma, and possibly a nonmelanoma, skin cancer susceptibility gene.

-ENDORPHIN

Another POMC-derived peptide that has recently been implicated in the regulation of
hMC is the opioid peptide -endorphin. It was demonstrated that -endorphin is present
in human skin, particularly epidermal melanocytes and keratinocytes, and that its -opiate
receptor is expressed by these cells (104). More recently, the expression of -endorphin
and -opiate receptor was shown in human follicular melanocytes in situ and in vitro
(136). Human epidermal, as well as follicular, melanocytes responded to -endorphin
with increased proliferation, dendricity, and melanin content, suggesting a paracrine/
autocrine role for -endorphin in regulating pigmentation of human skin and hair.

FURTHER ROLE OF KERATINOCYTES, FIBROBLASTS,
AND MELANOCYTES IN THE DIVERSITY

OF HUMAN PIGMENTATION

Because keratinocyte and fibroblasts regulate the function of melanocytes, it is plau-
sible that they contribute directly to the diversity of skin color in humans. It has been
shown that expression and activation of PAR2 in keratinocytes correlate with skin pig-
mentation, because dark skin has a higher expression and broader distribution of PAR2
than light skin (137). Moreover, it is plausible that keratinocytes or fibroblasts in dark
skin synthesize higher basal levels of melanogenic factors or lower levels of melano-
genic inhibitors than keratinocytes or fibroblasts in light skin. It is also conceivable that
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hMC in different color skin differ in their ability to synthesize autocrine factors. Mel-
anocytes in different individuals may differ in the expression of receptors for certain
stimulatory or inhibitory factors. None of these possibilities is mutually exclusive, and
investigating them in normal skin with different constitutive melanin content will un-
doubtedly lead to a better understanding of the basis for the wide diversity of constitutive
pigmentation in humans.

ROLE OF PHYSIOLOGICAL REGULATORS IN THE RESPONSE
OF MELANOCYTES TO UVR

The major environmental agent that affects human pigmentation is solar UVR. A
hallmark of sun exposure is increased skin pigmentation, known as the tanning response
(1,4). Exposure to the sun results in immediate skin darkening, caused by the photo-
oxidation of pre-existing melanin, and reorganization of intermediate filaments in mel-
anocytes and keratinocytes to facilitate melanosome transfer. Immediate skin darkening
occurs within minutes after sun exposure and is thought to be primarily caused by long
wavelength UVA rays. Prolonged sun exposure results in delayed tanning response,
which becomes evident within 2–3 d, and is induced by UVA and UVB rays. This
response involves increased melanin synthesis as well as transfer of newly formed
melanin to keratinocytes. In general, facultative pigmentation induced by UVR is depen-
dent on constitutive pigmentation, and an individual’s tanning ability correlates directly
with constitutive melanin content in the skin.

The ability to tan has been used as a criterion to classify humans into six different
phototypes: skin types 1–6 (1). Skin type 1 and 2 phototypes are characterized by their
inability to tan, susceptibility to burn readily, and having fair skin and blue eyes. Skin
type 3 individuals tan efficiently and rarely burn, and skin types 4–6 tan well, do not burn,
and have dark skin color. These skin phototypes have also been used to determine the risk
for skin cancer, with skin phototypes 1 and 2 having the highest risk for melanoma and
nonmelanoma skin cancer. This concept has been supported by many epidemiological
studies and clinical observations (27,28,138). However, the skin phototype classifica-
tion is arbitrary, and there are ongoing attempts to develop better quantitative assessment
of pigmentary phenotypes based on more accurate criteria (139,140). One criterion that
is considered is the minimal erythemal dose that correlates in normal skin directly with
constitutive pigmentation and inversely with the ability to tan.

The ability of the skin to tan is a critical photoprotective mechanism and an important
determinant of the risk for skin cancer. Experimental evidence for this comes from the
observations that the extent of UVR-induced DNA damage is substantially higher in
light-colored skin than in dark-colored skin. This was demonstrated by the generation
of more cyclobutane pyrimidine dimers and 6,4-photoproducts in light skin compared
with dark skin, and in cultured hMC derived from light skin compared with their coun-
terparts from dark skin in response to the same dose of UVR (20,140,141). Moreover,
hMC with a high melanin content respond in situ, as well as in vitro, more readily to UVR
with increased melanin synthesis and melanosome transfer, compared with melano-
cytes with a low melanin content (140,141). The importance of UVR-induced DNA
damage in photocarcinogenesis is best illustrated in patients with xeroderma pigment-
osum, who are deficient in nucleotide excision repair, and have a high incidence and
early onset of skin cancer. In addition, UVR-signature mutations, e.g., in the p53 gene,
are common in nonmelanoma skin cancer, and similar signature mutations in the
CDKN2A gene are present in sporadic melanoma tumors (142–145).
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As stated in “Skin Pigmentation: The Outcome of Melanin Synthesis and Distribution
in the Epidermis,” it is common knowledge that melanin reduces the penetration of UVR
through the epidermal layers (26) and scavenges reactive oxygen species that are gen-
erated in the skin on sun exposure (24). Eumelanin is thought to have a greater ability
to filter and scatter UVR and quench reactive oxygen species than pheomelanin
(23,26,146). Experimentally, it has been shown that modulation of eumelanin and
pheomelanin contents of cultured hMC affects the induction of DNA photoproducts
(147). As expected, increasing eumelanin content reduced the generation of cyclobutane
pyrimidine dimers in hMC.

The pigmentary response to UVR is mediated by an array of paracrine and autocrine
factors whose synthesis is stimulated by UVR (Fig. 1). Among those factors are bFGF;
ET-1, the melanocortins -MSH and ACTH, SCF, NGF, as well as PGE2 and PGF2a
(15,16,55,148–150). Exposure to UVR also increases the synthesis of the cytokines
IL-1 and TNF- (14,151). Interleukin-1, in turn, stimulates the synthesis of ET-1 by
keratinocytes, and of -MSH and ACTH by both melanocytes and keratinocytes (15,16).
ET-1 and the melanocortins -MSH and ACTH play a pivotal role in UVR-induced
melanin synthesis by hMC (65,152,153). Blocking ET-1 by a specific antibody inhibited
the UVR-induced melanogenesis by hMC (152). Human melanocytes expressing loss of
function mutations in the MC1R gene have a poor melanogenic response to UVR
(130,131). The cAMP pathway, the main signaling pathway induced by -MSH, is
required for the melanogenic response to UVR, because cultured hMC show increased
melanogenesis after UVR irradiation only in the presence of a cAMP inducer in their
culture medium (153). As mentioned in “the Melanocortins and MCIR,” treatment of
cultured hMC with ET-1 or either -MSH or ACTH increases the levels of MC1R
mRNA, which is expected to increase the ability of hMC to respond to melanocortins
(64,119). Therefore, UVR increases the MC1R mRNA levels indirectly by stimulating
the synthesis of ET-1 and melanocortins.

REGULATION OF MELANOSOME MOVEMENT AND TRANSFER
FROM MELANOCYTES TO KERATINOCYTES

Most of the studies on the regulation of human skin pigmentation focused on the
control of melanin synthesis by melanocytes. Serious investigation of the molecular
mechanisms that govern melanosome movement and transfer began only few years ago.
It is acknowledged that the transfer of melanosomes from melanocytes to keratinocytes
is pivotal for normal pigmentation, and defects in this process result in hypopigmentation,
as seen in Griscelli’s syndrome (154). The following is a brief summary highlighting the
major advances in this area of research. An important discovery was the expression of
PAR2 by human keratinocytes and its role in melanosome transfer and regulation of
pigmentation (155). The significance of PAR2 was further substantiated by the findings
that modulation of its activity affected skin pigmentation via altering melanosome
transfer (156). Activation of PAR2 resulted in skin darkening and inhibition of PAR2
reduced pigmentation. Subsequent studies demonstrated that irradiation of the skin of
human subjects with UVR upregulated PAR2 expression, thus providing evidence for
the association of PAR2 with the upregulation of human skin pigmentation by UVR
in vivo (157).

For melanosomes to be transferred from melanocytes to keratinocytes, they need to
be transported within the melanocyte from the perikaryon to the tips of the dendrites.
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Fig. 1. Modulation of synthesis of various paracrine and autocrine regulators of melanocytes
by ultraviolet radiation (UVR). Exposure of the skin or cultured skin cells to UVR increased the
synthesis of the cytokines interleukin-1 (IL-1), tumor necrosis factor-  (TNF- ), and
endothelin-1 (ET-1) by keratinocytes; the melanocortins adrenocorticotropic hormone (ACTH)
and -melanocyte stimulating hormone ( -MSH) by keratinocytes and melanocytes; the produc-
tion of nerve growth factor (NGF) by keratinocytes, melanocytes, and fibroblasts; and basic
fibroblast growth factor (bFGF) and stem cell factor (SCF) by keratinocytes and fibroblasts.

Melanocytic dendrites are dynamic microtubule-containing structures, and their exten-
sion and arborization is regulated by a plethora of growth factors, including -MSH,
ET-1, and NGF, as well as by UVR (158). In general, the extent of dendricity of hMC
correlates directly with their melanogenic activity. In hMC, dendrite extension is modu-
lated by the small GTP-binding proteins Rac and rho (158). Dendricity of melanocytes
is promoted by Rac and inhibited by rho. Melanosome movement along the dendrites
requires the cooperation of cytoskeleton-associated motor proteins (154). These include
myosin Va and Rab 27a. Within melanocytes, melanosomes associate with myosin Va
to move short distances along actin filaments and long distances along microtubules.
However, motor proteins that associate with actin seem to interact directly with motor
proteins that associate with microtubules, adding to the complexity of the regulation of
melanosome movement.

MAINTENANCE OF MELANOCYTE SURVIVAL
AND GENOMIC STABILITY

Given the significance of the melanocyte in photoprotection against sun-induced skin
cancer, it is important to insure its survival in the epidermis. In normal skin, melanocytes
are maintained for many years of the life of an individual. One known reason for this
longevity is the resistance of melanocytes to apoptosis, particularly resulting from high
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constitutive expression of the antiapoptotic Bcl2 (159,160). Unlike keratinocytes that
have a high self-renewal and proliferation capacity, the vast majority of epidermal
melanocytes are highly differentiated and have a low proliferation and self-renewal
capacity. Some of the paracrine and autocrine factors that regulate melanocyte function
and proliferation also function as survival factors that rescue hMC from apoptosis caused
by environmental insults, such as exposure to UVR or chemical toxins. NGF was shown
to increase the survival of UVR-irradiated hMC by maintaining a high level of Bcl2 (56).
Similarly, NT3 also had survival effects on cultured hMC (57). Recently, it was dem-
onstrated that ET-1, as well as -MSH and ACTH, reduce the UVR-induced apoptosis
of hMC by activating specific survival pathways, which in turn increase the level of Bcl2
and, thus, prevent its reduction by UVR (161). Similarly, SCF was found to have an
antiapoptotic effect on hMC (162).

It is now evident that the inositol-3,4,5-triphosphate (IP3) kinase pathway plays an
important role in melanocyte survival. Growth factors, such as -MSH and ET-1, as well
as SCF and HGF, activate IP3 kinase, as determined by phosphorylation and activation of
its substrate Akt (162–164). In turn, Akt inhibits the proapoptotic Bad, allowing for the
dimerization of Bcl2 or Bclxl with Bax, thus preventing apoptosis (165). Activated Akt
also phosphorylates the transcription factor cyclin AMP response element binding pro-
tein (CREB) (166), which activates the melanocyte-specific microphthalmia-associated
transcription factor (Mitf) (167). In turn, Mitf upregulates the expression of Bcl2 and
promotes melanocyte survival (168). It is important to note that melanocyte survival is
only beneficial if accompanied by genomic stability, otherwise melanocytes would
become prone to malignant transformation. An attractive speculation is that, in hMC,
activation of Mitf is somehow linked to DNA repair. One gene whose expression is
upregulated by Mitf is breast cancer susceptibility gene 2 (BRCA2), known to be involved
in the DNA damage response (168,169). BRCA2 binds to RAD51 to insure the efficient
repair of DNA double strand breaks (170,171). Mutations in the BRCA2 gene are associated
not only with breast cancer, but with several other types of cancer, mainly prostate and
pancreatic cancer, and possibly melanoma (169). In hMC, -MSH that activates Mitf not
only promotes survival, but also reduces the extent of UVR-induced DNA photoprod-
ucts, thus promoting genomic stability. The exact mechanism for this novel and impor-
tant effect of -MSH is not yet known. Unraveling the mechanisms that regulate hMC
survival will have enormous implications on vitiligo, a disease thought to be caused by
melanocyte apoptosis, on one hand, and melanoma, which resists apoptosis, on the other.
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tein 1 [TYRP1], and dopachrome tautomerase [DCT]) and structural proteins important to the integrity
of melanosomes (including GP100/Pmel17) play active roles in the maintenance of the function and
structure of those organelles produced by melanocytes. Constitutive skin pigmentation is regulated by a
number of distinct factors (including melanocyte dendricity, transport of melanosomes to dendrites, and
transfer of melanosomes to keratinocytes and their subsequent distribution) and can be affected by
paracrine factors (from neighboring keratinocytes and fibroblasts) and the environment, including ultra-
violet (UV) radiation, that regulate melanocyte proliferation and function. Because UV is inherently
associated with photocarcinogenesis in the skin, including melanoma, we discuss melanocyte density
and function, melanin content and distribution, DNA damage (measured by 6,4-phytoproducts [64PP]
and cyclobutane pyrimidine dimers [CPD]) and apoptosis (measured by terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling [TUNEL] staining) in response to UV in three different
types of skin. In sum, UV-induced DNA damage in the lower epidermis is not effectively prevented in
light/fair skin and UV-induced apoptosis is not seen in light skin after low doses of UV. These observa-
tions suggest that the combination of decreased DNA damage and more efficient removal of UV-dam-
aged cells plays an important role in the decreased photocarcinogenesis seen in darker skin.

Key Words: Melanocyte; skin; photoprotection; pigmentation.

From: From Melanocytes to Melanoma: The Progression to Malignancy
Edited by: V. J. Hearing and S. P. L. Leong © Humana Press Inc., Totowa, NJ



102 From Melanocytes to Melanoma

INTRODUCTION

Visible pigmentation of the skin, hair, and eyes depends on the function of melano-
cytes in those tissues and can be influenced by a wide variety of factors that work at
different levels. Melanocytes in the skin are found in two distinct populations, those
residing at the dermal–epidermal junction, which give rise to skin color, and those
residing in hair follicles, which give rise to hair color. A complex process of critical steps
in development, proliferation, and differentiation of melanocyte precursors (termed
melanoblasts) must occur with high fidelity to achieve uniform and appropriate pigmen-
tation, including factors that affect melanoblast development and migration in the devel-
oping embryo; melanocyte survival and proliferation once in place in situ; melanocyte
function in response to environmental stimuli; and melanin granule distribution and
subsequent processing by neighboring keratinocytes. Numerous genes affect those pro-
cesses either directly or indirectly, and more than 120 such genes have been identified
in mammals to date (1); no doubt that number will increase in the future.

The pigment (termed melanin) is produced within specific membrane-bound
organelles known as melanosomes, which are produced only by melanocytes. Several of
the known pigment-related genes encode proteins that are localized in melanosomes, and
play active roles in the structure and function of that organelle, either as catalytic entities
involved in melanin synthesis (TYR, TYRP1, DCT) or as structural proteins important
to the integrity of melanosomes (GP100). During their biogenesis and the synthesis and
deposition of melanin, the melanosomes are transported toward the periphery of melano-
cytes and are transferred to neighboring keratinocytes by a process that is poorly under-
stood at this point. In dark skin and hair, relatively copious quantities of melanins are
produced and are distributed uniformly in those tissues, leading to maximum absorption
of light (and darkest color), whereas in lighter color skin and hair, decreased amounts of
melanins are produced that are typically organized in clusters, which reduces their
absorption of light (and hence minimizes visible color). Thus, the color of skin and hair
is regulated at many points, and environmental cues, such as ultraviolet (UV) radiation,
can dramatically affect visible pigmentation. This chapter summarizes what we
know about how constitutive skin pigmentation is regulated and mechanisms involved
in responses to the environment, including parameters that increase the risk of
photocarcinogenesis in the skin.

MELANOSOMAL COMPONENTS REQUIRED
FOR MELANIN SYNTHESIS

The critical requirement for tyrosinase in the production of melanin from the amino
acid tyrosine has been known for some time. Tyrosinase was initially characterized in
mushrooms (2,3) and, several decades later, was shown to also function in melanin
synthesis in mammals (4–7). The initial reaction involving the hydroxylation of tyrosine
to 3,4-dihydroxyphenylalanine (DOPA) is the critical one and proceeds at negligible
rates in the absence of functional tyrosinase. Once synthesized, DOPA can give rise to
the biopolymer melanin via an extensive series of reactions, generally known as the
Raper-Mason scheme (8–10). The process involves a complex series of oxidations and
rearrangements that result in the formation of indole-quinone ring structures that readily
polymerize to high molecular weight pigmented biopolymers (11,12). It has been subse-
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quently shown that different types of melanins can be formed depending on other
posttyrosinase enzymes and also on the availability of sulfhydryl groups, the different
types of melanins having distinct properties with respect to visible color and other
biochemical and photoprotective properties (13–15). Other regulatory points in the
melanogenic cascade have been described, including: inhibitors (that modulate tyrosi-
nase activity), posttyrosinase enzymes (that regulate the nature of the melanins pro-
duced), intracellular pH, proteasome activity, and intracellular trafficking that modulates
the processing and sorting of melanogenic enzymes.

It is important to note that the early concept of direct tyrosinase regulation of melanin
formation remains essentially correct because it is certainly true that in the absence of
active tyrosinase there will be no melanin formation, e.g., as occurs in oculocutaneous
albinism type 1. However, we now know that there are many ways in which tyrosinase
activity is regulated in the melanocyte and that it is not solely at the level of transcription
of a functional tyrosinase gene; there are many instances in which active tyrosinase is
present yet little or no melanin is produced (e.g., oculocutaneous albinism types 2, 3, and 4).
We also now know that there are many other switchpoints in the melanin biosynthetic
pathway that modulate what type of melanin is produced and how much of it is produced.
It should be noted from the outset that we are only now starting to unravel the highly
complex series of interactions that are involved in the biogenesis and function of melanin
granules, as underscored by the complexity of their proteomic analyses (16,17).

MELANOCYTE PROPERTIES REQUIRED FOR PIGMENTATION

In addition to the requirement for the catalytic machinery to synthesize melanins,
other properties of melanocytes and their interactions with keratinocytes are equally
relevant to the control of visible skin pigmentation. For example, factors that affect the
distribution, proliferation, and survival of melanocytes in various tissues are of critical
importance (reviewed in refs. 18–20) and a number of hypopigmentary and hyper-
pigmentary disorders have been described that result from lesions at this level, including
piebaldism and vitiligo. If environmental cues, such as UV radiation or melanocyte-
stimulating hormone (MSH), are functional in situ but responsive melanocytes are absent,
there will be no pigmentation in that tissue. Similarly, important regulatory effects occur
at the cellular level, both within and without melanocytes. Some factors functional at that
level include melanocyte structure (e.g., dendrite formation), interactions with
keratinocytes (both as a source of regulatory factors and as a repository of donated
melanosomes), and other such cellular processes that affect the ultimate distribution and
processing of melanosomes in tissues.

Melanocytes are highly responsive cells that interact closely with their environment,
and such responses are often elicited by specific receptors that respond to hormones,
growth factors, differentiation factors, and so on (21–26). Some of those factors are
produced within melanocytes in an autocrine fashion, although the vast majority of them
derive from the environment or from neighboring keratinocytes and fibroblasts (e.g., UV
radiation, MSH, endothelins, basic fibroblast growth factor, and dickkopf 1). Palmo-
plantar human skin (i.e., skin on the palms and the soles) is generally hypopigmented,
partly because fibroblasts are heterogeneous (topographically different) in terms of the
maintenance of expression patterns of HOX (27) and dickkopf genes (26). HOX genes
play important roles in regulating the patterning in the primary and secondary axes of the
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developing embryo and may regulate topographic differentiation and positional memory
in adult tissue. Palmoplantar fibroblasts secrete high levels of dickkopf 1 (an inhibitor
of the canonical Wnt-signaling pathway), which decreases melanocyte growth and dif-
ferentiation through -catenin-mediated regulation of microphthalmia transcription
factor (MITF). Additionally, the pigmented nonpalmoplantar epidermis becomes
hypopigmented when it is grafted onto palmoplantar wounds, suggesting that the topo-
graphic regulation of melanocyte differentiation and/or proliferation is differentially
regulated via mesenchymal–epithelial interactions by fibroblasts derived from
palmoplantar or nonpalmoplantar skin (28–30).

Melanocyte Dendricity

The efficiency of melanosome transfer to keratinocytes is markedly affected by the
dendricity of melanocytes and their cell–cell communications with those cells. In fact,
melanocytes are stimulated to proliferate and to become more dendritic by factors
secreted by keratinocytes (31–33). The formation of dendrites requires the function of
actin and Rac1/RhoA have been shown to be important effectors in this regard (34,35),
regulating both the extension of dendrites and their retraction. That dendricity is actively
regulated by physiological factors, such as MSH and UV radiation.

Transport of Melanosomes to Dendrites

The transport of melanosomes within melanocytes to the cellular peripheries has
recently become well characterized by virtue of mouse models wherein that process is
compromised. At least three genes (all pigment-related loci) interact to regulate such
transport, and each of those genes has been implicated in human pigmentary disorders,
such as Griscelli syndrome. In brief, the melanosome uses a tether composed of two
distinct proteins to link itself to myosin motors that move those organelles through the
cytoplasm (36–40). Mutations in any of those proteins (Rab27a, melanophilin, or myo-
sin Va) will interrupt the distribution of melanosomes and thus have dramatic effects on
the efficiency of pigment transfer in the skin. However, movement through the cyto-
plasm is only half of the story, and once at the periphery of the dendrites, the melano-
somes need to be captured by actin filaments to remain there and eventually transfer out
of the cell. Dynactin–kinesin complexes are involved in retaining melanosomes at the
ends of the dendrites (38,40–44) and may even play roles in their eventual transfer to
keratinocytes.

Transfer of Melanosomes to Keratinocytes and Subsequent Distribution

Despite intensive effort, little is known about the mechanism of melanosome transfer
to keratinocytes, although it is quite apparent that it is actively regulated by melanocytes
and by keratinocytes, and can be affected by the environment, e.g., MSH and UV (45–51).
It is clear that melanosome transfer is involved in several hypopigmentary conditions
(52,53), and recently protease activated receptor 2 (PAR2), which is expressed by
keratinocytes, has been shown to be involved in this process (53,54).

RESPONSES TO THE ENVIRONMENT

As noted above, constitutive skin pigmentation is regulated by a number of distinct
factors, and can be dramatically affected by autocrine and/or paracrine factors that
regulate melanocyte proliferation and/or function. MSH working through the melano-
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cortin-1 receptor (MC1R) receptor is an excellent example of one such ligand–receptor
complex that affects skin and hair pigmentation. The function of that receptor has
been shown to be closely linked to skin type and hair color, also to susceptibility to
various forms of skin cancer (55–60). However, responses to UV (commonly called the
tanning reaction) are perhaps the most well known, and because UV is inherently asso-
ciated with photocarcinogenesis (including melanoma) it will be the special focus of this
section.

Melanocyte Density and Distribution in the Skin
Although differences in melanocytes in different sites of the body in Asians have been

reported (the density of melanocytes in palmoplantar skin is 2.5  0.3 melanocytes/mm
and in nonpalmoplantar skin is 13.3  1.7 melanocytes/mm) (26), similarities or differ-
ences in melanocytes in different types of skin have not been critically examined until
recently. We recently initiated a study examining the effects of UV on human skin of
various racial/ethnic backgrounds (61). Examination of those skin specimens when
stained for melanocyte-specific markers (TYR, TYRP1, DCT, MART1, MITF, and
gp100) allowed melanocyte density and distribution to be quantitated in the different
types of skin (Fig. 1). The densities of melanocytes in unirradiated skin of Asian, Black,
and White subjects were virtually identical, ranging from 12.2 to 12.8 melanocytes/mm
(51), which agreed closely with an earlier study (62) reporting the density of melanocytes
in White skin (17.1  8.8 melanocytes/mm). The similar densities of melanocytes in the
skin of Asian, Black, and White subjects was particularly interesting because, based on
appearance, one might expect significant differences in melanocyte density in the vari-
ous types of skin. At 1 or 7 d after 1 minimal erythema dose (MED) UV exposure, the
densities of melanocytes were not significantly altered in any of the three racial groups,
although chronic exposure of human skin to UV does increase the melanocyte density
in human skin (63), and presumably this takes longer than 1 wk.

Melanocyte Function in Response to UV
UV stimulates pigmentation in human skin, commonly called the tanning reaction.

Such changes in skin color are readily visible, but few studies have examined the
molecular consequences of UV on human skin of various racial groups and phototypes,
or have detailed the specific mechanism(s) involved in the tanning phenomenon. Two
types of tanning response are known: immediate pigment darkening, which can occur
within minutes after UV exposure, and delayed tanning, which takes several days or
longer to become apparent. It was unknown whether delayed tanning results from
increased synthesis of melanins, changes in the distribution of existing melanin, increases
in enzyme function, and so on. We have used the skin biopsies before and after UV
exposure to measure the expression of melanocyte markers in response to UV, as well
as melanin content and its distribution (51).

MITF is considered the master regulator of melanocyte function because it regulates
the expression, at least in part, of genes encoding the melanosome proteins TYR, TYRP1,
DCT, gp100, and MART1 (64–67). Expression of those genes has been shown to be
regulated in a paracrine manner by MSH, which functions through MC1R, and by ASP,
an antagonist of that receptor (68,69), and it is only recently that their responses to UV
have been reported in skin from different races (51). The expression of those genes was
examined by immunohistochemistry and their abundance before and after UV exposure
was measured. In sum, constitutive levels of MITF expression in unirradiated skin were
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a bit higher in Black subjects, as might be anticipated by the higher levels of melanocyte
function in the darker skin, but MITF levels in Asian and in White skin were surprisingly
high and were greater than 50% of those found in Black skin. All three types of skin
responded to UV with similar increases in the expression of MITF, and those responses
occurred within 1 d after UV. The increases in MITF were still present 7 d after this single
moderate UV dose (Fig. 1). Levels of tyrosinase and the other melanosomal proteins
(TYRP1, DCT, MART1, and GP100) were similarly increased between 1 and 7 d after
this single 1 MED UV exposure.

Melanin Content and Distribution in Response to UV
Melanin content before and after exposure to UV has been determined by a highly

specific HPLC analysis system and by quantitative measurement of Fontana-Masson

Fig. 1. Melanin and melanocyte distribution in different types of human skin. Panels in the left
column are representative images of skin specimens (before UV exposure) stained with Fontana-
Masson silver stain to emphasize melanin. Panels in the three columns to the right are represen-
tative immunohistochemical images to identify melanocytes by nuclear staining of MITF (some
positive cells are marked by arrows) before, or 1 d or 7 d after 1 MED UV exposure.
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staining (61). The total amount of melanin in unirradiated skin from Asian and from
White subjects is very similar, whereas the amount in Black skin is about fourfold higher.
Interestingly, despite the appearance of a significant visible tan within 7 d, the total
amount of melanin was essentially unchanged in all three types of skin 1 d after UV
exposure, and had increased only slightly (6–14%) 7 d later.

Melanin distribution in various layers of the epidermis reveals why there can be
significant increases in visible skin pigmentation within 1 wk in the absence of dramatic
increases in melanin content. Before UV exposure, the percent of total melanin in
the lower layer of the epidermis ranged from 54 to 68%, the content of melanin in the
middle layer ranged from 25 to 30%, whereas only 7 to 16% of the melanin is was found
in the upper layer (51). However, 1 wk after UV exposure, the percent of melanin was
decreased in the basal layer in all three skin types (from 8 to 13%), whereas it was
increased in the middle layer of the skin (from 4 to 14%). The redistribution of melanin
in the epidermis after UV exposure was initially noticed more than 80 yr ago (70–73).
It is known that the amount and composition of chromophores, such as melanin, in the
skin are of primary importance in skin color (74), but the distribution of melanin and
melanosomes as well as the shape of melanosomes also have a great influence (75,76).
Our results show clearly that the redistribution of existing melanin toward the surface of
the skin plays a major role in early tanning responses after UV exposure.

UV INDUCTION OF DNA DAMAGE
TO MELANOCYTES: EARLY STEPS TO MALIGNANCY

UV exposure can have a wide range of acute and delayed adverse effects in the skin
(77,78) and can result in photocarcinogenesis, particularly in fair/light skin. The rates of
basal/squamous cell carcinomas and malignant melanoma in the United States are 50 and
13 times higher in Whites than in Blacks or African Americans, respectively (79–82).
As discussed above, pigmentation of the skin is determined by the types and amounts of
melanin that melanocytes produce and their distribution in keratinocytes, and can vary
greatly among individuals of various ethnic/racial origins (13,83). Characterization of
melanocyte and keratinocyte responses to UV in various types of skin showed an inverse
relationship between melanin content and DNA damage induced by UV exposure in situ
(61). Analysis of skin from the back biopsied before, or 7 min, 1 d, or 1 wk after a single
1 MED UV exposure, showed great variation among individuals in the amounts of DNA
damage incurred and the rates of its removal. The skin of subjects from all groups
suffered significant DNA damage, measured as cyclobutane pyrimidine dimers (CPD)
and as (6-4)-photoproducts (64PP), and increasing contents of constitutive melanin
correlated inversely with amounts of DNA damage.

Supranuclear melanin caps often cover the nuclei of keratinocytes exposed to UV (84)
and the capacity of melanin to prevent DNA damage in underlying tissues can be quite
dramatic. The distribution of melanin in the upper layers of the skin no doubt plays a
significant role in determining its photoprotective value to underlying cells. UV-induced
DNA damage to the lower epidermal layer of the skin may be more crucial to
photocarcinogenesis than is damage to the upper layer because the lower epidermis
contains not only melanocytes, but also keratinocyte stem cells and transient amplifying
cells that are highly proliferative, are not lost via desquamation, and thus could eventu-
ally give rise to various types of skin cancers.



108 From Melanocytes to Melanoma

DNA Damage in Different Types of Skin
Comparison of DNA damage in the lower epidermis with that in the upper epidermis

showed that overall levels of 64PP were similar in the upper half of the epidermis in all
races but were significantly lower in dark skin immediately after UV exposure compared
with fair skin (85). However, there were no significant differences in 64PP levels at 1 and
7 d after UV exposure among the racial/ethnic groups, demonstrating that the repair of
64PP is quick and is similar among those various types of skin (Fig. 2). Similar but more
dramatic results were seen for CPD in UV-exposed skin from subjects with fair, inter-
mediate, or dark skin. CPD damage in the lower epidermis and upper epidermis were
similar in fair skin immediately after UV radiation, or at 1 d or 7 d later. However, in
intermediate skin and more dramatically in dark skin, CPD damage in the lower epider-
mis was significantly less than in the upper epidermis at all times (7 min, 1 d, and 7 d)
after UV radiation.

Taken together, these results show that UV penetrates deeper in less pigmented skin
to generate CPD and that the repair of CPD is impaired in fair skin compared with dark
skin after the 1 MED UV exposure. This suggests that skin containing more melanin
incurs less DNA damage in the lower epidermis and that DNA damage in the upper
epidermis is similar among racial/ethnic groups immediately after UV. The sum of these
results demonstrate that:

1. Skin containing more melanin suffers significantly less DNA damage not only in the
upper epidermis but also in the lower epidermis.

2. The initial DNA damage the subjects suffered correlates inversely with its repair.
3. Recovery from CPD damage in the epidermis takes significantly longer than seen

for 64PP.

DNA Damage in Melanocytes After UV Irradiation
Because DNA damage detected as CPD immediately after 1 MED UV was signifi-

cant, even deep in the epidermis, we characterized DNA damage in melanocytes in
various types of skin measured by double staining for CPD and for tyrosinase (26). The
number of melanocytes with detectable levels of CPD was significantly higher in fair
skin than in intermediate and in dark skin, and the constitutive melanin content of the skin
correlated inversely with the percent of melanocytes with DNA damage immediately
after UV (85).

Melanin Facilitates the Induction of Apoptosis by UV
Cells that are damaged in the epidermis after UV exposure often undergo apoptosis

(86), presumably to prevent cells with significantly damaged DNA (and potentially risky
mutations) from proliferating. We used the TUNEL assay to measure apoptotic cells in
the skin of different racial/ethnic groups after exposure to 1 MED or to a constant dose
of 180–200 J/m2 UV (85). Surprisingly, sevenfold more apoptotic cells were observed
in dark skin than in fair skin after 1 MED UV (Fig. 3), although the DNA damage in dark
skin was significantly less than in fair or in intermediate skin, as noted above. A similar
study using an approximately identical dose (180–200 J/m2 UV) revealed that TUNEL-
positive apoptotic cells were observed at more than threefold higher levels in dark skin
1 d after UV than in fair skin.
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A reasonable explanation for those effects would be that the melanin within
keratinocytes is involved in the increased apoptosis after UV exposure because the only
appreciable difference among skin in various racial/ethnic groups is the amount and dis-
tribution of melanin pigment in those cells. Characterization of reconstructed three-
dimensional human skin equivalents (termed MelanoDerm) containing melanocytes
derived from Black, Asian, or White donors (each using keratinocytes from the same
Latino donor) showed similar results (85). The differences in melanin distribution are
significant among these composites and they represent typical skin morphologies
(including pigmentation) of those types of skin (87). MelanoDerm cultures unirradiated
or UVB-irradiated at 25 or 50 J/m2 were harvested 2 d later and characterized by TUNEL
assay. Significantly more apoptotic cells were found in Black skin equivalents than in
Asian or White skin equivalents at both UVB doses.

The position of the TUNEL-positive cells in the middle to upper layers of the skin after
UV exposure suggests that they are keratinocytes rather than melanocytes. The
mechanism(s) underlying this effect are, of course, of great interest but are currently
unknown. One possible mechanism is that the UV energy absorbed by melanin in the
upper epidermis may cause selective damage to pigmented structures, and a 351 nm
pulse laser causes highly selective injury to melanocytes containing melanosomes (88).
In other words, low doses of UV may cause melanin-specific photothermolysis, which
could be considered another form of photoprotection, because it would enhance the
removal of cells, many of which would have significant DNA damage. In this context,
it was recently shown that eumelanin or pheomelanin was equally able to elicit apoptotic
cells in the skin of mice exposed to UV (89,90).

CONCLUSIONS AND PERSPECTIVES

Melanocyte and keratinocyte responses to UV are critical for the immediate increase
in skin pigmentation that occurs after a single UV exposure. The amount and the distri-
bution of melanin in keratinocytes, particularly in the upper layers of the skin are quite
important. UV increases the secretion of melanosomes by melanocytes, and concur-
rently increases the ingestion of melanosomes by keratinocytes (49). The mechanisms
that regulate pigment transfer and the subcellular machinery involved in that process
within melanocytes and keratinocytes are slowly being unraveled. Microarray or
proteomic analysis of human skin before and after UV radiation might be a useful
approach to further define genes and/or proteins that are critical to that process. The
redistribution of melanin to upper layers of the skin following a single, relatively mild dose
of UV is critical to the increased pigmentation and increased photoprotection of the skin.

In summary, two distinct mechanisms seem to underlie the dramatic differences in
photocarcinogenesis of light and dark skin. First, UV-induced DNA damage in the lower
epidermis (including keratinocyte stem cells and melanocytes) is not effectively pre-
vented in White skin, whereas DNA damage in the upper epidermis is quite similar
among all types of skin, which demonstrates that pigmented epidermis is an efficient UV
filter. Prolonged DNA repair required by the initial severe level of UV damage may
result in inherited mutations in critical genes involved in photocarcinogenesis. Second,
UV-induced apoptosis is not apparent in White skin after low doses of UV, whereas it
is significant in Black or African American skin, which suggests that UV-damaged cells
are more efficiently removed in darker skin. The combination of decreased DNA damage
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and more efficient removal of UV-damaged cells no doubt plays an important role in the
decreased photocarcinogenesis seen in darker skin. The fact that melanocytes in light
skin show dramatically more DNA damage after UV exposure than darker skin no doubt
explains, at least in part, why the incidence of melanoma is 13-fold higher in light skin
than in dark skin.
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Summary
Our understanding of signal transduction pathways involved in the regulation of melanoma develop-

ment and resistance to treatment has advanced significantly in recent years. Here we focus on the current
understanding of major cascades—from the receptors (including HGF, TNFR-associated factors, and
Wnt), to kinases (including phosphatidylinositol phosphate 3'-phosphate and mitogen-activated protein
kinase), to the affected corresponding transcription factors (including activating transcription factor 2
[ATF2], nuclear factor- B, -catenin, and Stat)—that contribute to the course of melanoma development.

Key Words: Stress kinases; JNK; p38; TRAF; apoptosis; Wnt; NF- B; ATF2; Stat; PI3K; MET.

WNT PATHWAY

Wnt1
The Wnt genes code for secreted cysteine-rich growth factors that mediate cell-to-cell

signaling via a paracrine mechanism during development and ontogeny. Secreted Wnts
associate with cell surfaces and the extracellular matrix, and many have been shown to
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associate closely with the Frizzled family of receptors (1). Wnt pathways are involved
in the control of gene expression, cell behavior, cell adhesion, and cell polarity, mainly
by inhibiting the degradation of -catenin (Fig. 1).

The -catenin protein is a central component of the Wnt (wingless) signal-transduc-
tion pathway, which plays an important role in development and tumorigenesis (2–4).
Intracellular levels of -catenin are tightly regulated by a multiprotein complex com-
posed of the APC tumor-suppressor protein, axin, and glycogen synthetase kinase
(GSK)-3 (2–4). In the absence of a Wnt signal, this complex promotes the phosphory-
lation of serine and threonine residues in the amino-terminal region of -catenin by
GSK-3. Phosphorylated -catenin can be bound by the F-box and WD40 domain-con-
taining protein, -Trcp (5), and is thereby targeted for degradation via the ubiquitin–
proteasome pathway (6–9).

Activation of Frizzled receptors inhibits GSK-3 via the Disheveled (Dsh) protein
(10). Inhibition of GSK-3-dependent phosphorylation of -catenin allows -catenin
to accumulate in the cytoplasm and then translocate into the nucleus (11). Once there,

-catenin promotes transcription by binding to members of the T-cell factor (TCF)/
lymphoid enhancer factor (LEF)-1 family of transcription factors (3,4). Activation of
TCF/LEF-1 by binding to -catenin induces the transcription of various target genes,
including proto-oncogenes, such as MYC and CCND1, whose products promote cell
growth and proliferation (12,13). Within the cell nucleus, activity of the -catenin–TCF/
LEF-1 complex can be inhibited by the protein ICAT (inhibitor of -catenin and TCF),
which blocks the interaction between -catenin and TCF and thereby interferes with Wnt
signaling (14).

Cytogenetic and molecular genetic studies have implicated a number of chromosomal
and genetic changes in melanoma pathogenesis. The genes known to be aberrant in
variable subsets of malignant melanomas include tumor-suppressor genes, such as
CDKN2A and PTEN, as well as proto-oncogenes, such as CDK4, NRAS, and MYC (15–17).
Mutations of genes encoding members of the Wnt-signaling cascade, in particular
CTNNB1 and APC, are frequent in various types of human cancer, including, among
others, colorectal carcinoma, hepatocellular carcinoma, and hepatoblastoma, as well as
primitive neuroectodermal tumors (2–4,18,19). Because activation of -catenin appeared
to be frequent in melanoma (20), during recent years several groups studied the occur-
rence of genetic modifications and changes in expression of CTNNB1 and APC. APC
mutations were found in sporadic cases of primary melanoma (20–22). Hypermethylation
of APC promoter 1A was present in 13% of cell lines and in 17% of melanoma biopsies.
However, cell lines with APC promoter 1A hypermethylation did not show increased Wnt
signaling, probably because of residual APC activity expressed from promoter 1B (22).

Oncogenic activation of -catenin by amino acid substitutions or deletions has been
demonstrated in a significant percentage (23%) of melanoma cell lines (21). Conversely,

-catenin mutations are rare in primary melanoma (20,23). Nonetheless, almost one-
third of primary human melanoma specimens display aberrant nuclear accumulation of

-catenin, although generally without evidence of direct mutations within the -catenin
or APC gene (20,23,24). Metastatic melanomas were found to contain nuclear and
cytoplasmic accumulation of -catenin and increased TCF/LEF-dependent transcrip-
tion (25). These observations are consistent with the hypothesis that the Wnt pathway
contributes to the behavior of melanoma cells and might be inappropriately deregulated
in the genesis of this disease. Moreover, evaluation of activated -catenin using phospho-
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antibodies revealed that nuclear phospho- -catenin was more common in metastatic
lesions and that high levels of nuclear phospho- -catenin are associated with signifi-
cantly worse overall survival (26).

The finding that more melanomas have nuclear and/or cytoplasmic -catenin accu-
mulation than carry detectable mutations in CTNNB1 or APC suggests that the pathway
may be activated in such tumors through aberrations in other genes.

Recently, ICAT was identified as a gene that regulates the Wnt-signaling pathway.
ICAT dysregulation may lead to activation of this pathway and tumorigenesis (24). The
ICAT gene has been mapped to 1p36.2 and shown to encode a negative regulator of the
pathway (14). ICAT protein inhibits the association of -catenin with TCF-4 in the cell
nucleus and represses transactivation of -catenin–TCF-4 target genes in a dose-depen-
dent manner (14). Therefore, ICAT may function as a tumor suppressor and its inacti-
vation may lead to tumorigenesis (14). Messenger RNA expression analyses revealed
ICAT transcript levels reduced to 20% or less relative to normal skin and benign nevi in
more than two-thirds of melanomas, including most of the cases in which loss of
heterozygosity was detected on 1p36. This suggests that loss of ICAT expression may
contribute to melanoma progression and metastasis by virtue of altered -catenin–TCF-4
regulation in the cell nucleus (24). The mechanism underlying the markedly reduced
ICAT mRNA levels in melanomas is unclear at present.

Regardless of the underlying mechanism, constitutive activation of the Wnt/ -catenin
signaling pathway is a notable feature of malignant melanoma. The identification of
target genes downstream from this pathway is therefore crucial to our understanding of
the disease. The POU domain transcription factor, Brn-2, has been found to be directly
controlled by the Wnt/ -catenin signaling pathway in melanoma cell lines and in
transgenic mice (27). Strikingly, expression of Brn-2 is not only upregulated by

-catenin but is also elevated in response to mitogen-activated protein kinase (MAPK)
signaling downstream from receptor tyrosine kinases (RTKs) and, in particular, down-
stream from B-RAF (28), which is known to be activated by mutation in about 70% of
melanomas and nevi (15,29). Consistent with upregulation of these two pathways, 
Brn-2 expression is strongly upregulated in melanoma. Overexpression of this gene has
been associated with increased proliferation and tumorigenicity in melanoma (27,30).

A key role of Wnt signaling in melanocyte development is the activation of the
promoter for the gene encoding the microphthalmia-associated transcription factor
(MITF; 31,32). MITF (33,34) is essential for development of the melanocyte lineage and
has key functions in control of cell proliferation and survival and in differentiation (35).

Recently, it was demonstrated that -catenin’s contribution to growth of melanoma
cells depends on its downstream target, MITF. Moreover, suppression of melanoma
clonogenic growth by disruption of the -catenin–TCF/LEF complex is rescued by con-
stitutive MITF. Thus, -catenin regulation of MITF expression represents a tissue-
restricted pathway that significantly influences the growth and survival behavior of this
notoriously treatment-resistant neoplasm (36).

Wnt5a
Wnt signaling has been shown to be important not only in development but also in

tumorigenesis. Wnt5a is upregulated in cancers of the lung, breast, and prostate and is
downregulated in pancreatic cancer (37–39).
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Expression profiling studies aimed at identifying molecular subclasses of tumors
found a series of genes whose expression differed in cutaneous melanomas with differ-
ing invasive phenotypes (40,41). Among genes that created the distinct classes were
those important in cell motility and invasive ability. WNT5a was identified as a particu-
larly robust marker of highly aggressive behavior (40). The study by Bittner et al.
confirmed early studies of Wnt5a RNA expression in tumors and indicated that overall,
many tumors showed increased Wnt5a expression relative to their normal tissue of
origin, and accordingly, that melanomas showed increased Wnt5a expression relative to
skin (38). Furthermore, Wnt5a protein expression in human melanoma biopsies directly
correlates with increasing tumor grade, cell motility, and invasion of metastatic mela-
noma (42), and inversely correlates with patient survival (40). Importance of the Wnt5a–
Frizzled pathway in melanoma was confirmed by analysis of SAGE libraries from
melanoma tissues. This study allowed identification of several genes from the Wnt5a–
Frizzled family (among others) that are preferentially expressed in melanoma (43).

Unlike that of other Wnt family members (e.g., Wnt1 and Wnt8), Wnt5a expression
does not profoundly affect -catenin stabilization. Instead, Wnt5a activity activates
protein kinase C (PKC) (44). In vitro analysis of melanoma cell lines differing in Wnt5a
expression levels revealed that increased expression corrolated with PKC activation and
increased motility and invasiveness of melanoma cells (42). As additional support for the
idea that this pathway contributes to the invasive phenotype of the melanoma cells, the
authors demonstrated that inhibition of this pathway by desensitization of the Wnt5a
receptor, Frizzled5, by an antibody that interfered with activation by Wnt5a resulted in
decreased activation of the PKC pathway and inhibition of in vitro motility and invasion
phenotype of the melanoma cells (42). Increased expression of Wnt5a in melanoma
tumors is localized, occurring in cells at the site of active invasion and in cells showing
morphological features associated with aggressive tumor behavior. In connection with
Wnt5a, it is noteworthy that PKC has been identified as a contributing factor in skin
tumorigenesis. In models of melanoma, PKC-  activation is typically associated with
increased tumor cell proliferation and invasiveness, and decreased differentiation (45).
PKC has long been known to be more abundantly expressed in melanoma cells than in
melanocytes (46). However, there is no consensus regarding whether this difference
arises as part of the normal process of melanocyte differentiation or as a result of malig-
nant transformation. Further, the upstream events involved in PKC activation in mela-
noma are not clear. Along these lines, the study by Weeraratna suggests involvement of
the Wnt5a pathway in PKC activation in melanoma (42). It has also been shown that
increase or inhibition of PKC activity results in corresponding changes in Wnt5a expres-
sion (47). These observations suggest the possibility that the activities of Wnt5a and
PKC drive a positive feedback loop, perhaps a Wnt5a autocrine loop, and that increase
in the activity of either may result in increased melanoma motility (Fig. 1).

PHOSPHATIDYLINOSITOL-3 KINASE–AKT PATHWAY

The presence of a tumor suppressor gene or genes on chromosome 10q had long been
suspected, because loss of heterozygosity on regions of chromosome 10q was observed
frequently in various cancers (48–52). In melanoma, loss of chromosome 10 was first
reported by Parmiter et al. (53) and studied extensively since then (50,51). In 1997, using
homozygous deletion mapping in gliomas and breast tumors, PTEN was identified as a
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candidate tumor suppressor gene on chromosome 10q. Subsequently, PTEN mutations
were reported in malignant melanoma, squamous cell carcinoma, endometrial cancer,
and thyroid tumors, in addition to glioma, prostate, and breast tumors.

The PTEN gene encodes a phosphatase whose primary function is to degrade the
products of phosphatidylinositol-3 kinase (PI3K) by dephosphorylating phosphatidyli-
nositol 3,4,5-trisphosphate and phosphatidylinositol 3,4-bisphosphate at the 3 position
(58). Loss of functional PTEN from tumor cells causes accumulation of these critical
second messenger lipids, which, in turn, increase Akt phosphorylation and activity,
leading to decreased apoptosis and/or increased mitogen signaling (59–64). Reintroduc-
tion of PTEN into cells lacking it has been shown to lower Akt activity and induce cell
cycle arrest, apoptosis, or both; however, it is unknown whether PTEN functions simi-
larly in melanoma cells (65).

A PTEN mutation rate of 30–50% in melanoma cell lines has been reported by several
groups. Among cell lines with a PTEN mutation, 57–70% showed homozygous deletion
of the PTEN gene (55,66,67). However PTEN mutations in uncultured melanoma
samples are rare (5–20%). Importantly, mostly metastatic melanomas contain PTEN
mutations (66–70,71,72). These findings suggest either that PTEN loss occurs late in
melanoma tumorigenesis or that alteration of PTEN takes place in early melanomas,
which is difficult to detect (e.g., because of relative change in the level of expression,
epigenetic downregulation of expression, or homozygous deletion), as occurs in the
instance of homozygous deletion of chromosome 9p21 (at CDKN2A) (73). If this is the
case, chromosome 10q24 PTEN deletions in melanomas may have been underdetected.
Zhou et al., who supported this view, found no PTEN protein expression in 15% (5/34)
and low expression in 50% (17/34) of melanoma samples (4 primary and 30 metastatic)
(74). Surprisingly, among the five melanomas with no PTEN protein expression, four
showed no deletion or mutation of the PTEN gene, indicating the action of an epigenetic
mechanism of biallelic functional inactivation of PTEN (74). These observations have
led to speculation that besides PTEN mutation, other mechanisms, such as epigenetic
silencing (54,75,76) or altered subcellular localization, (77) are important in PTEN
inactivation, and that the sum of these events could account for PTEN dysfunction
in as many as 40–50% of sporadic melanomas (74).

Functional mapping of melanoma suppressor genes on chromosome 10 has also iden-
tified PTEN as a potentially important factor in the disease. Robertson et al. used an
approach that involved transfer of a normal copy of chromosome 10 into melanoma cells
lacking PTEN protein. Over time, this resulted in spontaneous breakage and deletions
of the wild-type copy of PTEN introduced into a culture (78,79). Ectopic expression of
PTEN was demonstrated to suppress melanoma cell growth (79) and melanoma tumori-
genicity and metastasis (80). Collectively, the molecular and functional mapping reports
could be interpreted as indicating that PTEN plays an important role in melanoma tum-
origenesis.

Because PTEN functions as an antagonist of PI3K-mediated signaling, a consequence
of PTEN loss is the increase in Akt activity (Fig. 1). Akt/protein kinase B (PKB), a serine/
threonine kinase, is a core component of the PI3K-signaling pathway activated through
phosphorylation of Ser-473/474 and Thr-308/309 (81). Several studies have shown that
Akt/PKB activates the transcription of a wide range of genes, especially those involved
in immune activation, cell proliferation, apoptosis, and cell survival (Fig. 2; 82). Mecha-
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nisms associated with the ability of Akt to suppress apoptosis include phosphorylation
and inactivation of many proapoptosis proteins, such as Bad (64), and caspase-9 (83).
Downstream effects of Akt activation are also mediated by inactivation of the forkhead
family of transcription factors (84), and activation of NF- B (85).

Akt overexpression or activation has been documented in various human tumors, and
the role of the PI3K–Akt pathway in several tumors has been identified (86,87). However,
little is known regarding possible Akt alterations or its role in human melanoma. Screen-
ing of the pleckstrin homology domain (88) and codons 308 and 473 (89) of Akt yielded
no mutations. Considering the frequency of PTEN loss or, more importantly, its low
expression in melanoma, dysregulation of Akt activity is expected. Accordingly, two
recent studies addressed this issue using an antibody specific for phospho-Akt Ser-473.

Dhawan et al. found that two of five melanoma cell lines, Hs294T and WM115, were
highly phosphorylated at Ser-473, as compared with normal controls. MAPK assays

Fig. 2. Altered pathways in melanoma: effects on apoptosis. Constitutive activation of ERK and
AKT and upregulation of tumor necrosis factor receptor-associated factors (TRAF) members in
melanoma inhibit apoptosis by inactivating proapoptotic components or by altering the degree
of activation of transcription factors that control expression of genes involved in cell death and
cell survival. Akt activity induces FKHRL1 cytoplasmic retention, IKK activation, and reduces
tyrosine phosphorylation of signal transducers and activators of transcription (STATs). AP-1
transcription factors are activated by ERK phosphorylation and, indirectly, by TRAF upregulation
(through mitogen-activated protein kinases [MAPKs]). Balance between the signaling pathways
is altered during the course of melanoma development and progression, thereby providing one
of the underlying mechanisms for acquired resistance of melanoma to undergo apoptosis follow-
ing treatment.
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confirmed higher Akt activity in those cell lines. Akt activation was also assessed in 29
paraffin-embedded melanocyte lesions, including junctional, compound and dermal
nevi (benign), dysplastic nevi (precancerous), lentigo maligna, and metastatic mela-
noma. Normal and slightly dysplastic nevi exhibited no significant Akt expression, in
marked contrast to the dramatic Akt immunoreactivity seen in severely dysplastic nevi
and melanomas (66.3% positive) (90). Interestingly, phosphorylated Akt was located in
the tumor cell membrane, the cytoplasm, and the nucleus (90), which is indicative of Akt
activation (91). The second study showed no Ser473 phosphorylation in melanocytes
(FOM73), whereas various levels of activation were observed in a set of melanoma cell
lines of varying progression stage. Increase in Akt protein levels was also noted in two
of three metastatic cell lines (WM164 and 1205Lu), because constitutive activation of
Akt occurred in melanocyte lesions at different stages (92).

As described for other cell types (93), the PI3K–Akt pathway plays a critical role in
survival of melanocyte cells (Fig. 2; 94–98). The mechanisms of AKT-mediated protec-
tion from cell death appear to be multifactorial (93). Accordingly, inhibition of RhoB
(94) and Janus kinase (JAK)–signal transducers and activators of transcription (Stat)
(96); and activation of MelCAM (92), matrix metalloproteinases (MMPs) (99), and
NF- B (90) were identified among the downstream effectors that mediated the PI3K–Akt
effect on melanoma progression and cell survival.

Although relatively small in number, the studies reviewed here provide clear evidence
that the PI3K–Akt pathway is activated in melanoma cells and suggest that it contributes
to melanoma development.

The cell adhesion protein MelCAM plays a critical role in cell-cell interactions during
melanoma development, and increased expression is strongly associated with acquisi-
tion of malignancy by human melanoma (100). Active Akt is responsible for upregulation
of MelCAM in melanoma cell lines. Moreover, a reciprocal regulation loop between Akt
and MelCAM has been demonstrated. Along these lines, activation of the MelCAM/
Akt–signaling axis was shown to increase survival, most likely by inhibition of the
proapoptosis protein, Bad (92).

Unlike other guanosine triphosphatase (GTPase) family members, such as RhoA,
Ras, Rac1, and Cdc42, RhoB has been shown to inhibit invasiveness and metastasis
(101). A recent study by Jian et al. showed that RhoB antagonizes Ras–PI3K–Akt
malignancy. Therefore, suppression of RhoB expression is one of the mechanisms by
which the Ras–PI3K–Akt pathway induces tumor survival, transformation, invasion,
and metastasis (94).

PI3K and Akt have recently been shown to induce expression of MMP-2 and MMP-9
by a mechanism involving Akt activation of NF- B binding to the MMP promoter
(102,103). Thus, a possible mechanism by which RhoB inhibits tumor migration and
invasion is blocking the ability of the Ras–PI3K–Akt pathway to activate NF- B.
Consistent with this is the demonstration by Fritz et al. that ectopic expression of RhoB
inhibits NF- B-dependent transcriptional activation (104). Finally, the PI3K–Akt-
induced resistance of nonadherent cells to apoptosis (anoikis) is antagonized by RhoB,
giving further support to the notion that the prosurvival Ras–PI3K–Akt pathway must
suppress RhoB expression for nonadherent cancer cells to migrate and invade. This
pathway has also been implicated in positive regulation of MMP-2 and MMP-1, but, in
this case, by favoring cooperative interactions with laminin that lead to remodeling of
the tumor cell microenvironment (99).
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MAPK–B-RAF

The Ras proteins regulate cell proliferation, survival, and differentiation by activating
a number of effector proteins (Fig. 1), including the RalGDS exchange factors, the
PI3Ks, and the three RAF protein kinases (A-RAF, B-RAF, and C-RAF). For many
years, Ras signaling has been implicated in initiation and progression of melanoma.
Approximately 15–20% of human melanomas have mutations in Ras genes (67,105).
Most such mutations are at codon-61 of N-Ras, with K-Ras and H-Ras mutations being
relatively rare (105,106), but Ras activation in melanocytes is not sufficient to induce
melanoma in mouse models unless the cell cycle progression inhibitor p16INK4A is also
deleted (101).

Although Ras clearly plays a role in human melanoma, its importance has recently
been shadowed by the discovery that the Ras effector B-RAF is mutated in up to 82%
of cutaneous melanocyte nevi (107), 66% of primary melanomas (29), and 40–68% of
metastatic melanomas (108,109). The correlation of mutational status and clinical course
revealed that the presence of B-RAF/N-Ras mutations in primary tumors did not nega-
tively affect tumor progression or overall patient survival. In contrast, in metastatic
lesions, the presence of B-RAF/N-Ras mutations was associated with a significantly
poorer prognosis, i.e., decreased survival (110). Because B-RAF and N-Ras mutations
appear to be mutually exclusive (23,29,111), alterations in MAPK signaling appears to
play a major role in the pathogenesis of most melanomas.

More than 80% of the oncogenic B-RAF alleles described to date consist of the
missense exchange from valine to glutamic acid in residue 599 (V599E). The mutation
engenders constitutive and maximal activation of B-RAF kinase activity, likely by
mimicking phosphorylation of S598/T601 in native B-RAF (29). Interestingly, muta-
tions V599R and V599K, which represent almost 15% of mutations at this position, also
displayed increased kinase and transforming activity (110). The remaining oncogenic B-
RAF mutations cluster near the V599 site or in the G loop ATP-binding region at
residues 463–468. In vitro studies demonstrated a 10- to 12-fold increase in kinase
activity at V599E B-RAF that led to enhanced activation of the MEK–ERK pathway in
COS cells (29). When transfected into NIH 3T3 cells, the V599E B-RAF kinase
mutant was 70–138 times more potent in mediating transformation compared with wild-
type B-RAF (29). Accordingly, ERK was found to be constitutively active in almost all
melanoma cell lines and in tumor tissues tested, in contrast to normal melanocytes and
several early-stage radial growth phase (RGP) melanoma cell lines (112). Furthermore,
elevated ERK signaling appears to be required for melanocyte proliferation in culture
(113–115).

As demonstrated for Ras (116,117), mutated B-RAF also transforms cultured mouse
and human melanocytes, suggesting a role in melanoma initiation (118). B-RAF deple-
tion blocked MEK-ERK signaling and cell cycle progression in human melanoma cells
harboring oncogenic B-RAF, but not in melanoma cells harboring oncogenic Ras or in
Ras-transformed melanocytes. Thus, although mutated B-RAF can act as a potent
oncogene in the early stages of melanoma by signaling through MEK and ERK, it is not
required for such signaling in Ras-transformed melanocytes because of innate redun-
dancy within the pathway (118).

The finding that the V599E B-RAF allele could be detected in as many as 80% of
benign nevi pointed to a possible role of oncogenic B-RAF in nevus formation and
melanoma initiation (107). However, to date, no evidence indicates that benign nevi
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harboring V599E B-RAF actually progress to malignancy. In fact, most may represent
nonprogressing terminally differentiated lesions that are analogous to nondysplastic
colorectal aberrant crypt foci (119,120). A more recent study found B-RAF lesions in
only 10% of earliest stage or RGP melanomas. These findings imply that B-RAF muta-
tions cannot be involved in the initiation of the great majority of melanomas but instead
reflect a progression event with important prognostic implications in the transition from
the RGP to the vertical growth phase (VGP) and/or metastatic melanoma (121).

Several lines of evidence suggest that B-RAF mutation may not be essential in all
forms of melanocyte neoplasia and that distinct pathways of melanoma formation exist
(122–124). Along this line, B-RAF mutation was not detected in mucosal melanomas,
vulvar melanomas, and more than 90% of sinonasal and uveal melanomas (125–128).
These data suggest that despite sharing a common progenitor cell, the neural crest-
derived melanocyte, the melanoma subtypes appear to follow different genetic pathways
of tumorigenesis (123,124). These distinct genetic alterations may underlie well-recog-
nized differences in risk factors and behavioral patterns among the various melanoma
subtypes (122,129,130). The very low incidence of B-RAF mutations in melanomas
arising in non-sun-exposed sites suggests that ultraviolet (UV) exposure plays a role in
the genesis of B-RAF mutations in cutaneous melanoma, despite the absence of the
characteristic C>T or CC>TT mutation signature associated with UV exposure, and
points to the possibility that mechanisms other than pyrimidine dimer formation are
important in UV-induced mutagenesis (127,130).

However, like Ras, oncogenic B-RAF is not sufficient to induce melanoma because
B-RAF mutations are also found in 80% of nevi classed as benign melanocyte lesions
(107,121). Therefore, other genetic events appear necessary for melanoma genesis.
Along these lines, two recent studies identified association of mutated V599E B-RAF
with p16/ARF loss and TP53 and PTEN mutations (131,132). Thus, it has been proposed
that a possible cooperation between B-RAF activation and loss of either P16/ARF or
PTEN contributes to melanoma development (132).

How does activation of B-RAF affect the oncogenic behavior of such tumors? How
signaling events downstream from B-RAF affect the underlying program of gene ex-
pression is not completely understood. Several lines of evidence indicate that ERK
activation is strongly associated with melanoma development (Fig. 1). ERK is constitu-
tively activated in melanoma cell lines and in tumor tissues (112), and elevated ERK
signaling appears to be required for melanocyte proliferation in culture (113–115).
These findings suggest that activating mutations in Ras and B-RAF are important, but
are not the only contributors to ERK activation. In line with this, constitutive ERK
activation can occur in the absence of B-RAF mutations, as demonstrated by Weber in
uveal malignant melanomas (133). In addition, despite their low combined B-RAF and
N-Ras mutation frequency, Spitz nevi showed strong MAPK pathway activation as
measured by cytoplasmic expression of dually phosphorylated ERK1/2. Moreover, ERK
activation can be partially inhibited using inhibitors of fibroblast growth factor (FGF)
and hepatocyte growth factor (HGF) but not interleukin-8 signaling pathways. These
data suggest that melanoma growth, invasion, and metastasis are attributable to consti-
tutively activated ERK, apparently mediated by excessive growth factors through
autocrine mechanisms and B-RAF kinase activation (112).

Constitutive activation of ERK has been shown to contribute to melanoma tumorigen-
esis by increasing cell proliferation, tumor invasion, and metastasis, and by inhibiting
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apoptosis (Fig. 2). Activated ERK plays a pivotal role in cell proliferation by controlling
the G1-phase to S-phase transition. Constitutively active ERK contributes to the growth
of melanoma cells by negative regulation of the p27/Kip1 inhibitor (134,135) and
upregulation of c-Myc activity (135). Inhibition of ERK activity is associated with less
proliferation (135) and G1-phase cell cycle arrest, mediated by upregulation of the
cyclin-dependent kinase (Cdk) inhibitor, p27/Kip1, and hypophosphorylation of retino-
blastoma protein. The downregulation of Cdk2 kinase activity seen after inhibition of
ERK is likely caused by an augmented level of p27/Kip1 associated with cyclin E-Cdk2
complexes (134).

Another target of ERK is the Brn-2 POU domain transcription factor, which is highly
expressed in melanoma cell lines but not in melanocytes or melanoblasts. Expression of
Brn-2 is positively regulated by B-RAF and MAPK signaling. Overexpression of Brn-2 in
melanocytes results in increased proliferation, and depletion of Brn-2 in melanoma cells
expressing activated B-RAF leads to decreased proliferation (28).

ERK is believed to play a role in increasing proliferation by inhibiting differentiation.
During differentiation of melanocytes, increase in intracellular cyclic adenosine mono-
phosphate (cAMP) leads to stimulation of the Ras–MEK–ERK pathway and expression
of MITF. MITF induces expression of the melanogenic enzyme tyrosinase, among other
targets. Conversely, constitutive activity ERK limits differentiation in melanoma by
targeting MITF for degradation (35,136,137).

The constitutively hyperactivated ERK pathway mediates melanoma-specific survival
signaling by differentially regulating RSK-mediated phosphorylation and inactivation
of the proapoptotic protein Bad (138). ERK-mediated inhibition of JAK–Stat (96) is
another pathway of the MAPK effect on melanoma cell survival (Fig. 2).

ERK contributes to tumor invasion and metastasis by regulating expression of pro-
teins, such as MMPs and integrins. A critical step in the process of metastasis is degra-
dation of the extracellular matrix to allow cellular migration. Two families of proteases
are secreted by the invading cells, the urokinase plasminogen activation (uPA) and
MMPs, which are involved in matrix remodeling. The expression and activity of MMPs
and urokinase are tightly controlled by MAPKs (139–141). The Ras–Raf–MEK–ERK
pathway is constitutively active in melanoma and is the dominant pathway driving the
production of collagenase-1 (MMP-1) (142–144). Furthermore, blocking MEK–ERK
activity inhibits melanoma cell proliferation and abrogates collagen degradation,
decreasing their metastatic potential (145). Thus, constitutive activation of this MAPK
pathway not only promotes increased proliferation of melanoma cells but also is impor-
tant in the acquisition of an invasive phenotype (145).

 Integrins are heterodimeric proteins that regulate adhesion and interaction
between cells and the extracellular matrix. It has been demonstrated that sustained,
and not transient, activation of the Raf–MEK–ERK signaling pathway specifically
controls the expression of individual integrin subunits and may participate in changes
in cell adhesion and migration that accompany the process of oncogenic transforma-
tion (146).

HGF–MET–PAX3

Among early observations made in the context of changes that take place in melano-
mas are altered expression and activity of receptors with tyrosine kinase activity that are
required both for proliferation of normal melanocytes and for uncontrolled growth of
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melanomas (147). Normal human melanocytes depend on exogenous growth factors,
such as basic FGF (bFGF), HGF/scatter factor (SF), or mast cell growth factor (MGF),
all of which stimulate receptors with tyrosine kinase activity. In contrast, human mela-
noma cells of advanced stages (i.e., in VGP) grow autonomously, in part, as a result of
constant production and secretion of bFGF and activation of the bFGF receptor kinase
(148,149). Upregulation of FGF expression is attributed at least in part to the c-MYB
proto-oncogene (150). bFGF upregulation efficiently induces growth (151), resulting in
a transformed phenotype in normal human melanocytes, pointing to its important role
in melanoma progression (152,153). Conversely, expression of dominant negative FGF
receptor inhibits proliferation and reduces survival of melanoma cells (154). bFGF has
been implicated in regulation of cyclin-dependent kinases, including CDK4, which
phosphorylates retinoblastoma (Rb) protein and dissociates Rb-E2F1 inhibitory com-
plexes, allowing progression through the cell cycle. Constitutive CDK4 activity in
melanomas may result from inactivation of the negative regulator p16INK4 (148).

Expression of Met, the tyrosine kinase receptor for HGF/SF, is significantly
upregulated in Ras-transformed cells (Fig. 1). Inhibition of Met signaling by a dominant
negative construct efficiently attenuated metastasis of melanoma tumors, suggesting
that Met plays a prominent role during Ras-mediated tumor growth and metastasis (155).
Expression of c-Met is higher in both cytoplasmic and membrane fractions in VGP
tumors, as well as in melanomas with high mitotic index or with lymphatic vascular
invasion and nodal, as well as visceral, metastases. High expression in both membrane
and cytoplasm was proved a significant prognostic factor in overall survival in a
univariate analysis (156). HFG/SF has also been implicated in the regulation of the uveal
melanoma interconverted phenotype (157). Animal model studies revealed the role of
c-Met in the development of malignant melanoma and in the acquisition of the metastatic
phenotype (158,159). Regulation of HGF expression and the cause of its upregulation
are not yet clear, although a recent study pointed to the role of Stat3 in the regulation of
HGF transcription (160). Activated HGF/SF promotes the proliferation of melanoma
cells through p38-MAPK, ATF2, and cyclin D1 (161). Significantly, transgenic mice
overexpressing HGF subjected to UV irradiation at a few days of age form melanomas
that histologically resemble the human counterpart (162).

Pax3 is a member of a Pax family of developmentally regulated transcription factors
critical in physiological embryonic development. Pax3 is expressed in human melano-
mas and contributes to tumor cell survival (163,164). Pax proteins are defined by the
presence of a 128-amino acid DNA-binding domain termed the paired domain, and
some Pax proteins, such as Pax3, also contain a second DNA-binding domain, the
paired-type homeodomain. The carboxyl-termini of these proteins act as transcrip-
tional activation domains (165). Pax3 plays an essential role in the establishment of
melanogenic and myogenic cell lineages, as suggested by the severe phenotypes in mice
and in humans with reduced functional Pax3 protein (166). The Pax3 gene causes
Waardenburg syndrome, characterized by pigmentation abnormalities and hearing
impairment attributable to the absence of melanocytes (167). Interestingly, in humans,
a t(2;13) chromosomal translocation juxtaposing the amino-terminal DNA binding
domains of Pax3 with the transcriptional activation domain of FKHR (a Forkhead family
member) results in a fusion protein that is a more potent transcriptional activator than
Pax3 itself; it causes a tumor of muscle and pediatric alveolar rhabdomyosarcoma (168).
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Pax3 binds to the tyrosinase-related protein-1 promoter and increases its activity
(164). A naturally occurring Pax3 loss-of-function mutation in mice (Splotch Sp) leads
to severe pigmentation defects and failureto establish hypaxial skeletal muscle cells (169).

Although the Pax3-dependent survival pathway is not fully understood, the best-
studied Pax3 target gene is the proto-oncogene c-met, which encodes the tyrosinekinase
receptor for HGF/SF (170). Stimulation of c-met expression by Pax3 is likely to repre-
sent an important pathway in melanoma development. AdditionalPax3 target genes that
may play a role in cell survival include another member of the tyrosine kinase receptor
family, IGF-1R (171), as well as the antiapoptosis survival guide gene bcl-XL (172). In
most melanomas, expression of Pax3, through its effect on cell survival, is likely to
contribute to development and/or maintenance. Pax3 might therefore represent a pos-
sible novel target for therapeutic intervention in melanomas.

JAK–STAT

The Stat proteins are a family of transcription factors involved in activation of target
genes in response to cytokines and growthfactors (173,174). The binding of theseligands
to their cognate receptors leads to tyrosine kinase activation and phosphorylation of
latent Stat monomers in the cytoplasm (175). Tyrosine-phosphorylated Stats undergo
homodimerization or heterodimerization via reciprocal SH2-phosphotyrosine inter-
actions, followed by translocation to the nucleus and transcription of various genes
(174). Some of the genes regulated by Stats encode the Bcl-x, cyclin D1, p21WAF, and
c-Myc proteins involved in apoptosis and cell cycle control.

The duration of individual Stat proteins’ activity under normal physiological condi-
tions usually lasts from a few minutes to several hours. However, numerous studieshave
demonstrated constitutive activation of Stats (in particular, Stat1, Stat3, and Stat5) in a
large number of human tumor cell lines (176–179) and in a wide variety of tumors,
including blood malignancies (leukemia, lymphomas, and multiple myeloma), as well
as solid tissues (such as head and neck, breast, and prostate cancers) (178,180,181).
Constitutive expression of Stat3 suppresses tumor expression of proinflammatory cyto-
kines and chemokines that activate innate immunity and dendritic cells, thereby block-
ing the production and sensing of inflammatory signals by multiple components of the
immune system (182).

Although Stat1 activation is elevatedin some tumors and cell lines, the function of this
moleculehas been associated with growth suppression rather than malignant transforma-
tion and it thus can be considered a potential tumor suppressor (183). Along these lines,
malignant melanoma associates with deficient IFN-induced Stat1 phosphorylation (184),
as well as with Stat2 and p48-ISGF3g (185). Aberrant signaling of Stat3 and Stat5
participates in the development and progression of human cancers either by preventing
apoptosis (Fig. 2), inducing cell proliferation (Fig. 1), or both (179). Stat3’s contribu-
tion to melanoma resistance to treatment is mediated, in part, through its cooperation
with c-Jun, resulting in downregulation of Fas receptor expression (186). Stat3 is
constitutively activated by c-Src tyrosine kinase, as demonstrated in melanoma cell
lines, in which it is important for cell growth and survival (187). Significantly, mela-
noma cells undergo apoptosis when either Src kinase activity or Stat3 signaling is
inhibited, which is accompanied by downregulation of expression of the antiapoptosis
genes Bcl-x(L) and Mcl-1. Stat activity in melanoma cells was also shown to be affected
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by PI3K signaling in concert with ERK (188,189). These observations generate substan-
tial interest in the possible use of Stat3 as a target for cancer drug discovery and thera-
peutic intervention (190).

TRAF, P38, ATF2, JNK, C-JUN, AND NF- B

TRAF–TNFR
Members of the tumor necrosis factor receptor (TNFR) superfamily play important

roles in regulating the cellular response to cytokines, stress, and DNA damage (191).
Stimulation of a TNFR results in receptor trimerization and the recruitment of TNFR-
associated factors (TRAFs) and/or TNFR-associated death domain protein (TRADD) to
the cytoplasmic regions of the receptors (191). TRAF2 is a prototypical member of the
TRAF family of proteins that is recruited to TNFR1 through its interaction with the
adaptor protein, TRADD (192), or its oligomerization (193). TRAF2 can also interact
directly with other members of the TNFR superfamily, including CD40, CD30, CD27,
4-1BB, and RANK, which are primarily implicated in immune functions (191,194,195).
TRAF2 also interacts with RIP, GCK, ASK1, and NIK and plays a critical role in the
regulation of most stress kinases, including ASK1, MEKK1, and IKK (196–198) and
their corresponding transcription factors, including p53, c-Jun, and NF- B (199–201).
TRAF2 can negatively regulate apoptosis signals from TNFR1 through interaction with
IAPs or Stat1, which also affects activation of NF- B (202,203).

These functions position TRAF2 as an important mediator of antiapoptosis signals.
TRAF2 activity has been shown to be regulated by multiple mechanisms, such as its
oligomerization or binding to other TRAF family members, as shown for TRAF6 (191),
its targeting for degradation (204), and its ubiquitination-dependent translocation to the
insoluble membrane domains, which is required for activation of JNK but not IKK or
p38. TRAF2, as well as other members of the TRAF family, is upregulated in various
tumors, including melanomas (205). Failure to degrade TRAF2 following irradiation is
associated with resistance of melanoma cells to apoptosis (205). Indeed, expression of
a RING finger-deleted TRAF2, which serves as a dominant negative, resulted in sensi-
tization of metastatic melanoma to apoptosis (Fig. 2), and coincided with upregulation
of p38 and TNF- and downregulation of NF- B activities (206). Because TRAF2
serves as a gatekeeper of stress signaling, and because it is upregulated in human tumors,
including melanomas, its downstream targets are likely to be equally affected and to alter
melanoma development and resistance to treatment.

All three major TRAF2-regulated-signaling pathways have been implicated in mela-
noma pathophysiology. Activation of JNK was shown to be critical in hypoxia-induced
apoptosis of human melanoma cells (207). Conversely, p38 can protect melanoma cells
from apoptosis through its effect on NF- B (203). The ratio between p38 and ERK was
shown to be an important determinant of tumor dormancy in several tumor types but not
melanoma (208), an observation that highlights the role of the interplay between diverse
signaling cascades and their implications for pathophysiological alterations in melanoma.

TRAF–NF- B
A target of TRAF2, as well as TRAF6 activities is IKK, which is responsible for the

phosphorylation and subsequent degradation of IkB, resulting in release of IkB from the
cytoplasm into the nuclei. Degradation of IkB by TRCP and the SCF ubiquitin
ligase complex is among the primary mechanisms underlying the activation of NF- B,
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through its release into the nucleus, where it mediates its transcriptional activities
(209,210). Indeed, inhibition of TRCP activity in human melanoma cells reduces
NF- B activity and renders the cells more sensitive to treatment (209). NF- B belongs to
the Rel family, which contains five mammalian Rel/NF- B proteins: RelA (p65),
c-Rel, RelB, NF- B1 (p50/p105), and NF- B2 (p52/100) (211,212).

NF- B has been implicated in the regulation of proapoptosis and antiapoptosis gene
expression, thereby controlling the balance between cell survival and apoptosis (Fig. 2).
NF- B is constitutively activated in metastatic melanoma cells in culture (213–216).
Constitutive activation of Akt/PKB in melanoma was reported to result in upregulation
of NF- B, which has been associated with tumor progression and invasiveness (217,218).
NF- B also plays a role in the interaction between melanoma cells and tumor vascula-
ture. The p65 subunit of NF- B has been implicated in melanoma metastasis via its
effects on melanoma cell invasiveness (219).

TRAF–AP-1
Through its effect on MEKK1–MKK4/7–JNK, TRAF proteins tightly regulate the

activities of AP-1 components. Upregulation of TRAF2 in melanoma is likely to cause
the constitutive activity of TRAF2 targets, including AP-1. Members of the AP-1 tran-
scriptional complex include c-Jun, JunB, JunD, c-Fos, FosB, Fra-1, and Fra-2, all of
which contain a leucine zipper and form either homodimers or heterodimers through this
domain. The different dimer combinations recognize different sequence elements in the
promoters and enhancers of target genes (220,221). Components of the AP-1 complex
are induced by the tumor promoter 12-O-tetra-decanoylphorbol-13-acetate (TPA),
growth factors, cytokines, and oncoproteins, which are implicated in the proliferation,
survival, differentiation, and transformation of cells (222). The complex of AP-1 pro-
teins binds to the TRE sequence, which is ubiquitously positioned on a wide range of
genes implicated in the stress response as in growth and development. Overexpression
of AP-1 complex proteins has often been reported in human tumors. These transcription
factors react to changes in growth and environmental conditions to adjust the gene
expression profile in a way that allows the cell to adapt to the new environment (223).
AP-1 target genes are differentially regulated by distinct AP-1 dimers. The dynamic
changes in Jun and Fos composition after stress-stimuli balance discrete signals that play
a key role in determining whether cells undergo apoptosis, survival, or senescence (224).
c-Jun, jun-B, and c-fos genes have been shown to play a role in the transformation of
melanocytes into malignant melanoma (225), suggesting a potential role of AP-1 genes
in cell transformation. Further changes in the composition of AP-1 components studied
during progression of melanoma were revealed in mouse melanoma B16 tumor models
(226). Additionally, it has been demonstrated that the AP-1 binding site is a key regu-
latory element necessary for full stimulation of mda-7 gene transcription; expression of
this gene is reduced expression as melanocytes progress to metastatic melanomas (227).
Expression of mda-7 inversely correlates with melanoma progression and culminates in
cancer-specific apoptosis (228).

TRAF–ATF2
The ability of TRAF2 to activate ASK1–MKK3/6–p38 causes the efficient phospho-

rylation-dependent activation of ATF2. ATF2 is a member of the bZIP family of tran-
scription factors, which elicits its transcriptional activities after heterodimerization with
c-Jun, as with Rb, CREB, and p65/NF- B (229–231) following its phosphorylation by
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the stress kinases, JNK or p38-MAPK (232,233). ATF2 has been implicated in the
regulation of tumor necrosis factor-  (TNF- ), transforming growth factor-  (TGF- ),
interleukin 6, cyclin A, and E-selectin (234–236). ATF2 activities have also been asso-
ciated with tumor development and progression (237). Activation of ATF2 by HGF/SF
through p38-MAPK and SAPK/JNK mediates proliferation signals in melanoma cells
(161). ATF2 has been implicated as one of the primary transcription factors that
heterodimerize with c-Jun (230,238) and bind to Jun2-likeelements in human melanoma
cells (239). ATF2 plays an important role in the acquisition of resistance to chemo-
therapy and radiation therapy in human melanoma (240,241). ATF2 alters melanoma’s
susceptibility to apoptosis (Fig. 2), in part, as a result of its ability to alter the balance
between tumor necrosis factor and Fas signaling (205).

As a transcription factor, ATF2 is active within the nuclear compartment, where it
elicits its transcriptionalactivities. Of particular interest is the finding that nuclear ATF2
expression is more frequently found in metastatic sites (lymph nodes, bone metastases,
or visceral metastases) than in primary cutaneous specimens, and that it correlates with
poor prognosis (242). Strong nuclear staining in a melanoma tumor specimen (242)
suggests that ATF2 is constitutively active.

Inhibition of ATF2 activities, either by expression of its dominant negative forms or
via short peptides that out-compete the endogenous protein, has been found to be an
efficient mechanism for sensitizing human and mouse melanoma cells to radiation-
induced apoptosis (240,243,244). These studies suggest a critical role for ATF2 in
melanoma progression and resistance to therapy. The notorious resistance of melanoma
cells to drug treatment can be overcome by inhibition of ATF2 activities using a
50-amino-acid peptide derived from ATF2 (ATF250–100). ATF250–100 induces apoptosis
by sequestering ATF2 to the cytoplasm, inhibiting its transcriptional activities.
ATF250–100 binds to JNK, resulting in increased JNK activity with concomitant activa-
tion of Jun and JunD. Inhibition of ATF2 in concert with increased JNK/Jun and JunD
activities appears to reflect the mechanism by which this peptide is capable of sensitizing
melanoma cells to apoptosis and inhibits their tumorigenicity (239). Significantly,
expression of the ATF2 peptide in mouse melanoma models prone to metastasize
(B16F10 and SW1) resulted in inhibition of melanoma growth in the corresponding
syngeneic mouse model. Such inhibition was observed when the peptide was constitu-
tively expressed, induced in the developed tumor (via inducible promoter) or delivered
by an adenovirus construct (243). Further, in a syngeneic mouse system, injection of
HIV-TAT fused to the 50-amino-acid peptide (which is produced in bacteria and purified
in vitro) into tumors causes their efficient regression (239), whereas the 50-amino-acid
peptide induces both spontaneous and inducible apoptosis (i.e., apoptosis after drug
treatment). A shorter, 10-amino-acid version of this peptide efficiently induces sponta-
neous apoptosis, which suffices to inhibit growth of mouse melanoma tumors (239).
These observations point to the ability to sensitize melanoma to treatment and inhibit its
growth in vivo by inducing apoptosis. Experiments performed with human melanoma
cultures in nude mouse models also revealed inhibition of human tumor growth after
expression of the ATF2 peptide, which was enhanced after administration of either p38
inhibitor or a chemotherapeutic drug (229).

Our current understanding of ATF2 in human melanoma suggests that it may serve
as a clinical marker for monitoring melanoma development and as a target for therapy
of this tumor type.
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TGF-

The TGF-  family includes multiple factors that elicit diverse functions in develop-
ment and growth control (245–248). TGF-  binds to membrane receptors that have a
cytoplasmic serine/threonine kinase domain. Binding of the ligand causes the assembly
of a receptor complex that phosphorylates proteins of the SMAD family that bind DNA
and recruit transcriptional coactivators (245). Phosphorylation causes SMAD transloca-
tion into the nucleus, where they assemble complexes that directly control gene
expression.

TGF-  suppresses the growth of normal human melanocytes, but this response is lost
in approximately two-thirds of ocular melanoma cells (249). TGF- 1 expression in
human melanoma cells stimulates the neighboring stroma cells through increased pro-
duction and deposition of extracellular matrix proteins. The activation of stroma leads
to a tumor cell survival advantage and increased metastasis (250).

INTERACTIONS AMONG THE MAJOR PATHWAYS

The connection between the PI3K–Akt and the Raf–MEK–Erk pathway is well docu-
mented. Ras can activate Akt and both Ras and B-RAF binds and activates PI3K. Con-
versely, PI3K and Akt can directly alter B-RAF kinase activity and PTEN downregulates
not only Akt but also MAPK (251). The functional consequence of these multiple con-
tacts is that PI3K–Akt and B-RAF–MEK–ERK strengthen one another’s activities to
promote tumorigenesis—essentially by positively regulating cell survival, cell cycle
progression, tumor angiogenesis, and tumor invasion.

Remarkably, in melanoma, these two pathways not only cooperate with one another
but also are both constitutively active as a result of mutations in B-RAF and inactivation
of PTEN.

In contrast to the tight relationship between the PI3K–Akt and B-RAF–MEK–ERK
pathways, the Wnt pathways are independent from the B-RAF–MEK–ERK pathways
(Fig. 1). On the contrary, PTEN and Akt are involved in preventing nuclear translocation
of -catenin and TCF-mediated transcriptional activation (252). This regulation is
mediated by inhibition of GSK-3 after being phosphorylated by Akt (253,254).

Cross-signaling is also expected at the level of stress kinases and MAPK. Constitu-
tively active B-RAF is expected to affect ATF2 activities, based on its ability to induce
Ral GDS-dependent phosphorylation of ATF2. Upregulation of HGF/SF also contrib-
utes to increase ATF2 activity via p38 activation. The increase in TRAF family members
observed in various tumors, including melanomas, can enhance the activity of NF- B
and MAPK pathways. Further, the effects of NF- B on JNK signaling and on apoptosis
provide an alternative pathway for activation of stress-signaling cascades (Fig. 2).

TARGETING CONSTITUTIVELY ACTIVATED PATHWAYS
IN MELANOMA TREATMENT

The important role that B-RAF plays in melanoma prompted development of antican-
cer agents that target key components of the MAPK pathway. Indeed, drugs targeting Raf
proteins have already entered clinical trials (255,256). Recently, oral administration of
a MEK inhibitor prevented formation of pulmonary metastases and caused rapid regres-
sion of established pulmonary metastases in mice injected with a human melanoma cell
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line with the V599E B-RAF mutation (257). Using a RAF inhibitor, Karasarides et al.
were able to block B-RAF signaling in vivo and induce a substantial growth delay in
melanoma tumor xenografts (258). Because, in melanoma, constitutive activation of the
PI3K–Akt pathway seems to occur simultaneously with B-RAF–ERK pathway activa-
tion, and because primary cutaneous melanomas are suitable for nonsystemic treat-
ments, Bedogni et al. tried to block these two pathways with topical treatment with PI3K
and MEK inhibitors. This treatment inhibited the growth of TPRas transgenic melano-
mas in severe combined immunodeficient mice, blocked invasive behavior, and reduced
angiogenesis. The reduction of tumor angiogenesis was achieved through inhibition of
vascular endothelial growth factor production by tumor cells (259).

RNA interference is also being considered as a way to deplete mutated B-RAF (258).
RNAi inhibited the growth of most melanoma cell lines in vitro as well as in vivo, effects
accompanied by decrease of both B-RAF protein and ERK phosphorylation. Further-
more, B-RAF RNAi inhibited matrigel invasion of melanoma cells accompanied by a
decrease of matrix metalloproteinase activity and 1-integrin expression. Interestingly,
the mutated V599E B-RAF-specific small interfering RNA inhibited the growth and
MAPK activity only of melanoma cell lines with this mutation (260). These results make
it clear that the mutated V599E B-RAF is essentially involved in the malignant pheno-
type of melanoma cells through MAPK activation and is an attractive molecular target
for melanoma treatment.

Recently, microarray gene expression profiling was used to identify highly specific
gene expression changes driven by B-RAF activation compared with wild-type cells
(261). In that study, as few as 83 genes were able to discriminate between the B-RAF
mutant and B-RAF wild-type cells. The identification of this expression signature in
B-RAF mutant cells requires further analysis of the individual genes to better understand
the molecular events controlling melanoma development. Because half of the discrimi-
nating genes encode proteins with unknown function, unveiling their roles may provide
new therapeutic targets to treat melanomas carrying B-RAF mutations (261).

Stat has also been efficiently targeted by small peptides to result in tumor regression,
an aspect that is yet to be explored in melanoma. Finally, inhibitors of TRAF2, NF- B,
and ATF2 have been used in the context of melanoma and have offered promising results
in preclinical studies.

CONCLUSIONS AND PERSPECTIVES

In this chapter, we have highlighted some of the major changes in signal transduction-
related regulatory events that dictate melanoma phenotypes in the course of develop-
ment and progression. Much of the information summarized in this chapter was reported
over the past few years, which is the best testimony for the important advances in our
understanding of mechanisms underlying melanoma biology. Clearly, the kinases and
their receptors, as well as their substrates, are likely to serve as good targets for drug
design, and as elucidated in different sections of this chapter, active research toward
potential clinical trials is going on. Thus, it is our hope that the important progress will
continue at the same pace and that corresponding translational studies will be able to
introduce new therapeutic measures for melanoma.
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Summary
POU domain transcription factors are critical regulators of many developmental processes, and can

also be reactivated during malignancy. The BRN2 gene encoding the N-Oct-3 DNA binding activity is
one such factor that is expressed in melanocytic cells. Cultured unpigmented epidermal human melano-
blasts express high levels of BRN2 protein and DNA binding activity similar to metastatic melanoma cell
lines, but this decreases after differentiation to a pigmented melanocyte phenotype. BRN2 expression
can be increased by several melanocytic growth factors, some of which signal through the BRAF path-
way, which is frequently mutated in melanoma. Ablation of BRN2 in melanoma cell lines produces a loss
of melanocytic markers, decreased proliferation, and loss of tumorigenicity. Microarray analysis of these
cell lines suggests that BRN2 resides upstream of other melanocytic transcription factors, such as SOX10,
MITF, and SLUG, but below or in a separate hierarchy to PAX3. Because of the sensitivity of cells to
POU protein expression levels in determination of cell fate, downregulation of BRN2 may act as a
molecular switch in melanocytic cells to coordinate the onset of melanogenesis with differentiation, but
which can be aberrantly reactivated in melanoma.

Key Words: POU; melanoblast; melanoma; microarray; antisense RNA.

THE BRN2 POU DOMAIN TRANSCRIPTION FACTOR

POU domain transcription factors constitute a conserved family of developmental
and tissue-specific regulators of many diverse cell types (1). The POU domain was first
described in 1988 based on the sequence similarity of the DNA binding domains of four
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transcription factors: the mammalian factors Pit-1, Oct-1 and Oct-2, and the nematode
factor, Unc-86 (2,3). To date, a total of six mammalian POU protein subclasses have
been described and grouped according to the extent of amino acid identity. All cell
types express the ubiquitous Oct-1 factor (4), whereas other family members show
expression that is more restricted. For example, the Pit-1 factor is expressed in the neural
tube and pituitary during embryogenesis, but is restricted to the pituitary in adult tissues
(5). The Class III POU domain transcription factor BRN2 (POU3F2; also known as
N-Oct-3 when complexed with DNA) has been implicated in the development of neural
and glial cell lineages (6–8), and is also expressed in several malignant tissues, such as
glioblastoma and neuroblastoma (9), small cell lung carcinoma (10), Merkel cell carci-
noma (11), and melanoma (9, 12–14).

Several groups independently identified, cloned, and characterized the BRN2 gene
and cDNA. The gene was initially identified in a redundant RT-PCR-based screen of rat
brain tissue (hence its designated name) and shown to be expressed in nervous tissue
(15). Subsequently, the murine BRN2 gene was cloned, and, like other Class III POU
factors, was found to be encoded by a single exon (16). N-Oct-3 DNA binding activity
was identified as the product of the BRN2 gene after in vitro transcribed and translated
protein from a cDNA clone was shown to migrate with the same mobility as the N-Oct-
3 complex of a human brain extract (17). The octamer binding profile of mammalian
cells transfected with a BRN2 expression construct produced up to three complexes,
namely N-Oct-3, N-Oct-5a, and N-Oct-5b (17). The two N-Oct-5 complexes were ini-
tially considered to result from alternative translation initiation, however, later studies
showed that these activities were caused by proteolytic clipping of the BRN2 protein
during extract preparation (18,19).

DNA Binding
The POU domain is a bipartite DNA binding structure, consisting of an N-terminal

POU-specific (POUS) domain and a C-terminal POU homeodomain (POUH) joined by
a flexible amino acid linker of varying length (3). POU domain-containing proteins bind
monomerically to the 5'-ATGCAAAT-3' octamer sequence (20). The 5' ATGC motif
and the 3' AAAT sequence can be considered as half sites (21), because the crystal
structure of the Oct-1 POU domain bound to this sequence demonstrated that each
subdomain binds to separate halves of the octamer motif on opposite faces of the DNA
helix (22). This crystal structure also revealed that the POUS and POUH domains form
helix-turn-helix motifs, using the second and third helix of the subdomain.

Because of the flexibility of the linker region, POU domain proteins are able to adopt
different arrangements of the POU subdomains on the DNA molecule (23). This allows for:

1. Differences in orientation of the recognition sequence (and hence orientation of the
POUS and POUH domains) caused by changes in octamer half site orientation.

2. Introduction of extra bases into the recognition motif, which separate the half sites, both
of which lead to the third difference.

3. Differences in the positioning of the subdomains relative to each other when bound
to DNA.

Accordingly, BRN2 is able to bind to both consensus octamer motifs as well as
divergent sequences that are bound with higher affinity (24).

Redox sensitivity of BRN2 DNA binding activity in vitro has also been documented
(19). Formation of the N-Oct-3 complex in DNA binding experiments revealed the
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presence of metal ions, such as iron (III) and nickel in the binding buffer caused a
reduction in BRN2 activity. These ions had an oxidizing effect on the BRN2 molecule,
because the inclusion of the reducing agent dithiothreitol in the reaction mix prevented
the effects on N-Oct-3 complex formation (19). Similarly, the inclusion of hydrogen
peroxide or diamide resulted in a loss of N-Oct-3 activity, which was also abrogated by
the presence of dithiothreitol in the assay. Notably, the DNA binding activity of the
Oct-2 factor is also inhibited by oxidation of the protein (25).

In addition to monomeric interactions with DNA recognition sequences, POU domain
proteins of the neural system, such as BRN2, have also been shown to have the capacity
to bind DNA homodimerically in a highly cooperative manner on appropriate DNA
motifs, which consist of four tandem half sites (24), and, subsequently, BRN2 co-dimers
on this site were documented using melanoma cell line nuclear extracts (26). More
recently, a BRN2 dimerization motif in the promoter of the aromatic L-amino acid
decarboxylase gene has been characterized and shown to be transactivated by BRN2 in
co-transfection assays (27). Notably, this motif differs from the consensus BRN2 dimer-
ization site because of the insertion of two bases between the central half sites of the motif
and a single base substitution (24,27). Characterization of POU domain dimerization has
shown that the sequence of DNA elements permissive for dimeric binding can vary the
spatial arrangement of the POUS and POUH subdomains of each protein, which, in turn,
alters POU–POU protein interactions and recruitment of other transcriptional co-regu-
lators, which increases the complexity of possible tertiary interactions (23,28,29).

Expression of Octamer Binding Proteins in Melanoma
The POU3F2 genomic locus encoding BRN2 has been mapped to 6q16 (30,31),

outside the region most common for deletion in cutaneous melanoma at 6q22-27 (32),
a result consistent with BRN2 expression being detected in most melanoma cell lines
examined (12,14). BRN2 appears to be important for development of malignant mela-
noma because its expression in human melanoma cell lines is much higher than in
primary melanocytes (12,14,33), and human melanoma cell lines expressing antisense
BRN2 lose the ability to form tumors in immunodeficient mice (31).

BRN1/N-Oct-2 DNA binding activity has also been found in nuclear extracts of
melanoma biopsies and cell lines, but all samples also contained the BRN2/N-Oct-3
complex (14). In both adult and embryonic rat nervous system BRN1, and BRN2 exhibit
similar expression patterns, including coexpression in the neural tube (15). Intriguingly,
Nakai et al (34) reported that in BRN2–/– mice, the DNA binding activity of BRN1
(N-Oct-2 complex) was increased, implying a compensatory mechanism. However,
the lack of N-Oct-2 activity in BRN2-ablated melanoma cells (31) may suggest this is
not obviously the case for melanocytic cells. Notably, BRN1 and BRN2 are both Class
III POU proteins and these factors display partial functional redundancy in oligodendro-
cytes (35) and cortical neurons (36,37).

BRN2 AND MELANOCYTIC DIFFERENTIATION

Conditions for the in vitro propagation of unpigmented human melanoblasts from
neonatal foreskin tissue have been developed and we have recently reported the differ-
entiation of these cells to melanocytes in response to culture medium changes (38). The
ability of these differentiated melanoblasts to synthesize melanin was supported by
visual examination of harvested cell pellets, as well as experimental evidence, such as
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DOPA reactivity and analysis of melanosome maturation visualized by transmission
electron microscopy (38).

Using this system, the expression profile and DNA-binding activity of BRN2 during
in vitro melanocytic differentiation were examined (Fig. 1). Immunoblot analysis
showed that melanoblasts expressed higher amounts of BRN2 than melanocytes, at a
level more comparable to the MM96L metastatic melanoma cell line (Fig. 1A, compare
lanes 1, 3, and 5). After induction of differentiation (Fig. 1A, lane 2), the level of BRN2
decreased to resemble that of melanocyte cultures. Additionally, culture of differenti-
ated melanocytes in melanoblast growth medium caused an induction of BRN2 pro-
tein levels (Fig. 1A, lane 4), which was accompanied by a decrease in cell pellet
pigmentation and DOPA reactivity (38).

Examination of BRN2 DNA binding during in vitro melanoblast differentiation was
also conducted using wild-type (H2B), divergent (OA25), and mutant (dpm8) octamer
sequences (ref. 38 and Fig. 1B). Consistent with the higher BRN2 protein levels, mel-
anoblasts (Fig. 1B, lanes 1–3) had more N-Oct-3 (BRN2) DNA-binding activity than

Fig. 1. (A) BRN2 expression in melanocytic cells. Immunoblot analysis of BRN2 expression in
melanoblasts, MB:MC cells, melanocytes, MC:MB cells, MM96L melanoma cells, BRN2-
ablated MM96Lc8LC cells, and nonmelanocytic HeLa cells (lanes 1–7, respectively). IFA
expression was used as a loading control. (B) EMSA analysis of N-Oct-3 (BRN2) DNA-binding
activity in melanoblasts (lanes 1–3), melanocytes (lanes 4–6), and MM96L melanoma cells
(lanes 7–9). H2B, OA25, and dpm8 are wild-type, divergent, and mutant octamer probes, respec-
tively. The positions of the ubiquitously expressed Oct-1 and N-Oct-3 activities are shown to the
left of the figure. FP, free probe. (C) Schematic representation of BRN2 expression levels during
melanocytic differentiation and malignancy in vivo. Timing of common causal mutations in
melanoma associated genes are indicated. NC, neural crest; MB, melanoblast; MC, melanocyte;
RGP, radial growth phase; VGP, vertical growth phase; MM, metastatic melanoma.
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melanocytes (Fig. 1B, lanes 4–6), and again these levels more closely resembled those
of the MM96L melanoma cell line (Fig. 1B, lanes 7–9). These changes in the expression
levels and DNA-binding activity of BRN2 were also confirmed using immunohis-
tochemical methods (38). Interestingly, expression of BRN2 can be modulated in human
melanoma cell lines, with differentiating agents, such as butyric acid and dimethyl
sulfoxide, decreasing expression (13), implying a role for BRN2 in maintaining the
undifferentiated melanocytic phenotype.

POU domain factors are typically developmental regulators and a role for BRN2
during melanocytic development is highly likely. This is supported by the finding that
cell lines derived from murine neural crest explant cultures express varying amounts of
BRN2 (38). However, recent data has suggested that BRN2 is not expressed in early
neural crest-derived migrating melanoblasts, identified by LacZ reporter gene expres-
sion placed under the control of a DCT promoter in transgenic mice at embryonic day
11.5 (39). This discrepancy may in part be explained by the period during which the
neural crest cell lines were cloned after neural tube harvest (40). Thus, it may be that
BRN2 is expressed at stages of melanocytic development later than embryonic day 11.5.

This possibility is supported by other findings. First, the melanoblast cultures were
established from neonatal foreskin epidermis (38), and are therefore representative of an
epidermal melanoblast population, as has been described to reside in the murine hair
follicle (41). Second, despite not detecting BRN2 in migrating melanoblasts, BRN2
expression was found in epidermal melanocytic cells (39), and third, the effects of
homozygous BRN2 deletion are first observed at embryonic day 12.5, before death by
postnatal day 10 (34,42). Whatever the reason for these experimental differences, BRN2
is undoubtedly expressed in melanocytic cells and does contribute to the melanocytic
phenotype. One possible function may be that BRN2 expression allows acquisition of
a phenotype permissive for melanoblast migration into the hair follicle and/or crossing
of the basal layer and into the epidermis.

From the summation of these studies, it appears that there is a reciprocal relationship
between BRN2 and the differentiated status of melanocytic cells, such that undifferen-
tiated (melanoblasts) or de-differentiated (malignant melanoma) cells express more
BRN2 (Fig. 1C). The relative expression level of a single transcription factor can have
a dramatic effect on a cell. This is particularly evident for the role of the POU domain
factor Oct-3/4 (POU5F1) in controlling cell fate decisions of murine ES cells (43). Thus,
a threshold level of Oct-3/4 is required to maintain the pluripotency of the ES cells, with
increased or decreased expression inducing differentiation or de-differentiation, respec-
tively. Notably, less than a twofold change in Oct-3/4 was required to induce differ-
entiation, suggesting exquisite sensitivity to levels of POU protein expression.
Downregulation of BRN2 after differentiation is not specific to the melanocytic lineage.
During Schwann cell differentiation in vitro, expression of BRN2 is also decreased (44),
and, interestingly, this cell type shares expression of several transcription factors with
melanocytic cells in addition to BRN2, such as SOX10 and PAX3 (44,45). Additionally,
another Class III POU domain protein, Oct-6, is also repressed during Schwann cell,
oligodendrocyte, and ES cell differentiation (46–48).

BRN2 AND MELANOMA

Dysregulation of transcription factor expression is likely to have severe consequences
for the cell. This is well evidenced by the ability of several POU domain factors to
produce a malignant phenotype in several experimental models. For example, exogen-
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ous expression of the Oct-1 and Oct-2 POU domains in T-cells of transgenic mice
induced lymphoma formation (49), and Oct-3/4 overexpression has been shown to confer
malignancy on both ES cells and fibroblasts (50). In neuroblastoma cell lines, the expres-
sion level of BRN3b (POU4F2) is important for regulation of cell behavior, because
overexpression increased proliferation in culture and in xenograft models, in addition to
promoting invasiveness in vitro, whereas antisense RNA-mediated ablation produced
the opposite effects compared with control cell lines (51). Given the expression level and
DNA-binding activity differences of BRN2 between cultured melanocytes and mela-
noma cell lines, it seems likely that BRN2 has a positive effect on melanomagenesis.

Any pair of the melanocytic mitogens fibroblast growth factor-2, (FGF2), stem cell
factor (SCF), and endothelin-3 (EDN3) can act synergistically to increase expression
and DNA binding activity of BRN2 in cultured human melanocytes (38). Several studies
have also shown that combinations of SCF, EDN1, EDN3, and FGF2 act synergistically
on cultured human melanocytes to activate MAPK (52–54). More recently, the simul-
taneous adenoviral delivery of FGF2, SCF, and EDN3, and subsequent ultraviolet B
(UVB)-exposure of xenografted human neonatal foreskin tissue was shown to induce
histopathologically recognizable melanoma (55). It would be of interest to determine
whether a recently described adenoviral vector encoding BRN2 (56) recapitulated these
results when used in similar experiments. Additionally, these growth factor and UV
radiation-induced lesions expressed activated MAPK, and BRAF mutations were present
in a minority of cells in some cases (55). Most human melanomas have an activated
MAPK pathway, mediated via both BRAF mutations and autocrine growth factor mecha-
nisms, whereas normal melanocytes and nevus cells in vivo do not constitutively express
phosphorylated MAPK (57). Inhibition of either the FGF2 or scatter factor (SF) autocrine
loops (using either FGF2-specific antisense RNA or SF-neutralizing antibodies, respec-
tively) in a metastatic melanoma cell line carrying a BRAF mutation caused a loss of
MAPK activation, clearly indicating signaling additional to constitutively active BRAF
is required for MAPK activation in melanoma (57).

Recent work has linked melanocyte proliferation from activated BRAF to BRN2 (58).
Overexpression of BRN2 led to increased proliferation of melanocytes, whereas
downregulation of BRN2 in a melanoma cell line using siRNA led to a decrease in
proliferation. BRN2 expression was found to be strongly upregulated by MAP-kinase-
dependent signaling mediated via an EGFR-fusion construct and, further, BRN2 expres-
sion was reduced after downregulation of BRAF using siRNA. These results are
consistent with the high frequency of BRAF mutation and increased BRN2 expression
in many melanoma cell lines, with the similar cell morphology seen for both BRAF- and
BRN2-ablated melanoma cell lines, and with the subsequent lack of tumorigenicity of
these transfected cell lines. Furthermore, BRAF signaling or constitutive activation in
melanoma links high levels of BRN2 expression to increased proliferation.

BRN2 was also found to be a direct target for -catenin/Lef1 through binding of this
complex to its promoter region (39). In the same study, siRNA-mediated downregulation
of BRN2 in melanoma cells overexpressing -catenin resulted in decreased proliferation
of these cells, and ectopic -catenin has been shown to induce BRN2 expression in murine
melanocytes in vivo and in melanoma cell lines. Importantly, frequent nuclear accumula-
tion of -catenin, which promotes cellular proliferation (59,60), has been seen in primary
melanoma specimens. One class of extracellular ligand that signals via -catenin is
WNT proteins, which act to stabilize -catenin, thereby allowing nuclear translocation
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(61). Notably, several groups have shown that WNT proteins, such as WNT1 and
WNT3A, promote murine melanocytic commitment (62–64). However, not all WNT
proteins use this signaling pathway. Thus, although WNT5A has been associated with
invasive melanoma in other microarray screening studies (65), and subsequent func-
tional data supports this finding (66), it was also found that ectopic WNT5A had no effect
on -catenin expression or its nuclear translocation.

Thus, BRN2 appears to be the focus for convergence of the BRAF and -catenin
signaling pathways (39,58), two key melanoma-associated transduction mechanisms
that are linked to cellular proliferation. This underlines the importance of BRN2
dysregulation in melanocytic cells for the progression of melanoma cells toward metastasis.

EXPRESSION PROFILING OF BRN2-ABLATED MELANOMA CELLS

In an attempt to elucidate novel transcriptional targets of BRN2, and to find a molecu-
lar explanation for the reduction in melanocytic tumorigenicity after BRN2 ablation,
expression profiling analysis using microarrays was performed with melanoma cell lines
expressing (MM96Lc8D) or ablated for BRN2 (MM96Lc8LC) (31). These two cell lines
have previously been shown to differ morphologically (Fig. 2A) as well as to differen-
tially express several pigmentation-associated genes (31). Note that the BRN2-ablated
cells are similar in morphology to melanoma cell lines, in which BRAF expression is
silenced using RNAi techniques (58,67). Other research groups have also been success-
ful in ablating BRN2 expression in melanoma cell lines, using either antisense RNA
or RNAi methods (39,68), but, as yet, these cells have not been examined using
microarray technology.

The results presented here (Table 1 and Fig. 2B) will focus on the reduction or loss
of gene expression after ablation of BRN2. Importantly, all experiments gave consistent
results for the genes previously shown to be differentially expressed between the
MM96Lc8D and MM96Lc8LC cell lines (31). Many genes were verified to be expressed
differentially using an alternate method of analysis, either semiquantitative reverse
transcriptase polymerase chain reaction (RT-PCR) or immunoblot (Fig. 2B and C,
respectively).

Pigmentation
Initial characterization of the BRN2-ablated melanoma cell lines revealed a loss of

several pigmentation markers, including the tyrosinase-related protein (TYRP) family
members TYR, TYRP1, and DCT (TYRP2), attributed to the concomitant loss of MITF
in these cells (31). Thus, these genes were able to serve as internal controls during
hybridization signal analysis and, consistent with previous studies, were also found to
have differential expression as judged by microarray screening. Immunoblot analysis for
TYR and TYRP1 expression confirmed this result at the protein level. Other genes
involved in melanogenesis, such as SILV, and MART1 showed decreased expression in
MM96Lc8LC cells; it is notable that the promoters of these two genes have recently been
shown to also be regulated by MITF (69).

Genes involved in the intracellular trafficking of both melanogenic enzymes and
melanosomes themselves, as well as melanosome biogenesis, also displayed decreased
expression levels as a consequence of BRN2 ablation. For example, Rab38 is involved in
the transport of TYRP1 to mature melanosomes, because mutation of Rab38 in mice
produces a phenocopy of oculocutaneous albinism consistent with Tyrp1 mutation (70).
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Fig. 2. (A) Expression profiling of BRN2-ablated melanoma cell lines. Phase-contrast photomi-
crographs of MM96Lc8D (left) and BRN2-ablated MM96Lc8LC (right) melanoma cell lines.
(B) RT-PCR and/or (C) immunoblot confirmation of differential gene expression levels between
MM96Lc8D and MM96Lc8LC melanoma cell lines identified by microarray hybridization.
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Both RAB27A and MYO5A (71), are involved in melanosome transport, with RAB27A
indirectly interacting with MYO5A. CD63 is a membrane protein associated with
endosomes and lysosomes (72), which are organelles considered to be the precursors of
melanosomes (73). Furthermore, immunofluorescent studies have shown that CD63 and
TYRP1 are partially colocalized in a lightly pigmented melanoma cell line (74). All four
of these genes were repressed in the MM96Lc8LC cell line, consistent with results
obtained for TYRP family genes, and which are further suggestive of a role for BRN2
in maintaining the melanocytic phenotype.

Transcription Factors
Several transcription factors have been implicated in murine and human melanocytic

development and differentiation (75), including the MITF, SOX10, PAX3, and SLUG
proteins. Mutations within each of these genes can cause Waardenburg syndrome, an
inherited disorder resulting in pigmentary disturbances of the skin, hair, and eyes, among
other clinical features. Previous work has shown that expression of MITF is absent in
BRN2-ablated cells (31), and, in turn, that expression of MITF is thought to be controlled
by SOX10 and PAX3 (76–79). The microarray analysis presented here shows that
expression of SOX10 is also decreased after BRN2 ablation, whereas no change in
PAX3 expression was detected. Further, these results were confirmed by semiquantitative
RT-PCR, and lack of SOX10 protein was confirmed by immunoblot.

Recently, the promoter of the SLUG (SNAI2) gene was shown to be regulated by
MITF in co-transfection experiments (80). Hence, because BRN2 ablation causes a loss
of MITF, it is not surprising that SLUG expression is decreased in the MM96Lc8LC cell
line. SLUG belongs to the SNAIL family of zinc-finger domain transcription factors that
bind to E-box motifs (81). The E-box motif is also bound by the MITF transcription
factor (82), and it has been postulated that SNAIL family factors compete with basic
helix-loop-helix factors for DNA binding at the promoters of target genes (81). Interest-
ingly, the SNAIL protein acts as a repressor of E-cadherin in melanocytic cells (83),
whereas SLUG acts in a similar manner in breast cancer cells (84). The SLUG and
SNAIL factors act in a coordinated fashion during epithelial–mesenchymal transitions
(85,86), a process involved in cancer progression. SNAIL initially represses E-cadherin
to allow acquisition of a migratory phenotype and then SLUG maintains the migratory/
mesodermal phenotype. Li et al. have demonstrated that the melanocytic mitogen SF
contributes to an autocrine loop to repress E-cadherin and Desmoglein-1 in both mela-
noma cells and primary melanocytes (87). Thus, it is tempting to suggest that SF-medi-
ated repression of E-cadherin involves upregulation of SNAIL and/or SLUG factors. In
support of this, the ability of either EDN1 or EDN3 to increase both SNAIL and N-cadherin
expression and concomitantly repress that of E-cadherin in melanoma cell lines has
recently been demonstrated (88).

Tumor Survival and Growth
Recently, the antiapoptotic gene BCL2 has been shown to be under the control of the

transcription factor MITF (89) in the melanocytic lineage. Consistent with these find-
ings, ablation of BRN2 and the resulting decrease in levels of MITF led to a decreased
expression of BCL2. This difference was found using the cDNA microarrays and con-
firmed by RT-PCR (Fig. 2B).
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Upregulation of SPARC/osteonectin has been shown following ectopic expression of
3-integrin in RGP melanoma cells (90). Further, ablation of SPARC expression by

antisense RNA has been shown to abrogate tumorigenicity in a nude mouse model (91).
cDNA microarray analysis of the nontumorigenic MM96Lc8LC cells revealed a
decreased expression compared with BRN2-expressing melanoma cells, a result con-
sistent with the lack of tumorigenicity of both SPARC and BRN2-ablated cell lines.
RT-PCR and immunoblot analysis of the two cell lines confirmed the microarray hybrid-
ization result. TIMP3 was also more lowly expressed after BRN2 ablation. TIMP3 has
been reported to be induced during melanoma progression (92), thus, a loss of TIMP3
expression is consistent with the nontumorigenic phenotype of these cells.

Metastatic and late vertical growth phase melanoma cell lines are unresponsive to
IGF1, unlike melanocytes and melanoma cell lines derived from radial or early vertical
growth phase tumors (93). Furthermore, IGF1 signaling can be mediated by IL-8 (94).
Intriguingly, these two growth factors displayed opposing regulation after BRN2 abla-
tion, with IGF1 expression being lost and IL-8 being upregulated, suggestive of a pos-
sible compensatory mechanism. Several other interleukins, such as IL-1 , IL-6, and
IL-24 similarly showed increased expression in MM96Lc8LC cells after microarray
analysis and RT-PCR confirmation (data not shown).

Microarray screening also demonstrated that EDNRB expression was decreased after
BRN2 ablation; this was confirmed by RT-PCR. Intriguingly, in mice heterozygous for
a mutant SOX10 allele, expression of EDNRB was developmentally delayed (95), sug-
gesting that the lack of EDNRB in MM96Lc8LC cells may in part be caused by the loss
of SOX10. However, the BRN2 protein may also have a direct role in regulation of the
EDNRB expression because of the presence of octamer motifs in the promoter that can
be bound by BRN2 (96).

The data presented here focuses on genes whose expression is lost after BRN2 abla-
tion. A more pertinent question is to determine which promoters are either reactivated
or repressed as a consequence of a higher BRN2 expression level during melanocytic
transformation. In vitro systems for induction of BRN2 in melanocytic cells have been
reported (38,39,58), and, thus, analysis of gene expression profiles of these cells com-
pared with cultured melanocytes and melanoma cell lines may provide some answers to
this question.

POSITIONING BRN2 IN THE MELANOCYTIC GENE
REGULATORY HIERARCHY

To date, the precise function of the BRN2 protein in melanocytic cells remains to be
fully clarified. It is known that BRN2-ablated melanoma cells (MM96Lc8LC cell line,
Fig. 1A) revert to a less mature cell type, lacking tumorigenicity as well as many markers
of differentiated melanocytes, such as TYRP family members, MC1R, and MITF (ref.
31, Fig. 2 and Table 1), implicating BRN2 in sustaining the melanocytic phenotype. Of
particular note is the absence of expression of several transcription factors that constitute
a transcriptional hierarchy operational in melanocytic cells (Fig. 3A), and which are
causal genes for Waardenburg syndrome (75). Thus, given that MM96Lc8LC cells lack
both MITF and SOX10, and that SOX10 regulates MITF expression (78,79,97), it seems
plausible that the paucity of MITF expression caused by BRN2 ablation is in part caused
by a lack of SOX10. In a similar manner, the absence of SLUG transcripts may in part
be a reflection that these cells lack MITF.
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Fig. 3. Melanocytic gene regulatory hierarchies and interactions. Several transcription factors
expressed in melanocytic cells constitute a network of interactions that not only have a transcrip-
tional relationship (A, indicated by arrows), but also have a direct interaction relationship with
both melanocytic (B, double headed arrows) and general transcriptional cofactors (C). Dashed
arrows indicate an implied relationship or interaction that has not been experimentally verified.

Another layer of complexity is added to this hierarchy by the ability of several of these
proteins to physically interact with both themselves and each other (Fig. 3B). For
example, the ability of SOX10 and PAX3 to mediate synergistic transcriptional activa-
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tion is well characterized, not only in melanocytic cells (76,78), but also in other lineages
(45,98). Additionally, synergism between MITF and SOX10 for DCT promoter
transactivation has recently been reported, although no physical interaction between
these proteins was able to be demonstrated (99). The BRN2 protein interacts with both
SOX10 and PAX3, tested in mammalian two-hybrid systems and in GST-fusion protein
pull-down experiments (26), however, no melanocytic gene promoter or co-binding site
for BRN2 with either SOX10 or PAX3 has been characterized to date.

It is thought that both the POU and SOX families of transcription factors coevolved,
allowing acquisition of specific developmental codes during metazoan evolution (100).
Consistent with this, a number of studies have provided direct evidence for a specific
combinatorial POU-SOX code, which permits specific members of each family to inter-
act and produce a functional regulator able to promote or repress transcription (101). The
crystal structure of the of Oct-1 POU domain–Sox2 HMG domain–DNA ternary com-
plex has been described, and showed that the HMG domain C-terminal interacted with
the N-terminal of the POUS subdomain via regions highly conserved in both protein
families (1,102). Interestingly, this same surface of the SOX protein is also responsible
for mediating interactions with PAX proteins (102). Hence, the implications of compe-
tition between POU–SOX–PAX family transcription factors for co-dimer formation in
melanocytic cells is likely to be complex, owing to the coexpression of SOX10, PAX3,
and BRN2, and the ability of these proteins to interact with each other (26).

BRN2 not only interacts with cell-type-specific transcription factors, but also with
the general transcriptional machinery cofactors p300, TBP, and TFIIB in GST-fusion
protein pull-down experiments (26). Notably, co-immunoprecipitation studies have
shown that the MITF factor also interacts with p300 in both cultured melanocytes and
melanoma cell lines (103). Other POU proteins have also been reported to interact with
basal transcriptional regulators. For example, TBP interacts with Oct-1 and Oct-2
(104,105), and, additionally, Oct-1 also interacts with TFIIB (106). Furthermore, the POU
domain is sufficient to induce transcription from a downstream promoter when bound
to an enhancer by recruitment of TBP to otherwise inactive promoter elements (105).

The BRN2 protein also contains a 25-residue sequence (amino acids 125–149), which
consists of entirely glutamine residues, with the only exception a histidine in position 4
of the sequence (17). Using the 122–154 region of the BRN2 protein as bait, several
proteins that interact with this motif in a yeast two-hybrid system were identified in
a screen of a human embryonic cDNA library (107,108). For one of these proteins,
PQBP-1, this interaction was further characterized and found to occur via polar amino
acid-rich regions and co-transfection reporter assays revealed that PQBP-1 has a nega-
tive effect on BRN2-mediated transactivation (107).

Identification of BRN2 target promoters is of importance in understanding the role of
this protein in melanocytic cells. Although microarray analysis of BRN2-ablated cell
lines provides multiple candidate genes, elucidation of transcriptional targets is compli-
cated by the fact that loss of BRN2 affects other transcription factors, such as SOX10 and
MITF. Thus, merely showing a loss of expression after BRN2 ablation does not imme-
diately suggest direct regulation by the BRN2 protein. Notwithstanding this caveat,
several genes are candidates for regulation by BRN2. BRN2 ablation in a melanoma cell
line causes a complete loss of TYRP family gene expression, most likely as a result of
the concomitant loss of MITF expression in these cells (31). Other studies have sug-
gested that, in melanocytic cells, BRN2 is a repressor of the MITF promoter (109) and
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the TYR promoter (33). Microarray analysis suggests that BRN2 ablation in a melanoma
cell line resulted in a loss of SOX10 expression (Fig. 2B and Table 1), suggesting that
one role of BRN2 may be to regulate the SOX10 promoter. Others have shown a role for
BRN2 in regulation of gadd45 expression in response to UVB radiation, because abla-
tion of BRN2 using antisense RNA techniques abrogated this response (68).

Obviously, the consequences of self dimerization and/or co-dimerization by BRN2
and its transcriptional cofactors on appropriate DNA sequences is pivotal to understand-
ing the differences in transcription factor expression levels that direct gene regulation in
melanocytes. This is exemplified by the B-cell-specific coactivator for Oct-1 and Oct-2,
OBF1, which is precluded from interacting with Oct-1 dimers on certain promoter ele-
ments because of shielding of the Oct-1 surface by the POUS–POUH dimer interface
(28,29), but when able to bind, acts to stabilize the Oct-1 dimer on DNA (110). Because
BRN2 is expressed in several cell types, there may be a melanocyte-specific equivalent
of OBF1, which interacts with BRN2 to mediate specific transcriptional regulation (Mel
CoA in Fig. 3C). Hence, knowledge of the physical interactions between POU proteins
and their transcriptional co-regulators, as well as the DNA sequence of their target
promoters is required to understand fully the capacity of these molecules to function as
a molecular switch in maintaining the differentiated phenotype or promoting cell growth
leading to malignancy.

CONCLUSIONS AND PERSPECTIVES

Understanding of the role BRN2 has in melanoma has progressed significantly since
its initial description as a melanocytic octamer binding protein (12,13), in which, broadly
speaking, BRN2 functions in tumorigenicity and cellular proliferation (31,39,58). It
appears that BRN2 upregulation is a critical step in melanoma progression. If expression
levels seen in vitro are relevant to clinical melanomagenesis, then they should be observ-
able in human skin lesions, in which they may act as useful prognostic indicators of early
stage melanoma. Several studies have identified pathways capable of augmenting BRN2
expression in melanocytes (38,39,58), and which, when combined with UV radiation,
experimentally induce melanoma. Thus, examination of BRN2 expression levels in
these specimens may identify the stage at which homeostatic regulation of BRN2 is lost
by melanocytes (Fig. 1C). Subsequent comparison of BRN2 expression levels by mel-
anocytes in normal skin with those at the sites of melanocytic nevi and in melanoma
would address the clinical significance of this conclusion.
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Summary
Cell-surface receptors on melanocytic cells change dramatically during transformation. These mol-

ecules facilitate adhesive functions and modulate growth, survival, and invasion. In this review, we focus
on cadherins for cell–cell adhesion and frizzled (Fzd) receptors for growth control. Both receptors acti-
vate the -catenin pathway, which is critical for melanocyte differentiation and melanoma progression.
Cadherins are physically associated with receptor tyrosine kinases that mediate growth signals. The
switch from epithelial cadherin in melanocytes to neural cadherin in melanoma cells appears to pro-
foundly change cell-signaling partners for each cell type.

Key Words: Melanoma; transformation; cadherin; Wnt-signaling pathway; tyrosine kinase receptor.

INTRODUCTION

Pigment-producing melanocytes are localized in the basal layer of the skin. Each
melanocyte is coordinately associated with 5 to 10 basal keratinocytes, forming the
“epidermal-melanin unit” of up to 35 cells (1). Within this unit, each melanocyte trans-
ports melanin-containing melanosomes into neighboring keratinocytes. Pigmentation
deposited in the skin protects us from the deleterious effects of ultraviolet radiation. The
functions and biological properties of melanocytes are finely controlled by their symbi-
otic keratinocytes. The regulation of melanocytes by keratinocytes is facilitated through
cell surface receptors that either establish adhesive contacts or mediate ligands from the
other cells. Disturbances in normal melanocyte–keratinocyte contacts may lead to a
transformed phenotype of melanocytes. For example, epithelial (E)-cadherin, which is

From: From Melanocytes to Melanoma: The Progression to Malignancy
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the major adhesion molecule mediating melanocyte–keratinocyte adhesion, is
downregulated in melanoma cells before their invasion into the adjacent dermal com-
partment and is accompanied by an increase in neural (N)-cadherin expression (2). This
chapter will focus on the alterations in cell surface receptors of melanocytic cells and
their cellular signaling pathways during transformation of melanocytes. We will pre-
dominantly discuss cadherin and Wnt-signaling pathways.

CADHERIN MOLECULES IN CELL–CELL ADHESION
AND SIGNAL TRANSDUCTION

Adhesion molecules have important roles in cell–cell communication. Cadherins are
a family of functionally related glycoproteins involved in calcium-dependent cell–cell
adhesion and signaling. They are transmembrane proteins comprised of an extracellular
domain, a membrane-spanning domain, and a highly conserved cytoplasmic domain.
Cadherins contribute to epithelial cell–cell adhesion, cell shape, differentiation, epithe-
lial to mesenchymal transition, and invasion. Cadherins are expressed in a cell- and
tissue-specific manner. The expression patterns of major cadherins in skin cells are
summarized in Table 1. E-cadherin serves as the major adhesion molecule in the adher-
ence junction of keratinocytes in the skin, whereas N-cadherin is expressed by both
endothelial cells and fibroblasts. E-cadherins bind to unphosphorylated -catenin, -
catenin (plakoglobin), and p120-catenin, forming an E-cadherin–catenin unit at the cell
membrane to functionally maintain cell–cell contact. The link to the actin cytoskeleton
is established through -catenin (Fig. 1). E-cadherin mediates cellular signaling by
dissociating -catenin from the complex, which then accumulates in the cytoplasm,
enters the nucleus to bind the transcription factor lymphoid enhancer factor/T-cell factor
(LEF/TCF), and then transactivates downstream target genes.

Melanocytes also express E-cadherin, allowing them to bind to keratinocytes (3).
Expression of E-cadherin by melanocytes is regulated by growth factors produced by
either keratinocytes or fibroblasts. Keratinocyte-derived endothelin-1 (ET-1) down-
regulates E-cadherin on melanocytes (4). Fibroblast-derived hepatocyte growth factor/
scatter factor can also downregulate the expression of E-cadherin (5). Similarly, platelet-
derived growth factor (PDGF) can downregulate E-cadherin expressed by melanocytes
(6). This downregulation will allow the melanocytes to decouple from keratinocytes
before cell division or migration over the basement membrane. Keratinocytes and mel-
anocytes also express desmoglein 1 (5), likely also desmocollin. Desmoglein 1 is regu-
lated by growth factors similar to E-cadherin. The distribution pattern for P-cadherin in
the epidermis is less clear, in large part because of difficulties with antibodies.
Keratinocytes express P-cadherin and likely also melanocytes. VE-cadherin is specific
for endothelial cells but is expressed by melanoma cells (7).

Cadherins contribute to embryonic development of various tissues (Table 2). Gene
knockout experiments in mice show that, for example, E-cadherin is involved in the
development of trophectodermal epithelium (8); N-cadherin is required for embryonic
morphogenesis of the neural tube, heart, and somites (9); and P-cadherin expression is
associated with mammary gland development (10). Changes in expression of E-cadherin
correlate with malignant transformation in a variety of tumor systems (11). In the skin,
E-cadherin is negatively associated with melanoma development and progression and it
is absent in nevus or melanoma cells (12,13). Loss of E-cadherin on melanocytes appears
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Fig. 1. Signaling pathway mediated by cadherin. Epithelial (E)-cadherin molecules interact with
neighboring cells in a zipper-like fashion. This homophilic interaction is mediated by the most
amino-terminal cadherin domain on each E-cadherin molecule containing the histidine–alanine–
valine motif. -catenin, -catenin, -catenin (plakoglobin), and p120-catenin form a cytoplasmic
complex that links E-cadherin homodimers to the actin cytoskeleton. The cadherin–catenin
complex is regulated by various pathways. In this case, -catenin molecules are dissociated from
the complex and released into the cytoplasm. Enhanced cytoplasmic -catenin translocates into
the nuclei to transactivate its target genes.

to be one of the first critical steps during melanoma progression (2). Restoring E-cadherin
expression in melanoma cells inhibits invasion of melanoma cells into dermis through
downregulation of melanoma cell adhesion molecule-CAM (Mel-CAM) and 3 integrin
(13), suggesting that loss of adhesive capacity allows the melanocytes to escape from
control by neighboring keratinocytes.

Expression of N-cadherin in melanoma cells is associated with increased invasive
potential during tumor progression (2). Altered N-glycans of N-cadherin were found in
metastatic but not in primary melanoma cells, suggesting different carbohydrate profiles
for N-cadherin in melanoma cells for different stages of progression (14). N-cadherin
enhances migration of melanoma cells over dermal fibroblasts (15). It also acts as a
survival factor for the malignant cells by upregulation of the antiapoptosis molecule, Bad
(15). N-cadherin mediates gap junctional communications between malignant cells,
between melanoma cells and fibroblasts, and between melanoma cells and endothelial
cells (16). Mel-CAM can act as a co-receptor for N-cadherin-mediated gap junctional
communication (17).
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ROLES OF FRIZZLED RECEPTORS

Wnt signals are indispensable for embryonic development (Table 2). Wnt proteins
may be differentially involved in the development of a variety of cells and tissues. For
example, Wnt-1 is required for midbrain patterning, central nervous system develop-
ment, and T-cell maturation (18–20); whereas Wnt3a is essential for somite and tailbud
formation (21). Double knockouts of Wnt1 and Wnt3a cause deficiencies in neural
crest derivatives, including lack of melanocytes (22). In avian and fish embryos, Wnt
proteins act as the differentiation inducer of the neural crest (23,24), and Wnt3a induces
melanocytic differentiation of neural crest cells in vitro (25,26). Wnt3a transactivates
one of the melanocyte-associated transcription factors, the nacre/MITF gene (27,28).

Wnts are secreted glycoproteins that bind to frizzled (Fzd) seven-transmembrane
span receptors and are thus involved in cell–cell signaling. Fzd receptors have been
identified in both vertebrates and invertebrates. There are 10 known members in humans
and mice, 4 in flies, and 3 in worms (29). Intracellular signaling of the Wnt pathway
diversifies into at least three other pathways:

Table 2
Functional Consequences of Ablation of Genes in the Cadherin and Wnt Pathway

Gene Functional consequences of gene knockout Reference

E-cadherin (cdh1) Defects in embryonic development 8
of trophectodermal epithelium

N-cadherin (cdh2) Defects in embryonic morphogenesis, 9
including the neural tube, early heart,
somites, and so on.

P-cadherin (cdh3) Defects in mammary gland development 10
 -catenin Defects in development of ectodermal 72,73

cell layer and anterior–posterior axis
formation

Wnt-1 Defects in embryonic development 18–20
of midbrain patterning, T-cell maturation

Wnt-3 Defect in axis formation 74
Wnt-3a Homozygous null mutants die at embryonic 21 and

day 10.5–12.5 with failed development http://www.inform-
of caudal somites, notochord, and atics.jax.org
structures rostral to hindlimbs

Wnt-1/Wnt-3a Defects in expansion of neural crest 22
(compound and central nervous system progenitors,
mutants) including melanocytes

Wnt-4 Defects in T-cell maturation 75
Wnt-1/Wnt-4a Defects in T-cell maturation and dysregu- 75

(compound lation of immature thymocyte precursors
mutants)

aWnt-4 was shown to be primarily mediated by the calcium pathway instead of the -catenin pathway.
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1. The -catenin pathway (canonical Wnt pathway; stimulated by Wnt1, Wnt2, Wnt3,
Wnt3a, and Wnt8), which activates target genes in the nucleus.

2. The planar cell polarity pathway, which involves Jun N-terminal kinase (JNK) and
cytoskeletal rearrangements.

3. The Wnt/calcium pathway (noncanonical Wnt pathway), which is stimulated by Wnt4,
Wnt5a, Wnt5b, Wnt7, and Wnt11.

The relatively well-studied canonical and calcium pathways are outlined in Fig. 2. In
humans, 19 distinct Wnt proteins have been identified (29). Distinct sets of Wnt and Fzd

Fig. 2. -catenin activation through outside signals. -catenin plays a central role in various
signaling pathways mediated by Wnt, insulin-like growth factor (IGF)-1, and epithelial (E)-
cadherin. Wnt binds to frizzled (Fzd) seven-transmembrane span receptors. The proteoglycan
dally acts as a co-receptor for Wnts. Interactions of Wnt/Fzd lead to stabilization of cytosolic

-catenin. In the absence of Wnts, -catenin is phosphorylated by casein kinase I  (CKI )
and/or CKI  at Ser45. Initial phosphorylation at Ser45, in turn, causes glycogen synthase kinase
(GSK)-3  to phosphorylate serine/threonine residues 41, 37, and 33. Phosphorylation of these
residues prompts ubiquitylation of -catenin and degradation in proteasomes. Phosphorylation
of -catenin occurs in a multiprotein complex containing the scaffold protein, axin, which can
form a homodimer or a heterodimer with the related protein, conductin/axin2, the tumor suppres-
sor gene product APC. In the presence of Wnts, disheveled (Dsh) blocks -catenin degradation.
Stabilized -catenin enters the nucleus and associates with LEF/TCF transcription factors, which
leads to the transcription of Wnt target genes. Binding of the growth factor IGF-1 to the IGF-1
receptor tyrosine kinase induces a conformational change in the IGF-1 receptor tyrosinase kinase
and its trans-phosphorylation, which, in turn, leads to phosphorylation of insulin receptor sub-
strate (IRS-1). This activates PI(3)K. Activation of PI(3)K results in the production of phospha-
tidylinositol-3,4,5-trisphosphate, which provides a membrane-binding site for the serine/
threonine kinase Akt/PKB. Akt is phosphorylated after translocation to the membrane by the
kinase Pdk-1. Once activated, Akt blocks -catenin degradation through phosphorylation of
GSK-3 . -catenin also mediates the signaling pathway of cadherin, as described above.
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ligand-receptor pairs can activate each of these pathways and result in unique cellular
responses. Because of their diversity, it is unclear how the Fzd members differ in func-
tion and ligand specificity.

The -catenin pathway is critically involved in development (Table 2). Defects in
knockouts are observed primarily in ectodermal cell layers and anterior–posterior axis
formation. A large number of target genes of -catenin have been identified (Fig. 3),
including c-myc (30), cyclin D (31,32), TCF (33), LEF1 (34), PPAR (35), c-Jun (36),
MMP-7 (37), BMP4 (38), survivin (39), VEGF (40), sFRP-2 (41), Frizzled 7 (42), Id2
(43), fibronectin (43), connexin 43 (44), connexin 30 (45), twist (46), and keratin (47).
Few genes are downregulated by -catenin signaling, including osteocalcin (48) and
E-cadherin (49).

The Wnt/ -catenin signaling plays a critical role in self-renewal of stem cells and acts
as their growth factor (50,51). Wnt signaling is endogenously activated in undifferen-
tiated stem cells and appears to be indispensable for self-renewal and proliferation of
stem and progenitor cells. After differentiation, Wnt expression is downregulated (52).
Our own preliminary studies suggest that Wnt signaling, mediated by Wnt3a, plays an
important role in melanocytic differentiation of human embryonic stem cells. This dif-
ferentiation process depends on continuous presence of the ligand.

In addition to the critical roles for Wnt–Fzd signaling during development, the path-
way is also involved in tumorigenesis, including melanoma development (53). Gene

Fig. 3. Nuclear targets for -catenin signaling. The following genes are upregulated by -catenin
signaling: c-myc, Cyclin D, TCF, LEF1, PPAR- , c-jun, MMP-7, BMP4, Survivin, VEGF, sFRP-
2, Frizzled 7, Id2, fibronectin, connexin 43, connexin 30, nacre/MITF, Twist, Keratin. The
following genes are downregulated by -catenin signaling: osteocalcin, E-cadherin.
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Fig. 4. Cadherin shift during embryonic development determines melanocyte locations. Melano-
cyte progenitors migrate along the dorsolateral pathway to the dermis during embryonic devel-
opment. Types and levels of cadherin expression correlate to the locations of the progenitor cells.

expression profiling found that Wnt5a expression correlates with increasing tumor pro-
gression stage (54). Immunohistology revealed changes in Wnt and Fzd expression
patterns with progression of melanoma cells (55). Reduced activity or absence of soluble
Fzd receptor protein 1 permits the transduction of noncanonical Wnt signals, at least in
colorectal tumorigenesis (56). Much less is known in melanoma, but Wnt–Fzd signals
are most likely involved in development of this disease as in other tumors (53,57,58).

-catenin plays a central role in transducing multiple signals. Besides being activated
by Wnt and E-cadherin signaling, -catenin also mediates insulin-like growth factor
(IGF)-1 signals (Fig. 2). IGF-1 induces survival and growth of biological early mela-
noma cells through -catenin stabilization, as indicated by nuclear and cytoplasmic
localization (59,60). Potentially, this could occur through activating mutations in the

-catenin gene (61), but mutations are relatively rare.

CADHERIN SHIFT BY MELANOCYTES AND THEIR PRECURSORS
DURING MURINE DEVELOPMENT

Epidermal melanocytes are derived from neural crest cells, which are a transient
population of cells arising from the dorsal neural tube. Melanocyte precursors migrate
along the dorsolateral pathway, and cross the basement membrane into the epidermis,
where they differentiate to melanocytes (62). During migration and differentiation of
murine melanoblasts, there is a significant shift in expression of cadherins (Fig. 4).
Dorsolaterally migrating melanoblasts in the dermis lack E-cadherin at 10.5 d post
coitum. Within 2 d, they become weakly positive. At 13.5 d, melanoblast migration into
the epidermis is accompanied by an approx 200-fold increase in E-cadherin expression
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Fig. 5. Association of epithelial (E)-cadherin and neutral (N)-cadherin with receptor tyrosine
kinase. E-cadherin can initiate signal transduction pathways through the involvement of tyrosine
kinase receptors for epidermal growth factor (EGFR) and/or c-met. N-cadherin-mediated signal-
ing pathways can be associated with fibroblast growth factor receptor (FGFR) and neural cell
adhesion molecule (NCAM).

(63). One or two days later, most melanocytes downregulate E-cadherin, leave the epi-
dermis, and migrate into hair follicles, where they express P-cadherin. Few remaining
epidermal melanocytes continue to express E-cadherin, whereas dermal melanocytes
express N-cadherin. After birth, epidermal melanocytes maintain high levels of
E-cadherin expression, whereas dermal melanocytes continue to express N-cadherin
and hair follicular melanocytes express P-cadherin (63,64). Pigmented murine melano-
cytes are first detected at E16.5 and increase dramatically after birth (65,66).

ASSOCIATION OF CADHERIN WITH TYROSINE KINASE RECEPTORS

In addition to homophilic and heterophilic binding, cadherins can interact with growth
factor receptors. Hepatocyte growth factor receptor, c-met, forms a complex with
E-cadherin in tumor cells, including melanoma cells (Fig. 5) (5,67,68). In immortalized
nontumorigenic keratinocytes, E-cadherin also stimulates the MAPK pathway through
ligand-independent activation of epidermal growth factor receptor (EGFR) (67,68).
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E-cadherin could negatively regulate ligand-dependent activation of divergent classes
of receptor tyrosine kinases by inhibiting their ligand-dependent activation in associa-
tion with decreases in receptor mobility and in ligand-binding affinity. EGFR regulation
by E-cadherin was associated with complex formation between EGFR and E-cadherin,
which is dependent on the extracellular domain of E-cadherin but was independent of

-catenin binding or p120-catenin binding (69). These results suggest that dysregulation
of E-cadherin signaling or downregulation of expression may have profound effects on
receptor tyrosine kinase signaling. Similar to E-cadherin, N-cadherin also appears to
closely interact with a tyrosine kinase. N-cadherin promotes neuronal cell survival by
activating fibroblast growth factor receptor (70,71). However, little is known about the
underlying mechanisms.
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Summary
The most common types of pigmented lesions have been classified by Clark and colleagues into a

series of increasingly malignant types. We have proposed a general model for the genetic events under-
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model, the evidence that gave rise to it, and the areas of uncertainty that remain are presented here. In
particular, evidence for the following is discussed:

1. Involvement of the process of cell senescence in the proliferative arrest seen in nevi.
2. A role for apoptosis and keratinocyte-dependence in the flat growth pattern of radial growth-phase

melanomas.
3. The genetic suppression of both senescence and apoptosis in more advanced melanomas.

The protein p16, encoded by the familial melanoma locus cyclin-dependent kinase inhibitor 2A
(CDKN2A), appears to play a central role in the senescence of nevi and probably also in the keratinocyte-
dependence of thin melanomas, in interaction with two other key tumor suppressors, retinoblastoma
(RB)-1 and p53.

Key Words: Melanoma; nevus; cell senescence; p16; CDKN2A; RB1; telomere; immortalization;
apoptosis.

From: From Melanocytes to Melanoma: The Progression to Malignancy
Edited by: V. J. Hearing and S. P. L. Leong © Humana Press Inc., Totowa, NJ



184 From Melanocytes to Melanoma

INTRODUCTION

There is, as yet, no type of solid cancer for which the minimal genetic events required
to produce that lesion are definitely known and proven. Genetic models have been
produced for some tumor types, such as the widely cited model of Vogelstein and
colleagues for colorectal cancer and its variants (1), but so far without a conclusive
demonstration that the proposed events are necessary or sufficient to produce the cancer.
It is possible that cutaneous melanoma may be among the first solid cancers to be
genetically “solved” in this way, because an early epidemiological analysis suggested
that melanoma might be genetically relatively simple, compared with other solid can-
cers, in terms of the number of cellular events needed to produce it. This was based on
age–incidence curves; the number of independent causal events (interpreted as genetic
changes) required to produce each type of cancer could be estimated from a best fit
between theoretical and observed curves. Among the cancer types analyzed, melanoma
was estimated to require the fewest events for its development (2). The estimated number
of events was only one, although it now seems likely that at least three genetic changes
are needed to produce even an early melanoma, as discussed from page 189. The fact that
n = 1 gives the best mathematical fit suggests that one of the necessary events is substan-
tially more rare than the others, thus being rate-limiting. This chapter will review our
current knowledge of the genetic basis of human melanoma and the common benign
pigmented lesions. A relatively simple genetic model for sporadic melanoma will be
discussed, which brings these data together and relates them to the widely-used clinical
classification of pigmented lesions by Clark et al. (3–5), supporting the idea that few
genetic events are required to produce a metastatic melanoma. I will begin with some
sections of background information needed to understand the biological and genetic
events to be discussed.

THE CLARK MODEL FOR PRIMARY MELANOMA DEVELOPMENT

Figure 1 shows a version of the series of primary pigmented lesions described by Clark
et al. (3–5). These are sometimes taken to represent a linear progression, in which each
lesion is the direct precursor of the next, but it seems best simply to regard them as
clinically distinct types of lesion, each of which may apparently develop directly from
normal skin as well as from one of the more benign types. Various evidence, including
clinical and molecular (as will be discussed), indicates that the pathways by which
different cases of advanced melanoma develop may vary.

Fig. 1. Clark et al.’s classification of pigmented lesions. The melanocyte is not to scale. RGP,
radial growth phase; VGP, vertical growth phase. A VGP melanoma may not necessarily have
a visible RGP area. See pages 184–185 for further details.
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The first lesion type (Fig. 1) is the benign nevus or mole, small and well-delineated,
of which, most of us have a good many on our skin. The clinical definition of the
dysplastic nevus is somewhat disputed, but this is broadly agreed to mean a nevus that
has one or more features more typical of a melanoma, such as being unusually large,
having an irregular or indistinct border and/or uneven pigmentation. Atypical mole has
also been suggested as a better clinical term for such lesions, which does not imply a
particular histopathological pattern (dysplasia). Next is the radial growth-phase (RGP)
melanoma. This lesion grows progressively, but only “radially,” forming a flat plaque
within the epidermis or with small dermal nests close to the epidermis. Lastly, a vertical
growth-phase (VGP) melanoma forms large nodule(s) in the dermis; this key feature is
predictive of the potential to metastasize (4). Interestingly, melanoma differs from most
other solid cancers in that acquiring the ability to metastasize does not appear to be a
separate step from becoming able to invade neighboring tissues (4).

CELL SENESCENCE: TYPES AND MOLECULAR MECHANISMS

I will now introduce the main concepts of cellular senescence and immortalization,
as needed to understand the apparent connection with melanoma progression. These
concepts have been reviewed more fully by a number of authors, both generally (6–8)
and as applied specifically to melanocytes (9,10). Normal somatic mammalian cells (as
studied in cell culture) can undergo only a limited number of cell divisions, called their
proliferative life-span, although this number varies between animal species, between
cell types, and with culture conditions (9). When cells reach the end of this life-span, they
irreversibly stop growing, and this arrest is called cellular senescence, as first described
by Hayflick (11). We now know that cellular senescence can be affected by more than
one molecular pathway (6,7,12). For example, the mechanisms are radically different
between mouse cells and human cells; telomere shortening (see next paragraph) is im-
portant in the senescence of most normal human cells, but not that of normal mouse cells,
which have extremely long telomeres (7). This review will concentrate on human cell
senescence, in relation to human melanoma.

Even among human cells of different types, different kinds of senescence can be
distinguished (Fig. 2). M1 senescence, typical of human fibroblasts, is the best under-
stood. The key initiating signal for M1 senescence appears to be critical shortening of
telomeres (the multiple DNA hexamer repeats at the ends of the chromosomes), which
become shorter with each division in somatic cells. In germline cells and a few others,
together with most cancer cells, telomere length is maintained by the reverse tran-
scriptase, telomerase (13). However, most human somatic cells lack the catalytic sub-
unit, human telomerase reverse transcriptase (hTERT). If these cells undergo numerous
divisions, the telomeres shorten, as does a single-stranded loop at the very end (14),
resulting in unfolding of the loop, recognition of the single-stranded DNA, and activa-
tion of DNA damage-signaling mechanisms, which activate p53 through a pathway
involving checkpoint kinase 2 (CHK2) (15). Cellular growth arrest (M1 senescence)
results partly from this active p53, which transcriptionally upregulates the growth-
inhibitor protein, p21, and partly from the parallel upregulation of another important
growth inhibitor, p16INK4A or p16, by a less-understood pathway. p16 will be discussed
further on page 187, as the product of a melanoma susceptibility gene. At present, we will
just note that p16 activates the tumor suppressor and growth inhibitor, RB1 (retinoblas-
toma), and the two other members of the RB protein family, RBL1/p107 (retinoblas-
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Fig. 2. Types of cellular senescence. See pages 185–187 for explanation.

toma-like 1) and RBL2/p130. p16 does this by inhibiting cyclin-dependent kinase 4
(CDK4), which can inhibit RB activity through phosphorylation. Either the RB proteins
(activated by p16) or activated p53 are independently capable of arresting human cell
growth during M1 senescence; in other words, cell senescence will still occur through
RB if p53 signaling is disrupted, and vice versa (6,12,16). p16 is not present in most
normal cells (17), but its synthesis is activated at cellular senescence (8,18). It is not clear
how this synthesis occurs in response to extended cell proliferation (8), except that, in
senescence of human fibroblasts, an increase and a decrease, respectively, in the amounts
of transcription factors ETS1 and ID1 have been implicated in the upregulation of p16
(19). There seems to be no information, however, on how these changes in ETS1 and ID1
levels would result from extended cell proliferation.

The second form of cell senescence in Fig. 2, M0 senescence, is precipitated by p16
alone, without involvement of p53. This type of senescence has been reported in various
human epithelial cells under stressful culture conditions (20,21), in human fibroblasts
also under stressful conditions (21), and in human melanocytes under the most favorable
culture conditions known (including growth with “feeder cells”) (10,22,23). Again, we
know little of how p16 expression becomes induced in M0 senescence or “stress,”
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although there is some evidence for roles for transcription factors ETS2, ID1 (19), and
BMI1 (24). At any rate, the outcome is activation of RB proteins and proliferative arrest.
As Fig. 2B shows, expression of exogenous hTERT allows cells to overcome or circum-
vent M1 senescence, after which they can divide apparently without limit (immortaliza-
tion). However, this is not true of cells in M0 senescence. These require inactivation of
the p16/RB pathway as well as expression of hTERT before they can be immortalized
(20,23,25).

THE CDKN2A LOCUS, ITS TWO GENE PRODUCTS,
AND MELANOMA

Approximately 10% of cutaneous melanoma cases worldwide occur in a loosely
familial context, that is, one or more relatives also have melanoma, suggesting inherit-
ance of a susceptibility gene (26,27). There are several detailed recent reviews on mela-
noma genetics (26–28). To date, mutations of four different genes at three different loci
are known to confer susceptibility to melanoma. These are the INK4A (p16) and ARF
sequences at the CDKN2A locus (chromosome 9p21); CDK4 (chromosome 12q14),
encoding the principal kinase that p16 inhibits; and the recently identified and uncloned
locus, CMM4 (cutaneous malignant melanoma 4; chromosome 1p22) (29). Melanoma-
associated mutations of INK4A and CDK4 seem to be functionally equivalent, because
both block the association of p16 with CDK4, and hence p16’s ability to activate the RB
family (30,31). Accordingly, these mutations could interfere with cellular senescence,
especially M0 senescence, as observed in melanocytes (see pages 186–187). It is inter-
esting that both INK4A and CDK4 mutations are associated relatively specifically with
melanoma; the only other cancer that clearly occurs at a higher than normal rate in
families carrying INK4A mutations appears to be pancreatic cancer (32,33).

The CDKN2A locus is highly unusual, possibly unique in vertebrates, in that the same
DNA sequence is used to encode two different, unrelated proteins in different reading
frames, although the two gene products do have separate sequences as their first exons
(34,35). One of the products is p16, the other (as mentioned above) is called ARF
(alternative reading frame), also known as p14ARF in humans and p19Arf in the mouse
(reflecting the different protein sizes in the two species). ARF also appears to have a role
in human melanoma. Nearly all tested melanoma-associated mutations in CDKN2A
functionally affect p16 protein, whereas many of them do not affect ARF function
(34,36). Nonetheless, a few of these mutations apparently have no effect on p16 and do
disrupt ARF function. Such mutations have been reported both in melanoma families
and in sporadic melanomas (37–39). ARF is thus included here among the melanoma
susceptibility genes.

Like p16, ARF is a powerful inhibitor of cell proliferation. Its best-known function
is stabilization of p53, through inhibition of the ubiquitin ligase MDM2 (mouse double
minute 2 homolog, also sometimes—less correctly—called HDM2 in the human).
MDM2 can ubiquitinylate p53, leading to its degradation (40,41). In the mouse, Arf is
an essential player in cellular senescence; fibroblasts from mice with normal p16 but
deleted Arf fail to senesce, and the mice are susceptible to a variety of tumor types,
although melanoma is not observed (42). However, there is good evidence that human
ARF, surprisingly, plays no part in senescence of normal fibroblasts (43). This may be
connected with the role of telomere shortening in activating p53 in human but not mouse
cells. In the mouse, a pathway involving Arf may substitute for the short telomere/CHK2
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pathway in activating p53 after a certain amount of cell division. Returning to humans,
ARF does appear to have some tumor suppressor function, because individuals heterozy-
gous for a germline ARF mutation appear susceptible to melanoma and probably some
types of neural tumors (26,38). It is not, however, clear how ARF acts as a tumor
suppressor in humans. One possibility is through RB proteins, because MDM2 can
interact in an inhibitory fashion with RB1 (44), thus, ARF may also be able to prevent
this. Another possibility is that ARF may be involved in a kind of premature M1-like
senescence induced by activation of single mitogenic oncogenes, such as HRAS or MYC,
because ARF expression and upregulation of p53 as well as p16 are reported in human
fibroblasts under these conditions (45–47).

EFFECTS OF CDKN2A DEFICIENCIES IN CULTURED MOUSE
AND HUMAN MELANOCYTES

Cell culture studies have yielded some interesting and unexpected information on the
biology of CDKN2A deficiency in melanocytes, which will be reviewed here for com-
parison with the biology of early melanoma. Mouse melanocytes with a Cdkn2a dele-
tion, which abolishes the synthesis of both p16 and Arf, have been cultured and compared
with wild-type melanocytes from the same inbred mouse strain. The wild-type melano-
cytes senesced within 5–6 wk. However, like fibroblasts from these p16 and Arf-null
mice (48), the melanocytes grew very well in culture and showed almost no cell senes-
cence, showing that p16, Arf, or both are required for mouse melanocyte senescence
(49). Fibroblasts with a single copy of the deletion were reported to senesce similarly to
wild-type mouse fibroblasts (48), but melanocyte cultures with only a single copy showed
only partial senescence followed by immortalization of all cultures (49), indicating that
two intact copies of this locus are needed for normal cell senescence in melanocytes (but
not fibroblasts). This suggests that particularly high protein levels of p16, Arf, or both
are needed for normal mouse melanocyte senescence, which may be relevant to the
melanoma susceptibility of humans who carry a single copy of a mutation in p16.

Melanocyte cultures were also prepared from two human familial melanoma patients,
both of whom (very unusually) had mutations in both copies of the p16 coding sequence
but normal ARF function. The patients are described by Gruis et al. (50) and Huot et al.
(51), and the melanocytes by Sviderskaya et al. (23). These cultures, unexpectedly,
showed very little net growth in a medium in which normal human melanocytes grow
well, although mitotic cells could be observed. The explanation proved to be a high rate
of apoptosis in these cells. Further experimentation revealed that the excessive apoptosis
was suppressed by coculture with keratinocytes, or with two peptides produced by
keratinocytes, stem cell factor, and endothelin 1 (23). Under these conditions, the p16-
deficient melanocytes divided for far longer than normal adult human melanocytes.
They did eventually senesce, with upregulation of p53 and p21 (23). This is reminiscent
of the epithelial cell types that undergo M0 senescence under some conditions; if RB
function is blocked, then these cells bypass M0, proliferate extensively, and then enter
a new senescent phase that is M1-like, because it involves p53 and p21. This second
senescent phase can be circumvented by expression of hTERT, leading to cell immor-
talization (20). The p16-deficient melanocytes could likewise be immortalized using
hTERT alone (23).

Recent unpublished work indicates similar biology between these human p16-defi-
cient melanocytes and melanocytes from mice that are likewise deficient for p16 but
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Fig. 3. Genetic model for melanoma progression, correlated with the clinical model of Clark
et al. Adapted and updated from Bennett (10). Note that not all the stages shown may necessarily
be observed in a given case; for example, the genetic changes may happen in a different order.

have normal Arf (52). These mouse melanocytes grow normally in the beginning, then
slow down at the expected time of senescence, with apparent cell death. However, the
slowing-down can be reversed by either keratinocyte feeder cells or stem cell factor with
endothelin 1, in the presence of which, the cells grow well and do not senesce (53,
abstract only). This finding preliminarily implicates Arf in the excessive cell death and
keratinocyte-dependence of p16-deficient melanocytes, at least in the mouse, because
mouse melanocytes null for both p16 and Arf did not show this cell death (49).

POSSIBLE GENETIC BASIS FOR THE CLARK MODEL
AND SUPPORTING EVIDENCE

These observations of excessive apoptosis (suppressed by keratinocytes) and defi-
cient cell senescence in p16-deficient melanocytes, combined with emerging evidence
on genetic alterations and abnormal gene expression in pigmented lesions, led to a
hypothesis for the genetic basis for the Clark series of lesions (10). The current version
of this model is presented in Fig. 3, and the evidence for each proposed step is now
discussed. It has also been reviewed in detail elsewhere (28).

Proliferative Mutation in the Nevus
First, it is suggested that a benign nevus is a clone of melanocytes that has undergone

a single mutation that overcomes the mechanism that normally limits the local popula-
tion density of normal epidermal melanocytes, allowing the clone to proliferate into a
colony of densely packed melanocytes. The most likely causal mutations are activating
mutations of BRAF and NRAS, because approx 90% of benign nevi are reported to carry
one or other of these two mutations, usually BRAF (approx 80% of nevi, whether benign,
congenital, or dysplastic), and, in general, the two are mutually exclusive (54–56). As
inferred from other cell types, these mutations are functionally very similar and would
activate the MAPK intracellular signaling pathway, promoting cell proliferation and
inhibiting apoptosis; moreover, expression of an activated BRAF sequence has been
shown to be both mitogenic and oncogenic in mouse melanocytes (57).
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M0 Senescence in the Benign Nevus
It is proposed that the reason that benign nevi stop growing and can remain static for

many years is that their cells undergo cell senescence. This idea has already been pro-
posed by several groups (9,58,59). There was circumstantial support for the idea, in that
nevi grow initially and then stop growing, showing virtual absence of the proliferation
marker Ki67 (60); moreover, nevus cells appear to show poor ability to divide when put
into cell culture, compared with normal melanocytes, and the nevus cultures are reported
to include giant, highly dendritic cells that are sometimes multinucleate, all properties
observed in senescent cells, including melanocytes (reviewed in ref. 9). Descriptions of
nevus cell cultures and their proliferation are somewhat variable, which may be attrib-
utable to varying proportions of normal melanocytes present in the cultures; nonetheless,
they are generally reported to have low proliferative potential (9). The idea that nevi are
senescent was recently tested further by examination of additional cellular properties in
nevi and other pigmented lesions (25). It was found that benign nevi nearly all expressed
substantial levels of p16, and all showed acidic -galactosidase, a marker with some
specificity for senescent cells (61), neither of which was present in normal melanocytes
in adjacent skin (25). p16 has been reported in nevi before, but it does not seem to have
been realized that this is abnormal as compared with normal melanocytes (62,63). Gray-
Schopfer et al. also reported that benign nevi rarely expressed detectable p53 or p21,
indicating that their type of senescence was M0, just as seen in cultured melanocytes
(25). This provides an attractive explanation for the observation that families with p16
mutations and susceptibility to melanoma often show dysplastic nevus syndrome, a
tendency to have large numbers of nevi, many of which may be unusually large and/or
classifiable as dysplastic (27). If the growth arrest of nevi is p16-dependent cell senes-
cence, then it makes sense for a germline defect in p16 to be associated with larger nevi
through deficient (delayed) cell senescence. This theory does not explain why only some
individuals with p16 mutations have dysplastic nevus syndrome (27).

Escape From M0 Senescence in Dysplastic Nevi
The model in Fig. 3 proposes that dysplastic nevi contain or consist of cells that have

bypassed M0 senescence, which would necessarily involve a defect in the p16/RB path-
way. Alterations and deletions of p16 are reported in some dysplastic nevi, although not
in benign nevi (64,65) (it remains unclear how p16 loss may happen in pigmented
lesions; Gray-Schopfer et al. reported a tendency for reduced or more patchy expression
of p16 in dysplastic nevi (25), consistent with the previous studies). It was predicted that
dysplastic nevi might reach a state of p53-dependent senescence, as seen with p16-
deficient human melanocytes in culture, but immunohistochemical data did not support
the presence of p21 in most of these lesions (25). It is therefore possible, instead, that
cells in dysplastic nevi are generally not senescent but still proliferating.

Cell Immortalization and Telomere Maintenance in Melanoma; Apoptosis in RGP
It has been reported in general that more than 90% of human cancers express hTERT,

and that the rest can extend their telomeres by an abnormal mechanism called ALT
(alternative lengthening of telomeres), which appears to involve recombination (66).
Melanomas appear to conform to the generality concerning telomere maintenance;
whereas benign and dysplastic nevi have little or no telomerase, the majority of mela-
nomas are reported to have substantial levels of telomerase activity (67–69). Lower
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telomerase activity in thinner melanomas was provisionally concluded to be an artefact
caused by contamination by normal cells, when all melanomas but not host cells were
found to express the telomerase template RNA subunit hTR by in situ hybridization (67).
However, further evidence is needed on the question of telomerase activity in RGP
melanomas, because there does not appear to be clear evidence regarding whether these
lesions also express hTERT, also needed for activity of telomerase. Although this gap
in the data should be noted, our model (Fig. 3) proposes that the critical difference
between melanomas and nevi is cellular immortalization. We postulate that RGP mela-
nomas will often have the minimal genetic changes that would achieve both growth and
immortalization, namely:

1. A mutation leading to cell proliferation.
2. A deficit in the p16/RB pathway.
3. The activation of telomerase (or possibly sometimes ALT).

A mutation leading to cell proliferation would usually be attributable to the BRAF and
NRAS mutations already mentioned, which are also found in approx 70% of melanomas
(55,56,70), and the activation of telomerase (or possibly sometimes ALT) has just been
discussed. Actual mutations of p16 are not very common in sporadic melanoma (34), but
expression of p16 appears to be very commonly reduced in RGP as well as in advanced
melanomas (25,63,71,72), and other RB pathway lesions are also reported in melanoma
(73; reviewed in ref. 28). Accordingly, RGP melanoma cells are expected to resemble
p16-deficient melanocytes, including the high rate of apoptosis in the absence of
keratinocytes or keratinocyte-derived growth factors (23). This fits with the growth
pattern of RGP melanomas, namely, growth only in or near the epidermis (4)— it would
be expected that the RGP cells would undergo apoptosis if they move beyond the diffu-
sion range of keratinocyte-derived growth factors. Incidentally, benign nevus cells,
which are not p16-deficient, would not be expected to be so keratinocyte-dependent,
which accords with their ability to grow in the dermis.

SUPPRESSION OF APOPTOSIS IN VGP MELANOMA

If RGP melanoma cells grow near the epidermis because they are keratinocyte-depen-
dent, one would expect VGP cells, which grow deeper in the dermis, not to be
keratinocyte-dependent. This fits with the known ability of advanced primary and meta-
static melanoma cells to grow well in cell culture without any other cells, and indeed with
very few growth factors (74,75). There are thousands of cell lines derived from such
melanomas. We therefore postulate that VGP melanoma cells possess all the same
genetic changes as listed for RGP, but in addition have one or more alterations that inhibit
apoptosis. This fits well with our knowledge of common genetic alterations in VGP and
metastatic melanoma cells. As shown (Fig. 3), many of these common alterations do
reduce apoptosis, as follows. Oncogenic activation of p53 is reported in approx 10% of
advanced melanomas (76,77). Loss or silencing (by methylation) of apoptotic protease
activating factor 1 (APAF1), an effector of apoptosis that is transcriptionally activated
by p53, is also common in melanoma (78,79). A variety of protein tyrosine kinases
become overexpressed in melanoma cells, at least as measured in cultured melanoma
lines (reviewed in ref. 80); signaling from these kinases would be expected to suppress
apoptosis through phosphoinositide signaling, activating the antiapoptotic protein
kinase, AKT (81). Likewise, approx 15% of uncultured melanomas have inactivating
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mutations in phosphatase and tensin homolog (PTEN) (82,83). PTEN is a phosphatase
that degrades the phosphoinositide and AKT activator, PIP3, thus, PTEN inactivation is
another route to excessive AKT activity and reduced apoptosis.

Other modulators of apoptosis are members of the B-cell lymphoma 2 (BCL2) protein
family, found in mitochondrial membranes, and incidentally, modulated in activity by
AKT. Normal melanocytes already have high levels of the suppressor of apoptosis,
BCL2 (84,85), and apparently require this for survival when synthesizing pigment (85).
Bush and Li (86) recently reviewed alterations in the BCL2 protein family, which include
both proapoptotic and antiapoptotic factors. They concluded that, although most family
members show no consistent trend in their expression related to melanoma progression,
there are consistent reports of overexpression of antiapoptotic factor BCL2L1 (BCL-XL)
in melanomas. A last major antiapoptotic pathway to be mentioned is that of -catenin
activation. Activating mutations of -catenin itself can be found in melanoma but are
rare (87). It is more common to find defects or transcriptional silencing of adenomatous
polyposis coli protein, which normally facilitates destruction of -catenin (88). Also
fairly common is overexpression of the transcription factor and proto-oncoprotein, SKI,
which can also activate -catenin (89). In summary, there are many genetic and epige-
netic routes by which apoptosis becomes inhibited in melanoma, and the collation given
here is probably far from exhaustive. Many of the same pathways also promote cell
proliferation, thus, they would confer a double advantage for tumor growth.

CONCLUSIONS AND PERSPECTIVES

The model presented here seems consistent with our knowledge to date about the
biology and genetics of melanoma progression. It can explain some puzzling aspects of
the biology of pigmented lesions, such as why nevus cells should be able to grow rela-
tively deep in the dermis, whereas the apparently more malignant RGP melanoma cells
do not. At present, however, various aspects of the model are unproven and speculative,
and some details may well change as more information emerges. What does seem very
likely, in a nutshell, is that cell senescence is important in nevi and escape from senes-
cence is important in melanoma.

A number of interesting questions are raised by these considerations. One key remain-
ing question is that of how p16 is activated during M0 senescence. We now know in some
detail how shortening of telomeres can activate p53, but we seem to have little idea of
which other mechanism for counting cell divisions might result in the increasing expres-
sion of p16. It does not appear to be connected with telomere shortening, because telom-
ere maintenance by the forced expression of hTERT does not prevent this type of
senescence. Transcription factors ETS1 and ETS2 were reported to be involved in this
activation of p16, respectively, in M1 senescence and in the type of accelerated senes-
cence that follows oncogene activation, together with falling expression of ID1 (19) and
BMI1 (24). These findings were in human fibroblasts. If they are applicable to other cell
types, then the question becomes rephrased as: what determines this changing expres-
sion of these transcription factors in dividing normal cells?

Another obvious question is whether cell senescence does indeed act as a barrier to
other types of cancer, proposed as probable by those who study it. If so, then, in organs
in which cancers can develop, there should commonly be benign, static lesions com-
posed of senescent cells following a mitogenic mutation. This can be tested in future by
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looking for the expression of senescence markers in the known types of static lesions,
such as epithelial cysts and polyps.

A related question is that of why INK4A should be a susceptibility gene only for
melanoma and, less commonly, pancreatic cancer. This seems to suggest that escape
from M0/p16-mediated senescence may not be rate limiting for the initiation of most
cancer types, other than melanoma and, presumably, pancreatic cancer. If not, then what
is more usually rate-limiting? It is tempting to suggest M1/p53-mediated senescence.
Mutations of the p53 coding sequence TP53 are notoriously common in cancer; germline
TP53 mutations predispose to a wide variety of cancers, as do mutations in CHK2, which
activates p53 during senescence (90). This is the set of cancers in which we might predict
expression of normal p53 and p21, and probably p16 also, in the commonest types of
static benign lesions.

Lastly, returning to melanoma, it is of special interest to determine whether cell
senescence markers may have any value for diagnosis or prognosis. Initial studies indi-
cate a connection with progression, but it remains to be seen whether, using any of these
markers, exact criteria may be developed that have better prognostic value than (for
example) those offered by Clark et al. over a decade ago. It may at least be hoped that
further clarification of our biological understanding of the processes that restrict the
growth of benign pigmented lesions may be one route to the identification of therapeutic
targets for better treatment of metastatic melanoma.
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Summary
Melanocytes can give rise to a variety of benign and malignant neoplasms that differ in their appear-

ance and, more importantly, in their biological behavior. Melanocytic nevi are self-limited proliferations
of melanocytes, whereas melanocytes in melanoma continue to proliferate and therefore constitute a
severe threat to the host. There is emerging evidence that the initiating events, such as mutations in
oncogenes, such as BRAF and RAS, may be similar in nevi and melanoma. However, the exact nature of
the mechanism that restricts proliferation in nevi that presumably fails in melanoma is currently unclear.
Among melanomas, clinical and histopathological presentation can vary significantly. Several factors,
such as anatomic location, sun-exposure patterns, and patient age have been associated with different
histopathological and clinical patterns of melanoma (1,2). In this chapter, I review genetic changes in
different types of nevi and melanomas and discuss potential biological consequences and possible impacts
on classification and therapy.

Key Words: Melanoma; melanocytic nevus; genetics; minimal residual disease; chromosomal aber-
rations; BRAF; RAS; cyclin D1.

MELANOCYTIC NEVI

Nevi can vary dramatically in size, clinical, and microscopic appearance. One way
that melanocytic nevi are classified is a division into congenital and acquired types.
Applied strictly, this would put all nevi that are present at birth in the congenital category,
and all others in the acquired category. However, the exact history is commonly not
available in patients that present after birth. Instead, clinical or histopathological criteria
are frequently used for classifying nevi into congenital or acquired. In general, congeni-
tal nevi tend to be larger than acquired nevi. As a rule, giant congenital nevi, i.e., nevi
larger than 20 cm in size, which can sometimes cover significant portions of the body,
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are always already present at birth. In addition to the larger size of congenital nevi, they
also tend to show increased numbers of terminal hairs growing out of the lesion. Patholo-
gists frequently use histomorphological criteria, such as melanocytes present around
dermal adnexae or splayed between collagen bundles of the deep reticular dermis to
diagnose congenital nevi. However, there are studies showing no correlation of
histomorphology with presence or absence of the lesion at birth (3,4). Birth as a time
point is not directly linked to a defined state of development. Babies can be born too
early, too late, or just on time. Although there are obvious limits to this variation, these
differences could well matter given the pace of development in utero. For these reasons,
the boundary between congenital and acquired nevi is blurry and perhaps ill chosen.

Other types of nevi are categorized according to their clinical appearance. For instance,
blue nevi are intradermal proliferations of melanocytes that appear as bluish skin lesions
because of their pigment distribution. Dysplastic (also termed atypical) nevi have been
described as histopathological entities that are both precursor and marker for melanoma
risk (5). Although subsequent studies have confirmed that dysplastic nevi represent an
inherited feature (6) that is associated with an increased risk for melanoma (7), no studies
have been able to establish the histopathological features originally described as diag-
nostic of dysplastic nevi as an independent risk factor. Therefore, dysplastic nevi seem
to represent a quantitative trait that indicates increased melanoma risk rather than a
clinico-pathological entity (8,9).

Spitz nevi are benign melanocytic neoplasms that can resemble melanoma on histo-
pathological examination. They were first described as “juvenile melanoma” by Sophie
Spitz in 1948, and were initially regarded as a subset of childhood melanoma that follows
a benign course (10). Spitz nevi account for approx 1% of surgically removed melanocytic
nevi (11). Both Spitz nevi and melanoma can be composed of melanocytes with abun-
dant cytoplasm and large nuclei. These nuclei can be pleomorphic and contain
macronucleoli. Mitotic figures, sometimes numerous, occur in both neoplasms. Misdi-
agnosis of Spitz nevus as melanoma and vice versa has been repeatedly reported (12–14).
A retrospective study of 102 melanocytic tumors occurring in patients under age 17 yr
that were originally diagnosed as melanoma found that only 60 cases were classified as
melanoma after re-examination by a panel of experts (15). Forty-two lesions were
reclassified as nevi, 22 of those as Spitz nevi.

Problems with correct histopathological assessment are not restricted to Spitz nevi
and can occur with all types of melanocytic nevi (15–17). Together with lymphoma,
misdiagnosis of melanocytic lesions head the list of malpractice cases (18,19). The
hazard of mistaking a nevus for melanoma is that the patient may be subjected to needless
surgery and adjunctive therapy, become unable to plan for the future, be psychologically
traumatized, and have difficulties in obtaining health insurance. For obvious reasons, the
misdiagnosis of a melanoma as nevus can have sequelae that are even more dramatic. A
better understanding on the mechanistic differences between nevi and melanoma could
potentially lead to improved, more objective methods of classification, with higher
diagnostic accuracy.

Recent studies have shown that, similar to melanoma (20,21), melanocytic nevi fre-
quently show oncogenic mutations in members of the MAP-kinase pathway, such as
BRAF and RAS (22–24). These findings indicate that the initiating oncogenic lesions
may be similar in nevi and in melanoma and may be of little help for diagnostic purposes.
It is of interest, however, that the types of oncogenic lesions appear to differ between
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different types of nevi. Whereas Spitz nevi have been shown to have recurrent mutations
in HRAS, mutations in BRAF appear to be absent in Spitz nevi (25). In addition, BRAF
mutations have been found to be infrequent in blue nevi (25). Future studies are neces-
sary to identify the common oncogenic events in these and other types of nevi.

We have performed comparative genomic hybridization (CGH) and found significant
differences between nevi and melanomas. As shown in Fig. 1, whereas most melanomas
(more than 95% in our hands) show chromosomal aberrations, the majority of nevi had
either no aberrations or a very restricted set that showed very little overlap with mela-
noma (26–28).

We found that approx 20% of Spitz nevi show increased copy number of chromosome
11p (23,27). Studies that are more recent revealed that this gain is caused by an isoch-
romosome 11p, an aberration that we did not find in a series of 170 melanomas (to be
published). The frequent gain of chromosome 11p helped us to identify HRAS as at least
one of the critical genes driving this aberration, because 80% of Spitz nevi with the 11p
copy number increase carry a mutated HRAS on that chromosome (23). HRAS is a potent
oncogene and we were surprised to find it to be mutated in a substantial portion of Spitz
nevi (23). Follow-up of these patients for up to 7 yr did not show any signs of recurrences
or relapses, indicating that these lesions were indeed benign. As pointed out earlier, Spitz
nevi can share several features with melanoma. Considering the hallmarks of cancer as
defined by Hanahan and Weinberg (29), Spitz nevus cells show several— but not all —
essential features of cancer. The presence of HRAS mutations makes them independent
from at least some external growth stimuli. They appear to be resistant to apoptotic
stimuli, possibly resulting from the constitutive activation of the MAP-kinase pathway,
because apoptosis has been reported to be low (30). Spitz nevi can show significant
vascularity, showing that they are also able to induce their own blood supply. The major
difference between Spitz nevi and melanoma lies in the fact that melanoma cells are able
to proliferate indefinitely. This pivotal difference probably applies to all nevi.

To address potential mechanisms that could prevent benign nevi with oncogenic
mutations, such as RAS mutations, from progression to melanoma, we recently performed
a study looking at cell-cycle inhibitor expression in nevi with and without oncogenic
mutations. Specifically, we analyzed MAP-kinase activation using immunohistochem-
istry for phospho-ERK, cyclin D1, and MITF expression in 17 Spitz nevi with and 18
Spitz nevi without 11p copy number increase. Because our previous studies showed that
HRAS mutations were frequently accompanied by increased copy numbers of the mutated
allele (23), a sustained and marked activation of the MAP-kinase-signaling cascade can
be assumed to be present in these Spitz nevi. We found relatively high levels of phospho-
ERK and cyclin D1 expression, suggesting MAP-kinase pathway activation in both
groups of Spitz nevi, independent of the mutation or copy number status of HRAS (31).
This may indicate that mutations other than HRAS activate the MAP-kinase pathway in
the Spitz nevi without HRAS mutations. Interestingly, Spitz nevi with 11p copy number
increases showed significantly higher levels of cyclin D1 expression and lower levels of
MITF expression, suggesting stronger MAP-kinase pathway activation in this group.
Contrasting this apparent activation, the proliferation rate, as assessed by Mib1 expres-
sion, was low in both groups. An analysis of cell-cycle inhibitory proteins, including
p16, p21, and p27, showed that the majority of Spitz nevus cells expressed high levels
of p16, with cells of the cases that had increased copy number of 11p expressing signifi-
cantly higher levels than those of Spitz nevi with normal copy number of 11p. The
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association between MAP-kinase activation and induction of p16 parallels in vitro
experiments with various cell types. In vitro, constitutive activation of the MAP-kinase
pathway through activated oncogenes in normal cells leads to a p16-mediated permanent
growth arrest (32). This condition has been termed premature senescence or oncogene-
induced senescence (33). P16 has been shown to be essential for melanocyte senescence
as well (34,35), and found to be expressed in other types of melanocytic nevi (36).

It is therefore tempting to speculate that Spitz nevi, and possibly melanocytic nevi in
general, represent an example of oncogene-induced senescence in vivo. In the presence
of an intact p16 tumor suppressor pathway, melanocytes could withstand full transfor-
mation by activated oncogenes. The observation that Spitz nevi with increased copy
number of chromosome 11p expressed significantly higher levels of p16 also suggests
a direct link between MAP-kinase pathway activation and p16 expression levels in
melanocytes. Future studies are necessary to establish the nature of this link and to
examine potential candidate mediators, such as the ETS transcription factors (37).

 Independent of the type, all nevi represent a finite proliferation of melanocytes that
eventually cease to grow. The previously described association between age at which
nevi occur and the final nevus size may provide insight into possible additional
mechanism(s) that can prevent uncontrolled proliferation. Bona fide congenital nevi,
i.e., nevi present at birth, may be caused by mutations of melanocyte precursors that
occur before the migrating melanoblasts have reached their target, the skin. This may
explain why, in large congenital nevi, melanocytes can be encountered in large numbers
in extracutaneous sites, such as the meninges. The larger size of these lesions may thus
be related to the increased replicative potential of the affected cells, possibly linking
telomere length to nevus size (38). Future studies are necessary to elucidate which
mechanism(s) lead to induction of cell cycle arrest through p16 or other factors in
different types of nevi.

In summary, these observations suggest that nevi are oncogene-induced finite prolif-
erations of melanocytes, in which intact checkpoints prevent an unchecked proliferation
resulting in telomere erosion, chromosomal breaks, and instability.

DIFFERENCES BETWEEN TYPES OF MELANOMA

In addition to problems in classifying melanocytic lesions as benign or malignant,
there is controversy about whether melanoma is one disease or consists of biologically
and histologically distinct subtypes. It has long been noted that the presentation of
melanoma can vary significantly, and a classification was proposed to separate mela-
noma into superficial spreading melanoma (SSM), lentigo maligna melanoma (LMM),
nodular melanoma (NM), and acral lentiginous melanoma (ALM) (39,40). The criteria
proposed for this classification are based on the growth pattern of the radial growth phase
of a melanoma: a so-called pagetoid pattern with solitary and nested melanocytes scat-
tered throughout the epidermis in SSM, as opposed to a lentiginous pattern with single
melanocytes arrayed along the dermo–epidermal junction in LMM and ALM. NM was
defined as an invasive melanoma without any notable radial growth. These histological
patterns show some correlation with anatomic location (SSM and NM on trunk and
extremities; LMM on the face; and ALM on the palms, soles, and subungual sites), sun-
exposure patterns (acute–intermittent in SSM and NM, chronic in LMM, and no asso-
ciation in ALM), and patient age (SSM and NM more frequent in patient under 60 yr,
LMM and ALM more frequent in patients over 60 yr). However, these associations
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overlap significantly and it is currently unclear whether there truly are biologically
distinct types of cutaneous melanomas, and, if so, what defines them. This overlap is
illustrated by the fact that the histological patterns of SSM and NM can also occur in
melanomas evolving on palms and soles (41), and the histological pattern of ALM has
been reported for melanomas on acral skin outside of the palms and soles, such as the
dorsa of hands and feet (42).

Genetic approaches have been of significant help to classify hematopoietic neoplasias
(43) and, as illustrated by recent advances in the treatment of chronic myeloid leukemia,
the identification of distinct aberrations followed by the identification of the precise
genetic defect has paved the way to specific treatments (44). With the advent of targeted
therapy for cancer, it therefore becomes critically important to understand the genetic
denominators of the disease.

Ocular melanoma shows a stereotypic pattern of metastasis to the liver and frequent
aberrations of chromosome 3, separating it from cutaneous melanoma (45–51). Using
CGH, we found evidence that among cutaneous melanomas, those that are located on
acral skin (palms, soles, and subungual sites) differ from other types by a uniquely high
frequency of focused amplifications (52).

Over the last years, we have analyzed several hundred melanomas using conven-
tional, chromosome-based CGH, and array CGH to compare the patterns of chromo-
somal aberrations between different types of melanoma. We found confirmation of our
earlier studies that melanomas on the soles, palms, and subungual skin invariably show
gene amplifications independent of the microscopic growth pattern, and that such
amplifications occur only in a minority of melanomas on the remainder of the skin;
suggesting that anatomic location, i.e., location on glabrous (non-hair-bearing) skin, not
histological pattern, defines a distinct melanoma type (26,28,52). Therefore, we suggest
using the term acral melanoma (AM) instead of acral lentiginous melanoma. AMs also
showed certain aberrations that occurred with significantly different frequency when
compared with melanomas on nonglabrous skin. For example, AMs showed signifi-
cantly more frequent amplifications involving chromosome 11q13, a region that harbors
the cyclin D1 gene. We demonstrated that cyclin D1 amplification is always accompa-
nied by overexpression of the protein (53). The biological relevance of cyclin D1
amplification/overexpression was demonstrated by antisense treatment in cell lines.
When treated with an antisense-expressing adenovirus, the melanoma cell lines
overexpressing cyclin D1 underwent massive apoptosis, whereas normal melanocytes
remained unaffected. In a mouse xenograft model, antisense treatment lead to marked
shrinkage of tumors through massive apoptosis. Cell lines or tumors treated with a
control virus remained largely unaffected (53). Interestingly, cyclin D1 was also found
to be overexpressed in a subset of melanomas without amplifications, indicating that
mechanisms other than amplification can lead to overexpression in melanoma (53,54).

Another region found frequently amplified in AM is chromosome 5p15. This region
contains the gene for the catalytic component of telomerase (hTERT). FISH studies
confirmed that hTERT was amplified in cases with 5p15 amplification. Amplifications
of hTERT have been reported in other cancers as well (55). Chromosome 12q14 was another
region that was preferentially gained in AMs. The area contains several cancer related
genes, including cyclin-dependent kinase 4, a gene mutated in some melanomas (56).

We also found differences between melanomas arising on chronically sun-damaged
skin (CSD) and not chronically sun-damaged skin (no CSD). The majority of our CSD
cases were LMMs, and the majority of our no CSD cases were SSMs. CSDs showed
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much more frequent deletions involving distal chromosome 13q than any of the other
types (28).

Using a cohort of 115 primary invasive melanomas, we recently showed that the
frequency of BRAF varies strongly depending on the type of melanoma (57). We found
mutations to be significantly (p < 0.00005) more common in melanomas occurring on
skin subject to intermittent sun exposure (23/43), than in those on chronically sun-
damaged skin (1/12) or on skin relatively or completely unexposed, such as the palms,
soles, and subungual sites (6/39), and mucosal membranes (2/21). The rare mutations in
mucosal melanoma have been confirmed by others (58,59).

 More recent data using array CGH measurements confirm the differences in the
patterns of DNA copy number changes among different melanoma types and refine the
boundaries of the regions differentially involved among different types of melanoma
(59a). We measured DNA copy number aberrations in 35 melanomas from AM, such as
the palms, soles, and subungual sites; 25 SSM from cutaneous but not acral sites; and 21
melanomas from mucosal sites (MM). AM tumors came from sites with limited sun
exposure, whereas MM sites are totally unexposed. The fraction of genome that was at
aberrant copy number was significantly higher in MMs than in AMs and SSMs (29.2%
[range, 10.8–44.6%] vs 22.51% [range, 9.1–59.1%] and 19.6% [range, 7.5–44%],
respectively; p < 0.05). Identification of aberrations that occurred with a significant
difference in frequency among the three groups was accomplished using a permutation-
based threshold to compensate for the multiple comparisons that are required in the
analysis. This approach is a conservative way to address multiple comparison problems
in large data sets. The conservatism is demonstrated by the comparison of the copy
number differences between men and women in the overall group. Only clones that
mapped to the X-chromosome were found to be significantly different between the two
groups, so that the correction resulted in no false-positive calls. When this method was
used to compare melanomas on skin with CSD, without CSD, AM, and mucosal mela-
noma, we found that classification algorithms using the k-nearest neighbor method
could correctly classify melanomas into one of the four classes in 80% of the cases.

The differences in the mutation frequencies in BRAF and in the patterns of chromo-
somal aberrations strongly supports the notion of the existence of distinct melanoma
types. With the development of targeted therapeutic strategies for melanoma, these
differences will become clinically relevant.

GENETIC PROGRESSION FROM MELANOCYTES TO MELANOMA

During our studies on AM, we found that the amplifications arose very early during
the progression and allowed us to study of the early evolution of the disease. We used
FISH with probes targeted to the sites of amplifications to topographically map the
aberrations on tissue sections of the melanomas. In AM, melanocytes with amplifica-
tions were present in the invasive and the in situ portions of the tumor. To our surprise,
we found that, in several cases, the amplifications could also be detected in histologically
normal-appearing melanocytes in a stretch of adjacent epidermis of up to 5 mm (Fig. 2).
These cells were equidistantly spaced and showed no marked atypicality, appeared
histologically to be normal melanocytes, and were termed field cells (52). The finding
of amplifications in the in situ portion and in field cells suggested that the amplifications
were present before the tumors became invasive and even before they became recogniz-
able as in situ. This was confirmed by several additional observations: first, amplifica-
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Fig. 2. Field cells in acral melanoma detected by fluorescence in situ hybridization. Single basal
melanocytes with amplifications of cyclin D1 highlighted by the arrowheads. Please see color
insert following p. 430.

tions were also encountered in tumors that were solely in situ; second, in some tumors,
the amplification levels were higher in the invasive component than in the in situ or field-
cell component, suggesting that clonal evolution selected for higher copy number; third,
in some tumors, additional amplifications of other genomic regions were found in the
invasive component that were absent the in situ or field-cell component. All these
observations indicate that amplifications arise very early in AM, even before the cancer
becomes detectable microscopically, and that one of the cells with an amplification
acquired additional abnormalities and then became invasive.

The existence of field cells has potential implications for the recommendation of
safety margins. The National Comprehensive Cancer Network recommends that
cutaneous melanoma be excised with a margin of clinically normal-appearing skin of
0.5–2 cm, depending on the thickness of the melanoma. Four randomized trials, with a
total of 2406 participants, showed that safety margins decrease the rate of persistent
melanoma but do not impact overall survival in melanoma (60). The width of these
margins is entirely empirically based, and the nature of minimal residual melanoma
addressed by this procedure is unknown.

Clinical and histological data suggests that there are at least two different types of
local recurrences once a melanoma has been excised with histologically clear margins:
one form that manifests itself as predominantly intradermal nodular proliferations of
melanocytes appearing around or within the scar; and a second form in which the mela-
noma reappears with a clear intraepidermal component. The second form occurs often
with a considerable latency of several years. The latency and histological pattern of this
type of persistence suggest that it is caused by intraepidermal melanoma cells left behind
after surgery.
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Several arguments suggest that field cells are the source of clinically relevant minimal
residual disease in melanoma that arises through the second mechanism. Clinical data
indicates that margins predominantly prevent local recurrence of and do not increase
survival. Thus, the residual cells are likely to be noninvasive or they represent metastatic
deposits indicative of systemic dissemination of the disease. In our series, we observed
one melanoma that recurred three times at the excision site. All excision specimens were
read as ‘margins free of neoplasm’ by conventional pathology, but FISH detected field
cells at the margin in every excision. This strongly suggests that field cells are respon-
sible for local recurrences.

Field cells in AMs were easily detectable by FISH because of the presence of high-
level amplifications. We also attempted to detect field cells in the few SSMs and LMMs
that had gene amplifications. However, in these melanoma types, FISH showed that the
amplifications were confined to the invasive portion and could not be demonstrated in
the radial growth phase or in situ portions. This indicated that the amplifications occur
late in progression in SSMs and LMMs, rather than early, as in AM, and cannot be used
to detect field cells in these melanoma types. However, other aberrations, such as a loss
of chromosome 9p or gain of chromosome 17, were detectable in the in situ portion of
these melanoma types using FISH. More recent work, using a combination of FISH and
immunohistochemistry, allowed us to individually karyotype single basal melanocytes
in histologically uninvolved skin adjacent to melanoma samples. Using this method, we
could demonstrate chromosomal aberrations in the basal melanocytes in the histologi-
cally uninvolved epidermis adjacent to LMMs. Future studies are necessary to elucidate
whether field cells are restricted to certain types of melanoma, such as melanoma with
a lentiginous growth pattern, or are present in all melanomas. The findings so far indicate
that, at least in AM and probably in LMM, there is a stage of melanoma progression that
precedes melanoma in situ, which is currently considered the earliest presentation of
melanoma. More detailed studies of field cells hold the promise of identifying genomic
alterations that occur early in melanoma progression.

The observation of significant genomic aberrations in very early lesions of melanoma,
such as gene amplifications, suggests that genomic instability may occur early on in the
evolution in melanoma. Clinically, AM in situ and LMM undergo a very slow progres-
sion, sometimes taking several decades to form an invasive growth. This suggests that
the cells of these early lesions either do not proliferate very rapidly or that proliferation is
paralleled by significant cell death, keeping the net increase in cell number relatively small.

When one considers the frequent chromosomal aberrations in melanomas, as
described, and the relative absence thereof in nevi, one can hypothesize what may happen
during this phase of melanoma evolution. The field cell and melanoma in situ phases of
progression may be a period analogous to what has been described as crisis in cell culture
models (61). Crisis is a term used for the massive cell death occurring when mammalian
cells in culture pass their replicative lifespan. Most human differentiated cells have a
finite replicative lifespan and stop dividing after a certain number of divisions. For
example, human diploid fibroblasts can undergo 60–80 population doublings in culture
until they cease dividing and enter a senescent state, at which point they stay metaboli-
cally active and can be maintained in culture for several years. The molecular mecha-
nisms that determine the intrinsic replicative lifespan of human cells seem to be controlled
by a single process—telomere shortening (33). Telomeres are the repetitive DNA
sequences bound by a complex of proteins at the end of chromosomes. Telomeres shorten
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slightly with each cell division until they reach a critical length, at which time a signal
requiring p53 and RB is triggered, leading to permanent cell-cycle arrest. This replica-
tive senescence limits the number of cell divisions and is regarded as a major tumor
suppressive mechanism (33). Cells in which the damage signal is disabled (e.g., by
mutations in the p53 or RB pathways, including p16) continue to proliferate beyond their
replication limit. After several additional rounds of cell division, the telomere attrition
becomes critical, leading to open DNA ends and end-to-end fusion of chromatids. Dur-
ing this state (termed “crisis”) cells carry on dividing but show high rates of apoptosis,
which is triggered by gross chromosomal abnormalities. Crisis can be seen as a transient
period of random genomic restructuring and selection, which ultimately gives rise to
new clones that have an altered but stabilized genome. Crisis is thus characterized as a
period in which the apoptotic rate is higher than the proliferation rate, leading to a
(temporal) decrease of cell number. During crisis, the cancer is “spinning its wheels” and
may be even slipping backwards in terms of net cell proliferation.

Given the fact that chromosomal aberrations can already be detected at the in situ stage
of melanoma and the observation that it often takes many years for a melanoma in situ
to become an invasive cancer, one can speculate that the early progression stages of
melanoma may represent a stage of genomic rearrangement in which an increased mel-
anocyte proliferation rate is paralleled by an increased apoptotic rate. The rate of cell
death may even outpace proliferation, transiently leading to partial regression of the
lesion. Regression of melanoma that we now attribute solely to effectors of the immune
system could, thus, also be at least partially a reflection of crisis (62). The genomic
restructuring during crisis represents a period of evolution ultimately leading to a more
aggressive phenotype. To maintain any favorable genetic constellation that emerges
and to weather crisis, cancer cells ultimately have to restabilize their telomeres. Most
human tumors, including melanomas (63), stabilize their telomeres through activation
of telomerase; the remainder stabilize their telomeres by a different mechanism, termed
alternative lengthening of telomeres. After this step, cells have become immortal. If cells
lack telomerase, crisis is prolonged and genomic instability is more pronounced (64).
Conversely, if cells are transduced with oncogenes and telomerase, chromosomal aber-
rations do not seem to occur, even after many passages (65).

Therefore, gross chromosomal abnormalities can be seen as evidence that a cancer
went through crisis. Our studies on 133 melanomas showed that more than 95% have
chromosomal aberrations, mostly involving gains or losses of partial chromosomes,
whereas the majority of nevi do not (28). The marked chromosomal aberrations in
melanomas and the absence thereof in melanocytic nevi, therefore, may indicate that the
melanomas went through crisis, whereas the nevi did not. An intact G1/S checkpoint
function, possibly mediated through p16, may be an essential feature preventing
unchecked proliferation and entry into crisis.

Whether caused by crisis or not, the marked differences in the pattern of chromosomal
aberrations between melanoma and benign nevi are likely to be of diagnostic help in
cases that are now ambiguous.
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Summary
Cellular localization, association with different protein partners, and posttranslational modifica-

tions can dramatically change protein function. SKI and the highly homologous protein snoN are potent
repressors of transforming growth factor-  signaling through their association with the Smad proteins.
In fact, SKI can act as molecular switch converting the Smad proteins from an activating to a repressing
entity on chromatin.  SKI also plays additional roles in melanomas: in association with the LIM protein
FHL2 activates -catenin signaling, a pathway associated with cancer progression. This chapter reviews
the transcriptional co-repressor and co-activator activities of SKI and discusses their biological signifi-
cance for melanoma tumor progression.

Key Words: SnoN; Smad2; Smad3; FHL2; -catenin; MITF.

INTRODUCTION

The protein products of the proto-oncogene SKI and the SKI-related novel gene (sno)
are implicated in processes as diverse as differentiation and transformation (1–4).
Overexpression of SKI correlates with progression of melanoma (5) and esophageal
squamous cell carcinoma (6). Although SKI was believed to be a nuclear protein, mela-
nomas display aberrant cellular trafficking of this protein (5). In preinvasive melanomas
in situ, SKI is observed predominantly in the nucleus of intraepidermal melanoma cells
(Fig. 1A). However, primary invasive melanomas display both nuclear and cytoplasmic
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localization of SKI. In melanoma metastasis, SKI localizes to both the nuclear and
cytoplasmic compartments, or predominantly to the cytoplasmic compartment (Fig. 1B,C).
Interestingly, cytoplasmic SnoN is associated with poor prognosis in breast cancer (7).
It remains to be established whether cytoplasmic SKI in preinvasive melanomas also has
prognostic value.

Here, we review the oncogenic activities associated with overexpression of SKI and
discuss possible novel activities of this protein that could lead to silencing and inactiva-
tion of tumor suppressors and repression of apoptosis.

DECONSTRUCTING SKI

Ski was originally identified as the transforming protein of Sloan Kettering Viruses
(8). The ski protein family includes chicken c-ski; mouse Ski; human SKI; sno, two
paralogs (skiA and skiB) in zebra fish (9), and the recently identified Caenorhabditis
elegans homolog, Daf-5 (10). The Ski proteins were initially considered transcription
factors; however, it was later demonstrated that they do not directly bind to DNA (11,12).
The identification of proteins associated with SKI has been critical for unraveling its
activities, which include repression of transforming growth factor-  (TGF- ) and acti-
vation of Wnt-signaling pathways (discussed in detail in “The Repressor and Activator
Functions of SKI”).

Structural domains located in the human SKI and mouse Ski proteins include, from
the amino-terminus, a proline rich area (amino acids 61–89), helix-loop-helix motifs, a
cysteine/histidine rich area, a region of basic amino acids, and a leucine zipper-like
domain (Fig. 2A). The Dach domain, common to the SKI/Sno/Dachshund family of
proteins, contains a putative domain of 100 amino acids that contains a conserved CLPQ
motif. SKI and snoN also share a region of homology at the carboxy-terminus (13–17).
Computational analysis using MARCOIL suggests that the C-terminus positions 532–710
adopt a coiled-coil conformation. However, it appears that it is not a single contiguous
coiled-coil, but two to three coils separated by one to two hinge regions (Fig. 2A).

The amino-terminal residues 75–304 are sufficient for the transforming activity of
c-Ski (17). Homodimerization of Ski, mediated by a bipartite C-terminal domain
consisting of five tandem repeats and a leucine zipper (Fig. 2A), correlates with efficient
DNA binding and cellular transformation (18). However, coexpression of c-ski and
c-SnoN results in the preferential formation of heterodimers. Tethered c-ski:Sno
heterodimers that lack tandem repeat/leucine zipper domains are more active in cellular
transformation than either of their monomeric counterparts, tethered ski:ski homodimers
or full-length SnoN and c-ski (2).

Ski transcripts are detected in the mouse embryo at 8.5 to 9.5 d post-coitum, during
migration of neural crest cells, including melanocytes and dorsal root ganglia (19). SKI
and SnoN share a large region of homology in the amino-terminus, and the biological
activities of these related oncogenes appear to be similar (20). However, Ski and snoN
play different roles during development. Whereas Ski null mice die shortly after birth,
displaying defects in neurulation, craniofacial patterning, and skeletal development
(21,22), mice lacking sno die at an early stage of embryogenesis, indicating that sno is
required for blastocyst formation (23). Ski activities appear to be required for the
expansion of a subset of precursors in the neuroepithelial and skeletal muscle lineages,
because no major defects were detected in other neural crest-derived cells, including
melanocytes.
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Fig. 1. Aberrant cellular trafficking of SKI in melanoma progression. (A) Elevated expression
of SKI with predominant nuclear localization in a melanoma in situ (intra-epidermal malignant
melanoma). (B) Increased levels of predominantly nuclear SKI in many (but not all) of the
melanoma cells in this metastatic lesion. (C) Elevated, predominantly cytoplasmic, expression
of SKI in a different metastatic lesion. All panels immunolabeled for SKI as described previously
(5); original magnification �250.
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Fig. 2. The human SKI protein. (A) Cartoon depicting motifs and domains required for different
protein–protein association. Pro, a proline rich domain; Zn, a leucine zipper-like domain; AHs,
helix-loop-helix motifs; Basic, a region of basic amino acids; H, a unique tandem repeats of

-helical domains that is involved in the dimerization of the SKI family through coiled-coil
interactions. Arrowheads indicate 3 tandem repeats of 25 amino acids located at residues
572–645. SKI-HD, SKI homodimerization domain. SKI domains required for association with
multiple proteins are indicated by a double arrow line. (B) Amino acid sequence. Serine, threo-
nine, and tyrosine residues are indicated in bold.

ski–/– melanocytes isolated from the skin of pups delivered by cesarian section at
embryonic day 18.5 can be readily established in culture (24); indicating that Ski is not
essential for melanoblast migration, proliferation, or differentiation. The ski and snoN
heterozygous mice are an example of as yet unexplained paradoxes regarding function
of the Ski and sno proteins. When challenged with carcinogens, heterozygous sno+/–

mice show increased number of lymphomas compared with wild-type mice (25); a
phenotype shared by ski+/– animals (26). These activities apparently contradict previous
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data showing that Ski is a transforming protein (18,27). However, Ski protein levels may
be critical determinants of its function. For example, Ski is required for the transcrip-
tional repression mediated by the retinoblastoma protein RB (28); in contrast, a high
level of SKI suppresses RB function. Thus, SKI could function either as a tumor suppres-
sor or as an oncogene/tumor promoter.

Little is known regarding posttranslational modifications of the SKI protein. The
chicken c-ski protein is phosphorylated on serine residues; the carboxy-terminal region
is either the site of phosphorylation or is required for phosphorylation (15). The human
SKI protein contains multiple serines, threonines, and tyrosine residues (Fig. 1B). Com-
putational analysis of the human SKI protein suggests that it is also a phosphoprotein,
because it contains 39 serine, 7 threonine, and 2 tyrosine potential phosphorylation sites.

The human SKI maps to chromosome 1p36 (29), a common region of alterations in
human cancers, including melanomas (30). Because an early study did not find alter-
ations in SKI restriction enzyme patterns or increases in gene dosage in human melanoma
cell lines (31), its overexpression in human melanoma tissues (5,32) likely results from
yet to be defined transcriptional and/or posttranscriptional events.

THE REPRESSOR FUNCTIONS OF SKI

The nuclear receptor co-repressor (N-CoR) protein contains a conserved bipartite
nuclear receptor interaction domain (NRID) and three independent repressor domains
that can actively repress a heterologous DNA-binding domain (reviewed in ref. 33). N-
CoR can interact with the Sin3 co-repressor, which, in turn, binds to the histone
deacetylase (HDAC), HDAC1 (34). Different HDAC proteins, including HDAC1,
HDAC2, and HDAC3, are found in N-CoR complexes. HDACs deacetylate the -amino
group of lysyl residues in histones, resulting in nonpermissive, compact heterochroma-
tin structures.

High Levels of SKI Repress TGF-  Signaling:
A Major Pathway Involved in Tumor Progression

N-CoR plays a critical role in the transcriptional repression of some but not all SKI
complexes. For example, SKI/N-CoR association is required for repression of Mad, the
thyroid hormone receptor (35), vitamin D receptor, and bone morphogenetic protein
signaling, but not for Smad signaling (36). High levels of SKI repress TGF-  signaling;
a major pathway involved in tumor progression. Binding of TGF-  to its receptors
initiates a signaling cascade transduced by the Smad family of transcriptional coactivators
(reviewed in refs. 37–39). Ligand-mediated receptor activation results in carboxy-ter-
minal phosphorylation of Smad2 and Smad3, formation of heterotrimeric complexes
with the common partner Smad4, nuclear translocation, and transcriptional activation of
TGF-  target genes.

The GTCTAGAC sequence, which is bound by c-ski-containing proteins (39a), was
also identified as a Smad binding element (SBE). The Smad proteins cooperate with a
diverse number of transcription factors in response to TGF- . SBEs contain the four
basepairs (5'AGAC-3' or its reverse complement 5'AGAC-3') that are directly bound by
Smad3 and Smad4 proteins (40). Several groups including ours demonstrated, through
a variety of approaches that included affinity chromatography, GST pull-downs, and
yeast two-hybrid screening (41–43), that mouse Ski and human SKI associate with a
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multi-Smad complex that specifically bind the SBE. Nuclear SKI binds the MH2 domains
of Smad2 and Smad3, forming repressor complexes that curtail TGF-  signaling in
melanomas and other cell types (32).

Increased levels of p21Waf-1 appear to be essential for TGF- -mediated inhibition of
the cyclin-dependent kinase CDK2 and growth inhibition (reviewed in ref. 44). High
levels of SKI prevent p21Waf-1 induction through a Smad-dependent mechanism that
involves transcriptional repression (5). Thus, elevated expression of SKI facilitates cell
cycle progression by targeting the RB pathway in at least two ways: high levels can
directly repress retinoblastoma protein (RB) activity, and, indirectly, increase CDK2
activity by repressing TGF- -mediated induction of p21Waf-1.

In turn, cytoplasmic SKI associates with Smad3 and prevents its nuclear translocation
in response to TGF- (5). SKI retains Smads in the cytoplasm by the formation of Smads
inactive complexes though the suppression of Smad2 phosphorylation (45) and associa-
tion with the protein C184M (46). Thus, the biological consequence of SKI/Smad inter-
action in the cytoplasm appears to be similar to NLS mutations in Smad3, because this
mutant remains in the cytoplasm and functions as dominant-negative inhibitor of TGF-
signaling (47).

High Levels of SKI Repress RB Function: A Lesion Reciprocal to p16INK4a Loss
RB functions as a potent repressor of genes required in the S phase of the cell cycle.

The RB protein family associate via the pocket domain with mSin3-HDAC complexes
containing exclusively class I HDACs. These proteins do not interact directly with RB
family proteins; they use the protein RBP1 to target the pocket (48). c-Ski directly
interacts with RB, forming complexes containing mSin3 and HDAC. Overexpression of
SKI can partially represses RB activity (28). However, SKI in association with the Ski-
interacting protein 1 (Skip1) can completely overcome the G1 arrest and flat cell phe-
notype induced by RB (49). Thus, SKI can cause lesions in the RB pathway similar to
deletions or mutations of the cyclin-dependent kinase inhibitor p16INK4a, an event
associated with mouse and human melanoma formation and progression (reviewed in
refs. 50–52).

The SKI Protein Is Required
for Methyl CpG-Mediated Transcriptional Repression

MeCP2, a member of the familyof methyl-CpG-binding proteins, directly binds to the
co-repressor mSin3, which also interacts with class I histone deacetylase, recruiting
them to methyl-CpG regions to suppress transcription. c-Ski and SnoN are required for
MeCP2-mediated transcriptional repression (29). Recent data demonstrated that MeCP2
associates with and facilitates histone methylation at Lys9 of histone H3, a key epige-
netic modification involved in gene silencing (53). Increased cellular proliferation
associated with high levels of SKI may be the result of enhanced methyl CpG gene
silencing of growth inhibitory genes (29). It has been proposed that association of MeCP2
with DNA could serve to identify novel targets of epigenetic inactivation in human
cancer (54). Determining whether SKI participates in such activity could help to identify
global patterns of gene expression required for immortality and cellular transformation
of melanoma and other tumors overexpressing SKI or snoN.
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Promyelocytic Leukemia Protein Complexes

Promyelocytic leukemia protein (PML) is a critical component of the senescence
response (55). Overexpression of PML results in senescence of human diploid fibro-
blasts, which is characterized by a modest increase in p53 levels and activity, accumu-
lation of hypophosphorylated RB and a reduced expression of E2F-dependent genes
(56). PML interaction with the co-repressors c-Ski, N-CoR, mSin3A, and HDAC1 is
required for transcriptional repression mediated by RB. However, high levels of SKI
could alter the stoichiometry of the complexes because it interacts with PML and RB
through the same amino acid sequence (Fig. 2A). Altered complex composition could,
in turn, lead to altered PML function. If this hypothesis were confirmed, high levels of
SKI could result in lesions similar to loss of PML protein expression, which is associated
with tumor grade and progression in a variety of human tumors (57), and with decreased
apoptosis (58). Because pml–/– mice and cells are protected from apoptosis triggered by
a number of stimuli, including ionizing radiation, interferon, ceramide, Fas, and TNF,
repression of PML function by SKI could lead to the well-known resistance of melanoma
tumors to apoptosis signals (57).

THE ACTIVATOR FUNCTIONS OF SKI
IN THE WNT-SIGNALING PATHWAY

The Wnt-signaling pathway controls cell fate determination in neural crest cells,
which give rise to melanocytes (59). Activation of Wnt signaling involves the inhibition
of -catenin degradation by the proteasome, which results in its nuclear accumulation
and transcriptional activation of LEF/TCF target genes (reviewed in refs. 60 and 61).

Aberrant activation of -catenin signaling by either mutations in -catenin (62) or by
the elevation in wild-type -catenin nuclear content (63) has been linked to melanoma
progression. We have recently demonstrated that SKI interacts with FHL2 (64), a
LIM-only protein that functions as a co-repressor or coactivator of -catenin, depending
on the promoter or cellular context (65,66) . LIM domains are characterized by the
cysteine-rich consensus CX2CX16–23HX2CX2CX2CX16–21CX2–3(C/H/D) (67), and
function as adapters and modifiers in protein interactions (68). The FHL2-interacting
domain resides within amino acids 99–274 of the SKI molecule. This same domain is
required for its association with N-CoR and the transcriptional repression activities of
SKI (35). This suggests that distinct SKI complexes, having repressive or activating
activities, may coexist in the cell, and, by targeting different promoters, diversify the
functions of SKI.

SKI Is an Activator of the MITF and Nr-CAM Genes
It was recently demonstrated that -catenin is a potent mediator of melanoma growth

by mechanisms involving MITF (68). MITF can target the expression of Bcl2, and
disruption of MITF in melanoma cells induces massive apoptosis (69). Thus, activation
of the -catenin pathway and MITF expression appears to be essential for growth and
survival of melanoma cells. In addition, SKI and FHL2 are potent activators of Nr-CAM,
a protein involved in melanoma proliferation, motility, and tumorigenicity (70).
Overexpression of SKI appears to be sufficient for increasing both MITF and Nr-CAM
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mRNA over the basal levels. Cutaneous melanomas display nuclear expression of
-catenin (63). However, in contrast with other human cancers, localization of -catenin

in melanomas does not correlate with mutations. We suggest that the nuclear accumu-
lation of -catenin may result from its interaction with active SKI/FHL2 complexes.

CONCLUSIONS AND PERSPECTIVES

Is SKI a Likely Target for Melanoma Therapy?
SKI is associated with a cascade of events known to increase cell cycle alterations and

growth potential, invasion, and cell survival (Fig. 3). The extent of TGF- resistance
often correlates with metastatic progression (71). However, TGF- -mediated growth
inhibition in melanomas can be restored by downregulation of SKI protein levels (5). But
will that help in vivo? Current evidence suggests that that might be the case. Melanoma

Fig. 3. The multiple functions of SKI in human melanoma. (A) SKI repressive complexes. SKI
in association with Smad2 and Smad3 is a potent repressor of TGF- signaling in human mela-
noma. (B) SKI in association with FHL2 is a potent activator of -catenin.
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tumors are known to secrete large amounts of TGF- to the microenvironment (72). In
the absence of SKI, TGF- could limit tumor growth by an autocrine mechanism, because
no measurable defects at its receptors have been found in melanomas (73). In addition,
low levels of SKI could curtail the oncogenic activities of -catenin by restricting its
nuclear localization. In conclusion, SKI may be a valuable target in the treatment of
human malignant melanoma, because it regulates two major pathways involved in cancer
progression: the Wnt/ -catenin- and the TGF- -signaling pathways.
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Summary
Retinoblastoma (RB) is a tumor suppressor that represses the expression of E2F-regulated genes

required for cell cycle progression. It is inactivated in melanomas and other cancer cells by phosphoryla-
tion catalyzed by persistent cyclin-dependent kinase (CDK) activity. CDK activity is sustained in mela-
noma cells mostly by the elimination of the CDK inhibitor, p16INK4A, and by high levels of cyclins,
whose expression is maintained by stimuli emanating from activated cell-surface receptors and/or by
mutated intracellular intermediates, such as N-Ras and B-Raf. However, RB also suppresses the expres-
sion of apoptosis genes, and its presence protects normal melanocytes from cell death. Its high expres-
sion in human melanoma cells and tumors suggests a similar positive effect on the viability of the
malignant cells as well. The release and suppression of E2F transcriptional activity is likely to depend on
promoter-specific RB/E2F interaction. Phosphorylated RB is displaced from cell cycle genes but not
from others. In addition, RB gene repression is dependent on the nature of RB/E2F interaction and the
composition of RB-bound proteins possessing specific chromatin modification activities recruited to the
promoter. Deciphering the differences in RB/E2F complex formation in normal and malignant melano-
cytes is likely to shed light on the mechanism by which RB can exert tumor suppressing and promoting
activities in this cellular system. The RB/E2F pathway provides opportunities for efficient therapy at
multiple levels. Novel drugs can reactivate RB potential to suppress growth cycle-promoting genes. In
addition, the high E2F transcriptional activity in melanoma cells can be exploited to deliver cytotoxic
molecules specifically to tumors, sparing the normal tissues.
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INTRODUCTION

Retinoblastoma (RB) is one of the best-characterized tumor suppressors. Its existence
was postulated over three decades ago by Knudson, whose insightful observations on
hereditary predisposition to RB led him to formulate the “two-hit” model for cancer
development (ref. 1, for a recent review see ref. 2). In this model, susceptible individuals
carry a germline with an inactivating RB mutation and develop cancer when subsequent
mutations at one or more loci accumulate in the target somatic cell. The localization of
RB to chromosomal band 13q14 (3,4), and cloning of the gene by two independent
groups (5,6), launched intense investigations on the genetics, regulation, and function of
this tumor suppressor. RB is now recognized to participate in the regulation of the cell
cycle, senescence, developmental processes, tissue homeostasis, and responses to che-
motherapy (reviewed in 7). Its inactivation in almost every cancer has been widely
documented and its intricate mode of operation and its regulation have been summarized
by excellent reviews (refs. 7–13 and others cited in the text).

RB belongs to a family of proteins known as “pocket proteins,” which include RB,
p107, and p130 (14,15). Although the three proteins have some overlapping functions,
and all are inactivated in various cancer cells including melanoma (see for example, refs.
16,17), RB emerged as the most relevant tumor suppressor. In this review, I will sum-
marize briefly the prevailing concepts regarding RB function and regulation, with a
focus on implications pertinent to normal melanocytes and melanoma.

TRANSCRIPTIONAL REGULATION BY RB/E2F

RB functions as a transcriptional repressor by association with other transcription
factors, in particular those belonging to the E2F family (8,18). Although numerous other
DNA-binding proteins interact with RB (reviewed in ref. 19), the E2F family members
(E2F1–4), particularly E2F1, are the main players in mediating the RB regulatory
responses (18,20).

RB exerts its effect on E2F-regulated gene transcription by two independent mecha-
nisms. It inhibits E2F transcription by physically interacting with and masking the E2F’s
transactivation domain (Fig. 1A,B) (reviewed in refs. 8,21,22). In addition, it represses
transcription by recruiting “chromatin remodeling factors” that suppress gene expres-
sion (Fig. 1C). RB attracts histone deacetylase (HDAC) and its repressive machinery to
promoter sites (23,24). Acetylation of histone 3 lysine 9 (acetH3-K9) is associated with
open chromatin and transcribed genes, and deacetylation of this residue induces tran-
scriptional repression (Fig. 1D) (25,28). In addition, RB recruits histone H3 methyl-
transferase and members of the ATP-dependent chromatin-remodeling complex, SWI/
SNF (refs. 25,28–31; reviewed in ref. 32). Methylation of lysine 9 (meH3-K9) is asso-
ciated with inactive chromatin, whereas methylation of lysine 4 (meH3-K4) is associ-
ated with active chromatin (33–36). The meH3-K9 provides a binding site for
heterochromatin protein 1, an essential component of gene silencing at heterochromatin
sites (31,37). The dihydrofolate reductase (DHFR) promoter is an example of an E2F1-
regulated gene that undergoes transition from an inactive hypermethylated meH3-K9
form while in the growth arrest (G0) phase of the cell cycle to an active hyperacetylated
state, acetH3-K9, at the initiation of DNA synthesis (G1/S). These temporal changes are
mediated by E2F associated with RB in complex with the histone methyl transferase,
SUV39H1 or HDAC1, respectively (28,29).
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Fig. 1. Control of RB/E2F gene expression. (A) E2F family members in complex with dimeriza-
tion partner (DP) bind consensus E2F sites in promoters of genes and promote gene expression
in cooperation with the basal transcription initiation machinery (basal factors). (B) RB-binding
blocks activation by inhibiting the interaction between the E2F activation domain and basal
transcription initiation factors. (C) RB directly or indirectly recruits chromatin modification
enzymes, such as DNA methyltransferase (DNMT), histone deacetylase (HDAC), Suv39H1, and
heterochromatin protein 1, to the E2F sites, which enhances a suppressive configuration, prevent-
ing access to the basal transcription initiation machinery or other transcription factors. (D) Open
nucleosome structure conducive for transcription is promoted by demethylation of CpG-rich
sites (indicated as open circles on DNA), histone acetylation, and H3-K4 methylation. In con-
trast, DNA methylation (full circles on DNA), histone deacetylation, and H3-K9 methylation
favors a close nucleosome structure that silences gene expression (22,30,32,77,78).
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RB may also mediate long-term silencing of specific genes by association with DNA
methyltransferase 1 (DNMT1), enforcing a repressive chromatin state (Fig. 1D). DNMTs
catalyze de novo methylation of DNA at the C-5 position of cytosine (5-methyl cytosine).
This modification occurs almost exclusively in clusters of CpG dinucleotides surround-
ing the 5' ends of genes known as CpG-rich islands (38,39). The presence of methylated
cytosines alters the chromatin structure, and, in most cases, represses the embedded
promoter by recruitment of methyl-CpG-binding domain proteins, such as MeCP1 and
MeCP2 (38). MeCP, in turn, silences transcription by attracting the HDAC repressive
machinery (40). MeCP also associates with histone methyltransferase in vivo, which
methylates Lys 9 of histone H3, which further induces an inactive chromatin state (refs.
38,41; reviewed in ref. 42). RB association with DNMT1 represses the E2F1-responsive
p16INK4A/ARF promoter in in vivo studies (24,43). This observation, and the fact that
CDKNA/B, the locus for p16INK4A/ARF, can be permanently silenced by DNA methy-
lation in uveal (44) and in sporadic melanomas (45), may imply the involvement of RB
in this process. Furthermore, other tumor suppressor genes, genes whose protein prod-
ucts confer growth disadvantage, metastatic potential, or protection from DNA damage
are also silenced in melanoma tumors by DNA methylation (46,48). Therefore, more
studies are needed to resolve the question of whether RB participates in the long-term
silencing of critical genes that contribute to melanoma genesis.

REGULATION OF RB ACTIVITY

RB suppressive activity is modulated by external stimuli that trigger intracellular
cascades of events that influence RB interaction with E2F transcription factors. Growth
stimuli lead to release of RB from E2F by phosphorylation at specific serine and threo-
nine sites (refs. 49,50; reviewd in ref. 51) (Fig. 2). On the other hand, apoptotic signals
induce the dissociation of the RB/E2F complex by targeting RB to proteolytic degrada-
tion (reviewed in ref. 11). Although much is known about RB-phosphorylation-medi-
ated regulation, the degradation mode of control is an emerging theme (see page
233–234).

Hypophosphorylated RB binds to E2F and suppresses E2F-dependent gene transcrip-
tion. Phosphorylation releases RB from E2F-bound promoters during the G1 (resting)
phase of the cell cycle, leading to the accumulation of transcriptionally active E2F and
activation of genes required for progression into the S phase (51–53). A panel of serine/
threonine kinases, collectively known as cyclin-dependent kinases (CDKs), coordinates
the phosphorylation of RB (reviewed in refs. 12,49,54) (Fig. 2A). Dephosphorylation is
accomplished by the serine/threonine protein phosphatases PP1 and PP2A (refs. 55,56
and references within). The CDKs, mainly CDK3, CDK4, CDK6, and CDK2 are sequen-
tially activated by their respective cyclins to allow quiescent cells to progress from the
arrested/resting stages G0/G1 into DNA synthesis (S phase) (Fig. 2B).

The levels of cyclins fluctuate in response to external stimuli (Fig. 2B). CDK3 is
activated by the C-type cyclin to rescue cells from growth arrest (G0); CDK4 and CDK6
are activated by the D-type cyclins (cyclins D1, D2, and D3) in early G1 phase; and
CDK2 is activated by the E-type cyclins (cyclin E1 and E2) in late G1 and G1/S transition,
and then by the A-type cyclins (cyclin A1 and A2) during S phase (12,57–59) (Fig. 2B).
The latest concept is that the cyclin D/CDK4 or cyclin D/CDK6 hypophosphorylated RB
binds to E2F and prevents transcription of E2F-responsive genes. Phosphorylation by
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Fig. 2. RB structural/functional domains, cyclin dependent kinase (CDK) phosphorylation sites,
and the cell cycle phase at which CDKs are activated. (A) The figure shows the N- and C-termini,
the pocket A and B, and the spacer (S) domains of RB. The minimum growth-suppressive region
of RB is comprised of the pocket and the C-terminus. Several amino acids in A and B constitute
the high affinity-binding domain to E2F family members (E2F1–4) (182,183). The additional
low-affinity site specific for E2F1 is present in the C-domain (167). The LXCXE domain in
pocket B contains conserved Y709, K713, Y756, and R757, involved in contacting LXCXE-
containing proteins, such as viral oncogenes (large T antigen, E1A, and E7), histone deacetylase,
histone methyl transferase, SWI/SNF, and RF-Cp145 (reviewed in ref. 19). The C-domain also
possesses binding sites for MDM2 and C-Abl (reviewed in ref. 19). The 16 potential serine/
threonine (S/T) cyclin/CDK phosphorylation sites are located throughout the length of the pro-
tein but outside of the A/B domains. Although certain phosphorylation sites are unique for cyclin
D1/CDK4 (S249/T252, T356, S790, S788, S807, and S811) and for cyclin A/CDK2 and/or cyclin
E/CDK2 (S612 and T821), others are shared by several enzyme complexes (53). The phospho-
rylation status of S230 and S563 is not yet clear. (B) A diagram showing the temporary activation
of CDK, RB phosphorylation, and E2F association during progression from the resting state into
G1, the restriction point (R) and into DNA synthesis. Only fully phosphorylated RB (RB with
multiple circles) is released from E2F, allowing cells to pass R, the critical point of no return into
late G1 and DNA synthesis. Cyclin A/CDK2 also phosphorylates the E2F/DP complex, freeing
it from promoter sites. Notice that unphosphorylated RB is not bound to E2F in G0-arrested
cells, and suppressive complexes are composed of p130 and E2F4 (53). The emerging notion is
that E2F4 and E2F5 are the family members that function as repressors when bound to pocket
proteins, while E2F1, 2, and 3 in the unbound form act as activators of transcription (184). This
is an idealized diagram, because it is now recognized that phosphorylated RB may remain bound
to some E2F promoters, as discussed in the text.

cyclin E/CDK2 at additional sites inactivates RB, releasing its grip on E2F, allowing
transcriptional activation of cell cycle genes, such as those involved in cell cycle
progression (cyclin D1, cyclin E, cyclin A, cdc2, p107, and p21WAF1), DNA synthesis
(DHFR and DNA polymerase  and transcription factors (c-MYC, c-MYB, B-MYB, as
well as E2F1, 2, 4, and 5) (21,60–64). Cyclin A/CDK2 complexes bind to E2F and
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phosphorylate both E2F and DP during the late S phase, neutralizing the DNA-binding
capacity of the heterodimer, a step required for proper further cell cycle progression and
to restrain the expression of tumor suppressors, such as p53, preventing the onset of
apoptotic cell death (65,66). Although cyclin D/CDK4 or cyclin D/CDK6 are not suf-
ficient to inactivate RB, they are linked to cell growth by promoting directly or indirectly
the activation of metabolic genes in early G1 and protecting the cells from entering G0
(53). In G0-arrested cells, the unphosphorylated RB is not bound to E2F, and the major
repressive complex at this phase is p130/E2F4 (53,67).

CDK activity is also governed by association with the CDK kinase inhibitors (CKI)
and by phosphorylation/dephosphorylation events (68–70). The CKI are divided into the
INK4 or WAF/KIP family based on activity and sequence homology. The INK4 family
members of CKI bind to CDK4 and CDK6, preventing their association with D-type
cyclins. Inactivation of INK4A is common in cancer in general and melanoma genesis
in particular (see page 229). The CKI from the WAF/KIP family (p21WAF1, p27KIP1, and
p57KIP2) form heterotrimeric complexes with cyclin D/CDK4, cyclin D/CDK6, and
cyclin E/CDK2. Although p21WAF1 and p27KIP1 inhibit all CDK4, CDK6, and CDK2
activity at high concentration, further analysis revealed that at physiological concentra-
tions, cyclin E/CDK2 activity is inhibited, whereas complex formation between CDK4
or CDK6 and cyclin D is augmented by p27KIP1 and p21WAF1, enhancing their kinase
activity (71–73). In agreement with these observations, inactivating mutations in
p16INK4A facilitates immortalization of human melanocytes in culture but does not alter
growth factor requirement (74). Likewise, mouse melanocytes with targeted disruption
in the p16INK4A, p21WAF1, or p27KIP1 became immortalized as their wild-type coun-
terparts and did not lose their dependency on external growth factor. However, the
disruption in p21WAF1 or p27KIP1, but not p16INK4A accelerated melanocyte death in
growth factor-deprived medium, suggesting that their presence protects the cells from
apoptosis.

RB/E2F AND NORMAL MELANOCYTE PROLIFERATION

In vitro studies with genetically modified mouse melanocytes documented the need
for E2F1 for proper proliferation. Melanocytes cultured from an E2F1-knockout mouse
display repressed growth rate relative to wild-type melanocytes (Fig. 3). The population
doubling time of E2F1-null melanocytes was 6–8 d, compared with approx 3 and 1.6 d for
E2F1+/– and wild-type cells, respectively (Fig. 3). Furthermore, transgenic melanocytes
expressing dominant-positive mutant E2F1 (a mutant protein that binds RB but not to
E2F promoter sites), escaped the need for external growth factor (Fig. 3) (75). This
release from external constraints is caused by RB sequestration by the mutant protein and
the accumulation of free endogenous E2F transcriptional activity (75).

Probing of normal human melanocytes grown in culture revealed a role for additional
RB and E2F family members in cell cycle progression (Fig. 4) (76). As expected, mel-
anocyte mitogens tightly control the phosphorylated state of RB, p107, and p130 and
their interaction with E2F transcription factors. Gel shift DNA analyses demonstrated
that E2F2 and E2F4 were the major unbound E2F-binding activity in proliferating early
passage normal melanocytes, whereas E2F1 was hardly detected (Fig. 4). Growth arrest
in response to deprivation from external growth factors was associated with decreased
total E2F DNA-binding activity and the formation of mostly E2F4/p130 and some RB/
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Fig. 3. Melanocyte growth properties are modulated by E2F1. The curves show the growth
kinetics of melanocytes from wild-type (E2F+/+), knockout mice heterozygous (E2F+/–) or
homozygous (E2F–/–) for the E2F1-disrupted allele, and wild-type melanocytes expressing a
dominant-positive mutant E2F1E132 (E2F1DP). Melanocytes were grown in the presence (black
line) or absence (gray) of the growth stimulator 12-O-tetradecanoyl phorbol-13-acetate (75).

E2F2 and/or RB/E2F4 suppressive complexes (76). In contrast, late-passage melano-
cytes exposed to the growth factors displayed a “growth-arrest” pattern of E2F/DNA-
binding activity, i.e., a drastic reduction in free, unbound E2F and a prominent shift
toward inhibitory E2F4/p130 complex (Fig. 4) (76). These data are in agreement with
the general notion that E2F4/p130 are the major growth-suppressive complexes in
growth-arrested cells (reviewed in ref. 77,184). Furthermore, senescence-associated
changes in heterochromatin organization of specific promoters directed by RB were
recently reported in human fibroblasts (78). In this case, stable p130 and RB complexes
accumulated on silenced cyclin A and PCNA E2F-responsive promoters that were
embedded in heterochromatin containing meH3-K9 and heterochromatin protein 1 pro-
teins (78). The persistent and stable association of inhibitory pocket protein/E2F com-
plexes on genes required for cell proliferation can explain the unresponsiveness of
senescing cells, including melanocytes, to external mitogens (79).

RB/E2F AND MELANOMA

In human melanoma cells, all three RB pocket proteins are hyperphosphorylated, and
several E2F family members (E2F1, E2F2, E2F3, and E2F4) are highly expressed in
unbound, transcriptionally active forms even in the absence of melanocyte mitogens
(16,76,80). Constitutive phosphorylation by unrestrained CDK4, CDK6, and CDK2
activities is the major reason for the inactivation of pocket proteins in melanoma.
Although melanoma is the most common type of second primary tumor diagnosed
among retinoblastoma survivors and their families (81–83), inactivation of RB by
mutations is rare in sporadic tumors and melanoma-prone families (80,84). The other
mode of RB inactivation, through association with tumor viruses capable of induc-
ing mouse melanoma, such as SV40 and E1a, (85,86), has not been shown to be opera-
tive in human melanomas.
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Fig. 4. Activation of RB family members in normal human melanocytes by growth factor dep-
rivation. The figures show that starvation of first passage melanocytes induces a rapid growth
arrest (A), and depletion of cyclin D1, cyclin A2, and p107, accompanied by the accumulation
of faster migrating, underphosphorylated forms of RB and p130 (B). Downregulation of cyclins
and p107 is likely to be in response to growth suppressive E2F4/p130, apparent within 10 h of
starvation, as determined by gel-shift analysis employing double-stranded DNA encoding the
E2F-responsive element in the dihydrofolate reductase promoter (E2FRE) (C, 1st passage). In
contrast, E2F4/p130 suppressive complexes are present in senescing melanocytes even in the
presence of growth factor (C, 4th passage). Notice that proliferating melanocytes display not only
free E2F activity (E2F2 4), but also large protein DNA complexes composed of RB/E2F1 and
E2F4/p130/cyclin A/CDK2, as determined by the addition of the respective antibodies to the gel-
shift assays (76). The specificity of the E2F/DNA complex formation is indicated by displace-
ment of the radioactive probe with excess cold E2FRE but not with mutant E2FRE (E2FREmut).
In the case of fourth passage cells, the assay was performed also in the presence of antibodies to
E2F2 or E2F4, demonstrating suppression of free E2F2 and E2F4 DNA complexes, respectively,
and a shift in the E2F4/p130 large molecular-weight aggregates. (For more details, see ref. 76.)
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Two complementary events lead to constitutive CDK activation in melanoma: sup-
pression of CKI and upregulation of cyclins. Chromosome analyses followed by the
identification of inherent mutations provided the initial evidence that loss of p16INK4A

function can contribute to melanoma initiation and/or predisposition. In melanoma
tumors, the CDKN2A locus, encoding p16INK4A/p14ARF on chromosome band 9p21, is
frequently deleted (87–90) or silenced by promoter hypermethylation (44,45). Further-
more, families carrying inactivation mutations in CDKN2A are predisposed to develop
melanoma (83,91,92). The mutations in p16INK4A release restraints on CDK4 or CDK6
activity because they reduce the ability of the protein to bind to and inhibit CDK4 or
CDK6 (93). A mirror-image germline point mutation in CDK4 (a substitution of arginine
at position 24 to cysteine, R24C) that abolishes the ability of the protein to bind p16INK4A

and leads to increased CDK4 kinase activity was also found, but, thus far, only in 3
melanoma families (83,94,95). Interestingly, in many other types of human neoplasms,
the R24C CDK4 mutation could not be detected (96,97), and, thus far, no kinase-acti-
vating mutations have been identified in CDK2 (98,99).

The loss or inactivation of the other two tumor suppressors on the 9p21 chromosomal
region that abrogate cell cycle control, p14ARF (an alternative splice form of p16INK4A)
and INK4B (p15INK4A), were also reported in melanomas. p14ARF interacts with HDM2
to prevent p53 degradation. Its loss unleashes the HDM2 ubiquitination of p53, subse-
quent degradation of the protein by the proteasome, and loss of apoptotic signals medi-
ated by this tumor suppressor. More than 40% of the mutations in melanoma kindred that
diminish p16INK4A function also impair p14ARF, affecting the two independent pathways
that enhance deregulated growth (see, for example, ref. 100; reviewed in ref. 101).

Knockout mice with deleted p16INK4A, and knock-in mice expressing the CDK4 R24C
allele, validate the importance of restraining CDK4 activity in melanoma genesis. These
mice are susceptible to melanoma development and other cancers, particularly after
carcinogenic treatments (101–106; reviewed in ref. 107).

Downregulation of p27KIP1 also contributes to unrestricted CDK activity in melano-
mas. Immunohistochemistry of melanoma specimens revealed that loss of p27KIP1 pro-
tein expression correlated with tumor progression and was associated with worse
prognosis (108,109). In contrast, p21WAF1 is overexpressed in metastatic melanomas
compared with common acquired nevi, and its upregulation was apparent already in
advanced primary melanoma tumors compared with thin ones (110,111). It has been
suggested that p21WAF1 provides protection from p53-induced apoptosis thereby
enhancing tumor cell survival (112).

Constitutive expression of cyclins is one of the major culprits for melanoma-cell
dysregulated proliferation, because loss of p16INK4A, by itself, is not sufficient to alter
the cell dependency on growth factors (75) or to induce melanomas in humans (113).
Cyclin D1, cyclin E, and cyclin A are maintained at high levels in cultured melanoma
cells and tumors (76,114–117). In some melanomas, cyclin D1 overexpression is caused
by gene amplification (118–120). On average, approx 10% of melanoma tumors harbor
amplification of CD1 (the locus of cyclin D1 on chromosome 11q13, previously known
as PRAD1) (118,120). However, there are significant differences in the frequency of
CD1 amplification among different melanoma subtypes. The locus is most frequently
amplified in acral melanoma, a subclass that occurs on the palms and soles, as well as
under the nails, areas normally protected from UV irradiation (44% of cases) (121). On
the other hand, 17 and 7% of lentigo maligna and superficial-spreading melanoma cases
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Fig. 5. A simplified diagram showing the constitutive receptor mediated signaling in melanoma
cells that is likely to lead to persistent cyclin dependent kinase (CDK) activity. The figure shows
the activation of fibroblast growth factor receptor 1 (FGFR1) receptor tyrosine kinase by autocrine
stimulation with FGF2 and FGF13 and the activation of integrins by changes in the expression
of several components as described in the text (p231). Activation of cell surface receptor lead to
activation of the Ras/MAPK (mitogen-activated protein kinase), phosphatidylinositol 3-kinase
(PI3K) and protein kinase B/Akt (PKB/Akt), the latter resulting in inactivation of glycogen
synthase kinase 3 (GSK3) and activation of -catenin. Consequently, the activated MAPK and

-catenin translocate to the nucleus and in turn activate transcription factors that upregulated
cyclin D and E2F1 gene expression (cyclic AMP responsive element binding factor known as
CREB, Tcf, c-Jun, Ets and Tcf/Lef). E2F1 in turn, activates other genes including cyclin E, and
cyclin A, required for CDK activation. Inhibition of GSK3 kinase activity also leads to stabili-
zation of cyclin D, and activation of Akt leads to cytoplasmic retention of p21WAF1.

demonstrated CD1 amplification, respectively, whereas no CD1 amplification was found
in nodular melanoma (121) or in other sporadic metastatic melanomas (122). Thus far,
no gene amplifications were reported in any of the other cyclins, and among the CDK,
only CDK2 was reported to be overexpressed (116,117).

The wide spread overexpression of cyclin D1 and other cyclins, in the face of infre-
quent amplification, suggests the involvement of other mechanisms. Under normal
conditions, the levels of cyclins fluctuate during the cell cycle in response to ligand-
activated cell-surface receptors (58,123). The major signaling pathways triggered by the
receptors, the mitogen-activated protein kinase (MAPK; also known as extracellular
signal-regulated kinase, or ERK) pathway (reviewed in refs. 124 and 125), and the
phosphatidylinositol 3-kinase (PI3K) pathway (reviewed in refs. 124 and 125) (Fig. 5),
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are constitutively active in melanoma cells. The continuous activation of receptor
tyrosine kinases, such as fibroblast growth factor receptor 1 (FGFR1) or insulin-like
growth factor-1 receptor (IGF-1R), in melanomas has been well established (reviewed
in refs. 16 and 114). FGFR1 is activated by aberrant production of the protooncogene
fibroblast growth factor-2 (FGF2; also known as basic FGF, bFGF) and possibly by
FGF13 (126). The IGF-1R, on the other hand, is self-activated by receptor overexpression
(17,127). The biological significance of constitutive receptor kinase activity has been
validated by targeted inhibition that, in each case, led to melanoma cell growth arrest in
vitro and in vivo (17; reviewed in refs. 16, 114, and 128–131). Inhibition of FGFR1
caused downregulation of cyclin D1 and cyclin D2 expression, inhibition of cyclin D/
CDK4 activity and, as a consequence, reduction of RB phosphorylation in human breast
cancers (132), and is likely to have a similar effect on melanoma cells.

MAPK and PI3K can be activated in melanomas also via the integrin pathway, because
several components of the integrin pathway are overexpressed in a synergistic manner.
These include integrins (ITGA7, ITGA4, ITGA6, ITGB3, ITGB1, and ITGA5), integrin
ligands (Cyr61, TNC1, FN1, and CTGF), and integrin-linked kinase (ILK) (126,133–137).
ILK is a mediator of integrin signal transduction (see, for example, 138), and its consti-
tutive activity is further enhanced in melanomas by downregulation of the serine/threo-
nine phosphatase, ILKAP (126), which selectively suppresses ILK1 activity. Activation
of the MAPK and PI3K increase cyclin D1 levels through protein stabilization and
upregulation of gene expression, as delineated in Fig. 5.

Finally, mutational activation of signaling intermediates in the receptor-mediated
cascade can serve as the driving force for increased cyclin expression. Among the inter-
mediates activated by mutations in melanomas are N-Ras and B-RAF (139,140; reviewed
in refs. 141–143). The transforming ability of persistent MAPK activation was validated
by its experimental manipulation. The introduction of activated Ras (86), or constitu-
tively active MAPK kinase (MEK) into immortalized melanocytes facilitated the growth
of the transduced cells as tumors in nude mice (144). In addition, genetically modified
mice that overexpress a constitutively active receptor tyrosine kinase (Ret) (145), a
potent ligand for receptor kinase (HGF/SF), or activated Ras, developed melanoma
tumors (146–148; reviewed in refs. 149 and 150). Similarly, inhibiting MAPK signaling
in melanoma cells directly or via downregulation of activated B-Raf caused growth
arrest and promoted apoptosis (151,152).

DUAL ROLE FOR RB

Paradoxically, active RB suppresses cell proliferation but its presence is required to
maintain cell viability. This latter role of RB was first apparent in RB–/– mouse embryo
phenotype (reviewed in refs. 11 and 64). RB-null mice die in utero because of massive
apoptosis in the nervous system, lens, and skeletal muscles in response to E2F1 deregu-
lation (153–156). Elegant studies by Dowdy and collaborators demonstrated a similar
effect on melanocytes (157). To overcome the embryonic lethality associated with RB
deficiency, these investigators devised conditional ablation of RB in somatic cells by
employing RBLoxP mice and TAT-Cre protein delivery system. Subcutaneous injection
of TAT-Cre protein into cycling hair follicles induced excision of RB exon 19 (the LoxP
recombination site), followed by suppression of RB protein levels, loss of melanocytes,
and depigmentation (Fig. 6A,B). Likewise, direct elimination of endogenous RB in
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Fig. 6. RB is required to suppress apoptosis in normal melanocytes. (A) Nonpigmented hair shaft
of TAT-Cre-treated RBLoxP/LoxP hair follicles compared with pigmented RBLoxP/+ hair shaft.
(B) Loss of melanocytes in TAT-Cre-treated RBLoxP/LoxP hair shaft compared with normal and
RBLoxP/+ controls, as evaluated by immunoreactivity with antibodies directed to the melanocyte-
specific enzyme, dopachrome tautomerase (DCT, formerly known as TRP2). In contrast, all
TAT-Cre-treated hair follicles were positive for PCNA, indicating normal follicular develop-
ment. (C) RB acts in a melanocyte-autonomous fashion. Proliferation of cultured RBLoxP/+ (black
line) and RBLoxP/LoxP (gray line) primary murine melanocytes before and after treatment with a
single TAT-Cre protein, arrow (a). Histogram showing high levels of apoptosis in RBLoxP/LoxP

(gray column) relative to RBLoxP/+melanocytes in response to TAT-Cre protein, as indicated by DNA
fragmentation detected by TUNEL assay (b). (Figures reprinted with permission from ref. 157).
Please see color insert following p. 430.

cultured RBLoxP melanocytes by TAT-Cre protein induced growth arrest and apoptotic
cell death (Fig. 6C). These experiments demonstrated that RB is required for normal
mouse melanocyte proliferation, and that other family members (p107 and p130) cannot
substitute for RB.

A positive effect of RB on viability may be operative also in malignant cells. In
contrast to what is expected from a tumor suppressor, normal, nonmutated RB is highly
expressed in most cancers, including melanomas, relative to normal cells (76,84,114,158)
(Fig. 7A). Furthermore, antisense-mediated reduction in RB levels in adenocarcinoma
and myeloid leukemia cells induced growth arrest and apoptosis (159). These results
imply that RB can act also as a tumor promoter.

RB is present in melanoma cells in its hypophosphorylated and hyperphosphorylated
forms at higher levels compared with normal melanocytes (Fig. 7A), and RB/E2F com-
plexes are also more abundant in exponentially growing melanoma cells relative to
normal melanocytes, indicating that the association between the two proteins is not
compromised (76). Immunofluorescent analysis with antibodies that detect the total
protein (IF8) or its S608-phosphorylated form confirmed nuclear localization, the
expected site of RB action (Fig. 7B). This phenotype was not restricted to melanoma
cells in cultures but was also observed in melanoma tumors (Fig. 7C). Immunohis-
tochemistry of a melanoma tissue microarray composed of approx 550 specimens showed
that all patients had strong RB nuclear immunoreactivity in a large percentage of their
melanoma cells (at least 50%; R. Halaban, unpublished results). Further analysis revealed
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Fig. 7. RB is highly abundant in melanoma cells relative to normal melanocytes. (A) Western blot
showing expression of RB in normal melanocytes (NM) vs melanoma cell strains from different
tumors (1–8). The normal human melanocytes derived from newborn foreskins were cultured in
the presence of growth factors and then shifted to growth factor-free medium for 24 h (–), or
grown continuously in the presence of agents required for proliferation (+). The melanoma cells
from individual donors from advanced primary (1) or metastatic lesions (7, 8) were grown
without melanocyte growth factors. The cell extracts were subjected to Western blotting with
anti-pRB monoclonal antibodies (IF8), and then with anti-actin rabbit polyclonal antibodies to
assess protein loading in each well. Gray and black lines on the right-hand side point at the fast- and
slow-migrating RB immunoreactive bands, and indicate the hypophosphorylated and hyper-
phosphorylated forms, respectively. (B) RB nuclear localization as seen by immunofluorescence
analysis of normal human melanocytes (Normal) and melanoma cells, employing RB mAb IF8,
which recognizes all RB forms (RB) and phospho-specific polyclonal antibodies that recognize
only the S608RB phosphorylated form (pS608RB). Courtesy of Sergio Trombetta, Cell Biology,
Yale University School of Medicine. (C) A histospot from melanoma TMA showing RB immu-
noreactivity with the monoclonal antibody, IF8. Original magnification: 10 and 40 (inset).
Courtesy of Drs. Harriet Kluger, Mr. Aaron Berger, and Dr. David Rimm, Department of Pathol-
ogy, Yale University School of Medicine. (D) RB stability in melanoma cells (black line) vs
normal melanocytes (gray line) (curves are based on radioactive pulse-chase experiments de-
scribed in ref. 76). Please see color insert following p. 430.

that RB is highly stable in melanoma cells, whereas it is rapidly degraded in normal
melanocytes (with a half-life of over 18 h compared with approx 4 h, respectively; Fig. 7D).
The reason for RB stabilization in melanoma cells has not yet been fully investigated,
but preliminary results suggest that it is mediated by persistent receptor kinase activity.
Inhibition of the IGF-1R by the tyrphostin, AG1024, induced rapid proteasomal degra-
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dation of RB in melanoma cells (17). These observations raise the question of whether
the growth-suppressive function of RB in melanoma is compromised by the absence of
cofactors, or whether active RB exerts a positive effect, as demonstrated for normal
melanocytes (157).

The positive effect of RB on cell viability can be mediated by transcriptional repres-
sion of a subclass of E2F-responsive genes. Studies with knockout mice demonstrated
that E2F1 is required to induce apoptosis in RB-null mice, a process that was mediated
by p53 and apoptosis protease-activating factor 1 (Apaf) (156,160,161). E2F1 induces
the accumulation of p53 directly and indirectly, by activating p53 and p19ARF transcrip-
tion (human p14ARF), respectively. Consequently, p53 protein levels are increased in
response to synthesis and stability, because of p19ARF inhibition of MDM2-mediated
degradation. p53 is further instrumental in its own stabilization, because it also activates
p19ARF. In addition, RB suppresses other E2F1-responsive genes whose products are
involved in apoptosis, such as p21WAF1 (162); several caspase proenzymes (163); and the
p53-related gene, p73 (164).

How can active RB enhance two opposing processes, suppression of proliferation and
promotion of viability? At least three independent mechanisms have been proposed, all
invoking promoter-specific regulation by active repression. In the model proposed by
Chau and Wang, differential sensitivity to the phosphorylated state of RB distinguishes
promoters of cell cycle genes from apoptosis genes (11). CDK phosphorylation releases
the repressive association of RB from E2F bound to promoters of genes during G1 to
S transition, but not from promoters of apoptosis genes. Instead, degradation of RB is
required to disrupt the repressive complexes at the promoters of pro-apoptosis genes, a
process mediated by caspases (11), or by ubiquitination and proteasomal degradation,
as seen in melanoma (17). Results from unbiased analysis of CpG-rich promoter occu-
pancy experiments provide evidence that RB/E2F complexes associate with specific
promoter sites in a cell cycle-regulated and -unregulated manner (20). Employing RB
and E2F chromatin immunoprecipitation assays combined with microarray analysis,
Farnham and collaborators showed that RB occupies some promoter sites only during
G0/G1 phase, some only during S phase, and others were bound constitutively by RB
(20). Furthermore, the use of phospho-specific RB antibodies directed at four different
residues known to be substrates for CDKs (S780, S795, or S807 and S811; Fig. 2) dem-
onstrated that phosphorylation abolished binding to some but not all target sequences.
For example, phospho-RB remained bound to the -lactamase and Myc promoters (20).

In another model suggested by Fotedar et al. (165), active repression of cell cycle-
promoting genes and apoptotic genes is mediated by different classes of RB/LXCXE-
associated proteins (165). Whereas some genes, such as cyclin E and DHFR, are generally
repressed by recruitment of RB/E2F1/HDAC complexes and deacetylation of histone
termini (23), other genes, such as p73 (which is required for p53-independent, E2F1-
induced cell death) are repressed by RB/E2F1 in association with RF-Cp145, the large
subunit of replication factor C. RF-Cp145 is an ATPase, and this enzymatic activity is
required to elicit RB-mediated active repression. Therefore, it is envisioned that RF-Cp145
in complex with RB/E2F induces a repressive chromatin configuration by an ATP-
dependent remodeling process shown for SWI/SNF ATPase complexes (165,166). This
model is supported by observations that implicate HDAC repression of E2F-regulated
promoters in G1 of the cell cycle and SWI/SNF in the absence of HDAC at the latter S
transition (reviewed in refs. 18 and 23). For example, RB/HDAC/SWI/SNF repressed
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the cyclin E gene, whereas RB/SWI/SNF, in the absence of HDAC, maintained repres-
sion of cyclin A and CDC2 (23).

Finally, Dick and Dyson suggested that RB suppression of E2F1-induced apoptosis
is mediated by a novel E2F1 RB C-terminus-binding domain (as indicated in Fig. 2)
(167). The low affinity novel domain in amino acids 792–928 of RB exclusively binds
E2F1 (termed specific, or S) and not other E2F family members, and, thus, is different
from the general A/B pocket site, which binds all four E2F members (E2F1–4) at high
affinity (termed general, or G) (167) (Fig. 2). RB E2F-G mutant RB compromised in
the A/B pocket region is a more potent suppressor of E2F1/DP1-induced cell death in
response to DNA damage than wild-type RB. How RB E2F-G suppresses E2F1-medi-
ated apoptosis has not yet been resolved, but one suggestion is that it does so by blocking
E2F1-induced transcription of some promoters but not others (167).

It is clear that cells evolved a complex mechanism to maintain a proper balance
between proliferation and apoptosis, and the full details by which RB/E2F participates
in this process remain to be elucidated. One has to take in account not only the nature of
the RB association with E2F, but also the differences in the ability of various E2F family
members to activate or repress transcription (18,184). It is tempting to consider the
possibility that two major imbalances exist between normal and malignant melanocytes.
On one hand, there is upregulation of free E2F transcriptional activity that maintains
persistent uncontrolled expression of cell cycle genes in melanoma cells. In addition, the
highly expressed RB in melanoma cells relative to normal melanocytes may serve to
suppress the expression of E2F-regulated apoptosis genes in a promoter-specific manner
by a mechanism that remains to be determined. In support of this view, is the observation
that adenovirus-mediated E2F1 gene transfer to melanoma cells induced growth inhibi-
tion, rapid loss of cell viability, and widespread apoptosis (168,169).

THE RB/E2F PATHWAY AND CLINICAL IMPLICATIONS

The multiple levels by which the RB/E2F pathway is deregulated in melanoma and
other cancers provide several potential targets for cancer therapy. One of the original
approaches capitalizing on this pathway was to reactivate RB suppressive potential by
inhibiting CDK activity. A series of potent CDK inhibitors that act by competing with
ATP for binding at the CDK catalytic site have been recently identified (170,171).
Among this group is flavopiridol, an inhibitor of CDK1, 2, 4, and 7 that blocks cell cycle
progression and induces apoptosis in several cancer cell types, including melanoma (76
and references within). This agent induced progressive loss of phosphorylated forms of
all three pocket proteins, RB, p107, and p130, as well as reduction in RB and p107
protein levels, and a sharp decrease in free E2F-binding activity (76). However, thus
far, administration of flavopiridol did not improve the clinical status of melanoma
patients (172).

Other approaches include targeting the aberrant signal transduction pathway that
maintains RB phosphorylation and stability (see, for example, ref. 173). Targeting
receptor kinases can be an effective way, as demonstrated by the use of the tyrphostin,
AG1024, (17) and the FGFR1 inhibitors mentioned on page 231. Recently, targeting
Raf kinases by molecular manipulation or with a low-molecular weight inhibitor (BAY-
43-9006) have shown promising results with potential for clinical application (reviewed
in refs. 142 and 174). Currently, BAY-43-9006 is under phase I/II clinical trials in
combination with standard chemotherapeutics (reviewed in ref. 175). It remains to be
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seen whether it will be effective in the treatment of melanomas, as was shown for another
ATP analog, Gleevec (STI-571), the inhibitor of PDGF, c-Abl, c-Kit and vascular
endothelial growth factor (VEGF), in the treatment of chronic myelogenous leukemia and
gastrointestinal stromal tumors (reviewed in ref. 176).

The “free” E2F can also be directly targeted with novel therapeutic approaches
involving application of DNA technology. Double-stranded DNA with high affinity for
E2F can serve as a decoy to bind endogenous E2F, sequester it from host promoter sites,
and block the activation of genes mediating cell cycle progression (reviewed in ref. 177).
On the other hand, the abundant E2F transcriptional activity can be exploited to express
cytotoxic molecules at high levels specifically in tumor cells using a gene under the
E2F-responsive promoter. For example, the high E2F promoter activity in C6 glioma
cells was used to express the herpes thymidine kinase gene at extremely high levels
specifically in the cancer cells (178). More recently, several groups constructed human
adenoviruses that replicated in an E2F-dependent manner and were selectively cytotoxic
to human tumor cells but not to normal cells in vitro and in vivo (179–181). In these
oncolytic adenoviruses, the expression of E1A, the early viral gene essential for repli-
cation, is under the control of the E2F-responsive promoter, therefore, viral particles
replicate only in E2F-rich tumor cells but not in normal cells. These approaches should
be evaluated in clinical trials for melanoma patients.

CONCLUSIONS AND PERSPECTIVES

RB and its 2 homologues, p107 and p130, regulate a myriad of E2F-responsive genes
whose relative expression determine the course of several cellular processes, such as
proliferation, differentiation, and apoptosis. All three family members are aberrantly
inactivated in melanomas by phosphorylation catalyzed by persistent CDK activity.
CDK activity is sustained in melanoma cells mostly by the elimination of the CDK
inhibitor, p16INK4A, and by high levels of cyclins, whose expression is maintained by
stimuli emanating from activated cell-surface receptors and/or by mutated intracellular
intermediates, such as N-Ras and B-Raf. Phosphorylation releases RB repressive activ-
ity from some, but not all, E2F-bound promoters. In melanoma cells, transcription of
E2F-mediated growth-promoting genes is turned on, whereas apoptosis genes are
silenced. The intricate mechanism by which RB exerts differential promoter activity is
a challenge for future studies. Thus far, evidence exists that it depends on RB-specific
interaction with E2F family members and association with chromatin-modifying
enzymes. The high expression of RB in melanoma cells suggests that the protein per-
forms a positive function, such as suppression of growth-arrest genes. Because RB is not
permanently disabled by mutations, novel drugs can be devised to reactivate its tumor
suppressive activity in melanoma. Alternatively, the high E2F transcriptional activity in
melanoma cells can be exploited to deliver cytotoxic molecules specifically to tumors,
sparing the normal tissues.
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Summary
The unique nature of a melanocyte is based on its capacity to respond to ultraviolet (UV) radiation

with the production of melanin-containing melanosomes, which subsequently are transferred to adjacent
keratinocytes to deliver a protective shield. Besides the specific expression of some melanogenesis-related
genes, a melanocyte is equipped with an elevated level of antiapoptotic activities, which seems to enhance
the threshold for UV-induced apoptosis in this cell type. A further response to UV exposure of the skin is
the induction of mitogenic activities and a subsequent increase in the number of melanocytes, which is
reflected in the existence of acquired nevi. Melanocytes originate from cells with a high migratory activ-
ity and they can react to UV radiation by migration into deeper dermal layers of the skin. Thus, because
antiapoptotic, mitogenic, and migratory activities can easily be induced in a melanocyte, it is a sensitive
target for factors disturbing its physiological homeostasis and it might also explain why the transforma-
tion of melanocytes leads to such highly aggressive tumor cells.

The coordinated balance of differentiation, proliferation, and apoptosis is a prerequisite for the main-
tenance of cellular homeostasis. Understanding the signaling pathways and molecules involved in the
regulation of melanocyte biology and finding the factors that lead to deregulation and ultimately to the
transformation of a pigment cell will help in understanding melanoma development. Today, more and
more pigment cell-specific-signaling pathways, whose relevance is also reflected in the genetics of mela-
noma, have been discovered. In the following chapter, some of the signaling pathways that are important
for physiological processes in melanocytes, a nd which have been shown to be deregulated in melanoma
cells, are discussed.
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PHYSIOLOGICAL SIGNALING IN NORMAL MELANOCYTES

UV-Induced Pigmentation: “Terminal” Differentiation
Melanocytes originate from neural crest–derived progenitors that migrate to the skin

during embryonic development. Once it  arrives at its destination, a mature melanocyte
functions as a highly specialized cell to protect the skin from damage caused by ultra-
violet (UV) radiation. In the skin, a melanocyte is the target of a variety of signals emitted
by its microenvironment. In this scenario, keratinocytes play an important role, because
they express and secret specific paracrine-acting factors that modulate the physiology of
the melanocyte (1). One of these factors is the -melanocyte-stimulating hormone
( -MSH), which binds to the melanocortin-1 receptor (MC1R), a G protein-coupled
receptor located in the plasma membrane of melanocytes (2). Stimulation of MC1R
leads to upregulation of intracellular cAMP levels in melanocytes and activates cellular
signaling, finally inducing melanogenesis (3).

The key factors involved in melanogenesis that also represent the main pigment cell
differentiation markers are tyrosinase and tyrosinase-related proteins 1 and 2 (TYRP-1
and DCT). Expression of tyrosinase as well as TYRP-1 is predominantly regulated by the
microphthalmia-associated transcription factor (MITF) (4–6). The MITF gene itself is
a target of cAMP signaling induced by -MSH, and stimulation of the receptor leads to
a fast but transient upregulation of the transcription factor (7,8). Other factors acting in
UV-induced melanogenesis by increasing tyrosinase expression or by upregulating
melanocyte markers are endothelin-1 (ET-1), which binds to the G protein-coupled
endothelin receptor (EDNRB) (9,10), and stem cell factor (SCF), which binds to the
receptor tyrosine kinase, KIT (11). In addition, UV irradiation can directly induce tyro-
sinase expression through the stress-activated MAP kinase, p38, and the transcription
factor, USF-1, which binds to the tyrosinase promoter (12), but p38 has also been shown
to be involved in -MSH-induced melanin production (13).

Nevi Formation—Proliferation and Senescence
An important aspect of the UV response in the skin is that “UV-activated”

keratinocytes express and secrete a series of factors acting synergistically to enhance the
number of melanocytes, thereby functioning as mitogens.

How melanocytes increase in number after UV irradiation and which cells respond to
mitogens is still a matter of debate. Because UV stimulation triggers terminal differen-
tiation of melanocytes, the questions are whether and how terminally differentiated
melanocytes in the skin can reenter the cell cycle and proliferate.

One explanation for the mitogenic response of melanocytes is based on the idea that
a reservoir of precursor melanocytes exists in the skin. Melanocyte precursor cells have
been identified histologically in human skin as cells that do not express the differentia-
tion marker TYRP-1, but are positive for the melanocyte marker, KIT (14); such KIT(+)
precursor cells were also identified in mouse skin (15). KIT plays an essential role during
melanocyte development, in which it is expressed by melanocyte progenitors. Activa-
tion of this receptor by SCF (also called mast cell growth factor, MGF) stimulates a weak
proliferation of mature melanocytes in vitro as well as in vivo (11,16,17).

Many in vitro studies using cultured human melanocytes have also shown that other
factors, such as ET-1 or the basic fibroblast growth factor (bFGF) can act as weak
mitogens on melanocytes as single factors (16,18), but that the combination of these
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factors dramatically increases the response (19,20). Even more striking is the fact that
-MSH does not provoke any growth signal, per se, but it significantly enhances mel-

anocyte proliferation induced by bFGF or ET-1 (18,21). Thus, the requirement of a
synergistic action of different growth factors for a physiologically relevant mitogenic
response seems to be a general principle in melanocyte proliferation. However, an
understanding of how this synergistic stimulation of membrane-bound receptors results
in a coordinated activation of different intracellular pathways and how it is reflected in
the intracellular signaling of melanocytes is just beginning to emerge.

It is thought that one result of the mitogenic response of melanocytes is the formation
of nevi (22,23). The variety and individuality of different types of nevi suggests that each
nevus originates from one single cell and, thus, might represent a clonal expansion of one
melanocyte. In general the melanocytes in a nevus (nevus cells) differ little in their
microscopic appearance from normal melanocytes, but they can start to express growth
factors that are not expressed by normal melanocytes, which is reflected in vitro by a
reduced growth factor dependence in culture (1,24). In vivo, nevus cells stop prolifer-
ating at a certain stage to create a defined population of pigment cells that form a mole.
This formation of nevi most obviously is controlled by the cell cycle inhibitor, CDKN2A/
p16INK4A, because defects in CDKN2A expression in humans correlate with an increased
number of moles and a higher risk of these moles to give rise to a melanoma (25). This
might be explained by the fact that, in melanocytes, p16INK4A is required for replicative
senescence (loss of ability to proliferate after a limited number of divisions) and, thus,
the presence of an active p16 protein in a population of proliferating melanocytes would
guarantee an ultimate limitation in cell division, resulting in the formation of a nevus (23).

UV Protection and Escape: Survival and Migration
During embryonic development, stimulation of KIT by SCF is essential for cell sur-

vival, and mutations in either gene in mice or in humans result in pigmentation defects
caused by the loss of neural crest-derived melanocytes (26–28). For mature melanocytes
in the skin, the presence of nerve growth factor (NGF) is essential; it prevents apoptosis
after UV irradiation through upregulation of the antiapoptotic factor, BCL-2 (29).
Recently, -MSH was also found to act as “protection” factor for UV-induced apoptosis
in epidermal melanocytes (30).

Survival signals are also important for the regulation of the physiological localization
of melanocytes. Under physiological conditions, mature melanocytes are restricted to
the epidermis and they undergo apoptosis in a dermal environment and in the absence
of survival factors provided by epidermal keratinocytes (31). Dermal nevus cells, how-
ever, are able to survive in the absence of keratinocytes, and one factor that contributes
to keratinocyte-independent survival is bFGF, which is frequently expressed by nevus
cells but not by melanocytes (32,33).

Survival is also dependent on the presence of cell-surface molecules that regulate
the contact between the cells and the extracellular matrix (ECM). The large family of
integrin receptors can mediate such interactions, and the specific expression of integrins
in melanocytes defines their location in the epidermis (34). However, UV exposure
can influence integrin expression in melanocytes (35), and a different integrin function
is observed in nevus cells (36). Because integrins are involved in migration, an altered
integrin function might enable melanocytes to invade the dermis, a process that is
observed in response to UV irradiation (37).
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DEREGULATED SIGNALING IN TRANSFORMED MELANOCYTES

Factors and Receptors
Because growth signals are transmitted through growth factor receptors, their correct

spatial and temporal expression and activation is a critical factor in growth control.
Overexpression, activating mutations, and autocrine stimulation are mechanisms of
nonphysiological receptor activation found frequently in transformed cells (38). The
predominant mechanism of deregulated growth receptor activation in human melanoma
is based on autocrine stimulation, with activation of the receptors for bFGF being the
most common incident (1). Melanoma cells are notorious for the deregulated expression
of growth factors and cytokines, and, in addition to bFGF, they produce a panel of other
factors, including platelet-derived growth factor, transforming growth factors-  and - ,
hepatocyte growth factor (HGF), and the interleukins (IL)-6, IL-8, and IL-10 (1). Just
recently, heregulin, a ligand for the epidermal growth factor receptor (EGFR) family,
was identified as an autocrine-acting factor. Heregulin stimulates growth of melanoma
cells through EGFR2 (HER2) and EGFR3 (HER3), and activation of these receptor
tyrosine kinases by heregulin also triggers melanocyte proliferation (39).

For several other receptor tyrosine kinases, such as EGFR (HER1); the platelet-
derived growth factor receptor; and the HGF receptor, c-Met; increased expression has
been correlated with melanoma development and progression (1). On the other hand, the
expression of KIT, which, as mentioned earlier, plays a crucial role in embryonic pig-
ment cell development and which stimulates proliferation in melanocytes, is lost in
melanoma cells in later stages of the disease (40,41). Re-expression of KIT in metastatic
melanoma cells reduces their tumorigenicity and induces apoptosis (42,43), suggesting
that melanoma cells cannot tolerate the interference of KIT-induced signals with their
tumor cell-specific intracellular signaling.

In Xiphophorus hybrid fish, an animal model for melanoma, the pigment cell-specific
expression of the EGFR-related receptor, Xmrk, induces the formation of hereditary
melanoma, clearly demonstrating the capacity of receptor tyrosine kinases to induce
pigment cell transformation (44). The oncogenic function of the Xmrk receptor is gen-
erated by mutations leading to constitutive activation of this receptor (45,46). However,
in human melanoma, activating mutations seem not to be a general cause for deregulated
receptor activation, because, in contrast to other cancer types, such as breast or thyroid
cancer, no characteristic mutations in receptor tyrosine kinase genes are known thus far
to be correlated with the development of this cancer.

In contrast, germline mutations in the MC1R gene are found frequently to be associ-
ated with an increased risk of melanoma (47). However, because all mutations in the
MC1R identified thus far predominantly result in the loss of receptor function but not
activation (30,48), the increased risk of melanoma development seems to be rather
caused by the fact that carriers of these mutated receptors have a reduced protection from
UV-induced DNA damage as a result of a modified melanogenesis.

During the development and progression of melanoma, adhesion receptors, such as
cadherins and integrins, which mediate cell–cell contact or interaction with the ECM,
show a characteristic change in their expression pattern. A very early event found already
in benign nevi is the downregulation of E-cadherin and the upregulation of N-cadherin
expression (24). This enables pigment cells to escape the growth control imposed by
keratinocytes and to establish contacts with fibroblasts. The transition from RGP to VGP
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melanoma cells is characterized by enhanced expression of the integrin, v 3, which is
caused by an upregulation of the 3 subunit (49). v 3 mediates the cellular contact to
dermal collagen and induces important survival signals.

Pathways
THE RAS/RAF/MEK/ERK PATHWAY

The RAF/MEK/ERK serine threonine kinase cascade is involved in the regulation of
cell growth, survival, and differentiation, and it is activated by many different mem-
brane-bound receptors, including receptor tyrosine kinases and G protein-coupled
receptors (50). Stimulation of these receptors leads to the activation of the small G
protein, RAS (see Fig. 1), the upstream activator of the family of RAF kinases, which
consists of A-RAF, B-RAF, and C-RAF. All three RAF kinases can activate MEK,
which, in turn, activates ERK. Recently, the RAS/RAF/MEK/ERK pathway has gained
much attention in the melanoma field because B-RAF was found to possess oncogenic
mutations in approx 60% of cutaneous melanoma (51).

In the biology of a melanocyte and in the establishment of melanoma, the RAF/MEK/
ERK pathway plays a crucial role because it is involved in both proliferation and differ-
entiation (see Fig. 1). Stimulation of growth receptors, such as KIT, HER2, and the FGF
or HGF receptor, results in activation of MEK and ultimately in the phosphorylation and
activation of ERK (19,39). Importantly, a single growth factor alone, which has a weak
mitogenic effect on melanocytes, induces an ERK activation that almost returns to basal
level within 30 min. On the other hand, synergistic action of several factors, which
stimulates significant proliferation of melanocytes in vitro, leads to a much stronger and
prolonged activation of ERK (16,19,20). Because this suggests that a prolonged activa-
tion of ERK is correlated with melanocyte proliferation, it seems not surprising that
constitutive ERK activation is also found in the majority of human melanoma cell lines
and that inhibition of ERK activation in melanoma cells completely blocks proliferation
(52,53). Furthermore, activated ERK is detectable in more than 90% of cutaneous mela-
nomas (54) and was found in 100% of Xiphophorus melanomas (55).

The connection between constant high ERK activation levels and pigment cell trans-
formation is reasonable, given the recent identification of B-RAF mutations in mela-
noma, because the most predominant mutation, at codon 599, converts B-RAF into an
extremely strong activator of MEK and ERK (51). Expression of this B-RAF mutant
(V599EB-RAF) in mouse immortal melanocytes induces constitutive activation of ERK,
suppression of differentiation, and transformation (56). The proliferation of these cells
is absolutely dependent on MEK/ERK signaling, because its inhibition completely blocks
cell cycle progression. The potency of MEK to trigger constitutive activation of ERK and
to transform melanocytes has also been demonstrated in mouse immortal melanocytes
expressing a constitutively active version of MEK (56,57). It is, however, important to
mention that the ability of constitutively active B-RAF, MEK, or ERK to transform
melanocytes is most likely the result of the absence of the cell cycle inhibitor, p16INK4A,
because all cell lines used for the experiments described above were deficient for
functional p16INK4A. The requirement of p16INK4A deficiency for at least RAS-induced
melanocyte transformation has been shown in p16INK4A-null mice; although the
overexpression of oncogenic RAS in melanocytes of transgenic mice only results in a
hyperproliferative phenotype without evidence of transformation (58), p16INK4A-null
mice develop melanoma when oncogenic RAS is expressed in melanocytes (59). Because
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Fig. 1. Transient vs sustained ERK activation. (A) -MSH stimulation of MC1-R leads to
activation of ERK through RAS, B-RAF, and MEK. SCF activation of KIT stimulates RAS, but
it is not known which RAF isoform activates MEK, finally leading to ERK activation. Both
receptors induce a transient activation of ERK. Transient ERK activation in melanocytes induced
by either -MSH or SCF results in upregulation and activation of MITF, respectively. This leads
to increased expression of melanogenesis-related genes and stimulates differentiation. cAMP-
induced MKP-1 expression results in dephosphorylation of ERK within 1 h. (B) Sustained ERK
activation in melanoma cells can be the result of either autocrine growth factor receptor stimu-
lation or the presence of either mutated RAS or B-RAF (*RAS; *RAF). Constitutive activation
of ERK results in degradation of MITF and upregulation of Brn-2 and OPN expression. Brn-2
is important for melanoma cell proliferation and OPN expression results in an altered adhesion
and survival behavior, thereby contributing to the metastatic potential of the cells.
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nevus cells express functional p16INK4A, this might explain the existence of B-RAF
mutations in nevi (60) without any indications of cellular transformation.

Given that the activation of the MEK/ERK pathway is so evidently linked to prolif-
eration, it seems rather surprising that the pathway is also induced by -MSH (61) and,
thus, by intracellular cAMP levels (Fig. 1A), which also upregulate the differentiation
markers tyrosinase, TYRP1, and DCT (62), and consequently, induce differentiation. It
should be mentioned, however, that the cAMP-induced activation of ERK in melano-
cytes is very weak and transient and lasts a maximum of 30 min (63). This might explain
the finding that inhibition of constitutive MEK activity in B16 mouse melanoma cells
triggers induction of tyrosinase expression, because the MEK inhibition in these cells
resulted in reduced and rather weak ERK activation (64). Activation of the tyrosinase
promoter as a result of MEK inhibition was also observed in Xiphophorus melanoma
cells, suggesting that the same mechanism applies (65). Taken together, these observa-
tions suggest a mechanism in which a reduced and rather weak activation of the MEK/
ERK kinases is connected with differentiation, whereas sustained activation leads to
pigment cell proliferation and transformation.

This hypothesis has been tested in an inducible system using the Xiphophorus Xmrk
receptor expressed in mouse melanocytes. Activation of the growth factor receptor in
these melanocytes led to complete suppression of differentiation, enhanced prolifera-
tion, and induction of a depigmented transformed phenotype over a period of 6 d (63).
Importantly, this was correlated with a sustained strong activation of ERK. Moreover,
modulation of the receptor, which induced downstream signaling that resulted in a
weaker and more transient activation of ERK also resulted in reduced growth and red-
ifferentiation. These results clearly demonstrate that the concept of transient vs sustained
ERK activation as a major influence on cell fate also applies to melanocytes, but this
raises the question: What are the cellular consequences of constant ERK activation and
why is ERK signaling such a sensitive trigger for either proliferation or differentiation?

The Microphthalmic-Associated Transcription Factor MITF. A major regulator
of differentiation in melanocytes, which controls the expression of the melanogenesis
components tyrosinase, TYRP1, and DCT, is the transcription factor, MITF (3,66).

MITF is regulated through the MEK/ERK pathway by phosphorylation on two sites,
serine 73 (S73) and serine 409 (S409). ERK directly phosphorylates S73, whereas S409
becomes phosphorylated by the ERK substrate, RSK-1 (67,68). Phosphorylation of S73
increases the transcriptional activity of MITF by twofold to threefold (67), but phospho-
rylation of S73 also triggers ubiquitination of MITF (69), which induces the degradation
of the phosphorylated form within 2–3 h (68). Accordingly, it was demonstrated that
mutation of S73 to alanine is sufficient to prevent ubiquitination, ultimately leading to
the stabilization of MITF (69). Although mutation of S409 to alanine was shown to also
contribute to the stabilization of MITF (68), it is not known yet whether phosphorylation
of S409 is involved in the ubiquitination process.

Stimulation of KIT in melanocytes induces ERK-mediated phosphorylation of MITF
(68) (Fig. 1A) and it is assumed that this regulates KIT-induced tyrosinase expression (70).
Because the activation of ERK induced by KIT returns to basal levels within 30 min
(16,19,20), stimulation of KIT would result in a transient phosphorylation, activation,
and consequently, ubiquitination of MITF, resulting in degradation of phosphorylated
MITF. In summary, KIT stimulation would induce a short-lived peak of active MITF
(Fig. 1A). However, the facts that the KIT-induced ERK activation is very transient and
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that MITF basal expression ensures constant de novo synthesis suggest that the total level
of MITF would not be significantly affected over a longer period. This would explain the
observation that KIT stimulation only leads to total MITF degradation when the de novo
synthesis is inhibited (68).

A similar situation is found for -MSH-induced cAMP signaling (Fig. 1A). Because
the activation of ERK induced by MC1R is also very transient, no significant degradation
is observed after MSH stimulation of melanocytes (7). Moreover, MITF expression is
induced by cAMP (Fig. 1A), thus, the net effect is an increase in the protein amount up
to 24 h (7), which obviously has a more significant effect on tyrosinase expression than
a short-lived activation through phosphorylation in the early phase of MSH stimulation.
The fact that cAMP-induced activation of ERK lasts not longer than 30 min is the result
of the cAMP-induced expression of MKP-1, an ERK-specific phosphatase (Fig. 1A).
MKP-1 has been shown to lead to ERK dephosphorylation in melanocytes, and inhibi-
tion of MKP-1 expression results in prolonged ERK activation induced by cAMP (63).

Strikingly, the prolonged activation of ERK in melanocytes results in complete MITF
degradation, which coincides with the absence of tyrosinase and results in a depigmented
phenotype. This has been observed in the Xmrk-inducible melanocyte system (63) and
is also found in RAS-, B-RAF-, or MEK-transformed melanocytes in culture (see Fig. 1B).

Thus, the presence, the short-term phosphorylation, and the upregulation of MITF is
clearly linked to the differentiated phenotype of melanocytes, whereas it seems that
melanocyte transformation is linked to MITF long-term phosphorylation and degrada-
tion. This seems striking because expression of the MITF protein has been described in
various melanoma biopsies (71), and although this might reflect the influence of the
tissue context acting on the melanoma cells in vivo, the MITF protein can still be found
frequently in melanoma cell lines, even if they express a mutated B-RAF and thus have
a constitutively active ERK. This suggests that MITF is differently regulated in mela-
noma cells with a high basal ERK activity than in melanocytes with a low basal ERK
activity, an aspect that has not been examined thus far. It is also not clear yet what the
function of MITF in melanoma cells is. On one hand, re-expression of MITF in mela-
noma cells and transformed melanocytes results in reduced tumorigenicity, which sug-
gests that MITF counteracts melanoma cell growth (72). On the other hand, MITF has
been described as an important downstream factor in -catenin-mediated melanoma cell
growth, thereby acting as a survival factor (73), which might be a result of the fact that
it can induce BCL-2 expression in melanoma cells (74). Thus, because MITF is clearly
an important differentiation factor but, on the other hand, has the potential of also acting
as a survival factor for melanoma cells, its correct function in pigment cells seems to be
a critical issue in the physiology of a melanocyte. Because in melanocytes regulation of
MITF by the MEK/ERK pathway has an important impact on its stability, this might
explain why a transient vs a sustained activation of ERK has such a powerful influence
on the fate of a melanocyte.

The POU-Domain Transcription Factor Brn-2. Another consequence of strong
constitutive ERK activation in pigment cells is the upregulation of the POU-domain
transcription factor, Brn-2 (Fig. 1B). Brn-2 is not expressed in normal melanocytes but
it is detectable in melanoma cells (75,76) and the specific downregulation of Brn-2 in
melanoma cells affects their proliferation and tumorigenicity (76–78). Brn-2 expression
is also high in melanoblasts but is downregulated when these cells differentiate into
mature melanocytes (79), indicating that it counteracts differentiation. Accordingly,
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Brn-2 expression can be induced in melanocytes by growth factors, such as bFGF or SCF
(79). However, significant Brn-2 expression requires synergistic action of these factors,
which, as mentioned earlier, leads to prolonged activation of ERK. The requirement of
ERK activation for Brn-2 expression was shown in the Xmrk-inducible melanocyte
system (77). Because the Xmrk receptor produces a strong and sustained activation of
ERK, Brn-2 expression becomes upregulated after stimulation of the receptor and the
expression level increases even further during the Xmrk-induced melanocyte transfor-
mation. However, when MEK is inhibited during receptor activation, Brn-2 expression
cannot be induced. The relevance of MEK/ERK activation is also seen in RAS- as well
as in B-RAF- or MEK-transformed melanocytes, in which Brn-2 expression is con-
stantly detectable (77). This is in accordance with the finding that oncogenic B-RAF
mutants activate the Brn-2 promoter and in oncogenic B-RAF-expressing melanoma
cells, B-RAF downregulation results in loss of Brn-2 expression. In summary, this
makes Brn-2 one of the first B-RAF downstream targets identified that is linked to
pigment cell transformation. In the future, it will be important to identify the genes that
are regulated by Brn-2 in melanoma cells, because they most likely are involved in the
development of malignant melanoma.

The Secreted Factor Osteopontin. Osteopontin (opn) is another gene that is down-
stream of MEK/ERK signals in pigment cells (Fig. 1B). This gene encodes a secreted
glycoprotein that acts as a cell attachment, survival, and growth factor and is involved
in the tumorigenicity and the metastatic potential of melanoma cells (80,81).

In mouse melanocytes, activation of growth factor receptors, such as the FGF receptor
or the Xmrk receptor, induce opn expression, which is completely blocked when MEK
is inhibited (82). Expression of OPN enables melanocytes to grow and survive in a
dermal environment, such as collagen, a behavior found to be characteristic for bFGF-
expressing nevus cells (31). Human melanoma cell lines frequently show constitutive
expression of OPN, and blocking OPN-mediated interactions of the cells in three-dimen-
sional collagen gels stimulates apoptosis (82). Thus, OPN seems to act as an adhesion
and survival factor for pigment cells in the dermal connective tissue.

The integrin v 3, known to be involved in melanoma cell survival and growth (83),
has been identified as an OPN receptor in murine melanocytes and OPN, once expressed
by the melanocytes, can bind to the integrin in an autocrine way (82) (Fig. 1B). In B16
mouse melanoma cells, stimulation of v 3 by OPN leads to the upregulation of matrix
metalloproteinases and enhanced migratory and invasive behavior of the cells, thus,
inducing a metastatic phenotype (80). B16 melanoma cells injected into OPN-deficient
mice show a reduced capacity to metastasize compared with their metastatic potential in
wild-type mice (81). Thus, the expression and production of OPN by melanocytes as a
result of active ERK signaling might be a crucial step in establishing cells that can give
rise to metastatic melanoma, and indicates that the MEK/ERK pathway is also involved
in processes linked to melanoma progression.

SRC KINASES

The tyrosine kinases of the Src family are known for their transforming potential and
have been implicated in the cellular signaling induced by various types of receptors (84).
Although the first studies on the role of Src kinases in melanoma were performed more
than 20 yr ago (85), our current knowledge about the function of these kinases in mela-
noma development is still restricted. The basal activity of Src kinases in melanocytes was
found to be approx 50-fold lower than in melanoma cells, and Src kinases have been
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shown to act as relevant downstream factors of FGF receptor-induced melanoma cell
growth and tumorigenicity (86). Furthermore, stimulation of human melanocytes with
bFGF or HGF results in activation of Src kinases (86). The proliferation of Xiphophorus
melanoma cells is completely blocked in the presence of an Src-kinase inhibitor (87), and
a similar effect can be observed in Xmrk-transformed melanocytes (63).

Although early studies on Src kinases in melanoma focused on Src itself, further
analyses revealed that Yes and Fyn, rather than Src, may be relevant in melanoma cells.
Enhanced expression of Yes was detected in melanoma cell lines (88) and enhanced Yes
kinase activity seems to correlate with the potential of melanoma cells to metastasize to
the brain (89). Fyn was identified as a substrate of Xmrk in Xiphophorus melanoma cells
and its phosphorylation and activity is highly upregulated in later stages of Xiphophorus
melanoma (90,91).

A striking role for Fyn was found in the Xmrk-inducible mouse melanocyte system,
in which the phosphorylation and activity of Fyn is upregulated during transformation
(63). Inhibition of Fyn in the transformed melanocytes leads to redifferentiation, which
is accompanied by re-expression of tyrosinase and MITF. This effect could be linked to
the stabilization of the MITF protein based on suppression of constitutive ERK activa-
tion, and it indicated that Fyn can contribute to constitutive ERK activation. Further
analyses revealed that Fyn can prevent dephosphorylation of ERK by suppressing the
expression of the ERK-specific phosphatase, MKP-1 (Fig. 2). However, thus far, noth-
ing is known about the regulation of MKP-1 expression by Src kinases and it remains to
be resolved if it is a direct or indirect effect on the MKP-1 promoter.

Recently, Fyn, but not Scr or Yes, was identified as a Src kinase whose kinase activity
was strongly upregulated in highly metastatic derivatives of K-1735 mouse melanoma
cells (92). In these cells, Fyn constitutively binds to the cytoskeleton-associated protein,
Cortactin (Fig. 2), which shows increased tyrosine phosphorylation in the metastatic
K-1735 clones. Both the tyrosine phosphorylation of Cortactin and the motility of the
metastatic melanoma cells were inhibited by an Src-kinase inhibitor, which suggests a
role for Fyn in processes associated with metastasis.

Thus, Fyn not only acts in early stages of pigment cell transformation by suppressing
the differentiation and stimulating the proliferation of melanocytes, but also contributes
to melanoma progression by enhancing cell motility and contributing to metastasis (Fig. 2).

PI3-KINASE/AKT SIGNALING

PI3-kinase is a lipid kinase that is involved in the regulation of motility, proliferation,
and survival, but also in intracellular transport processes (93). Active PI3-kinase pro-
duces the membrane lipid, PIP3, which can induce further downstream signaling through
protein kinase B (PKB/AKT; see Fig. 3). Inactivation of PIP3-induced signaling occurs
through its de-phosphorylation, and this is brought about by the phosphatase, PTEN.
PTEN displays loss-of-function mutations in 5–20% of melanoma in later stages, result-
ing in constitutive activation of AKT (94). Strikingly, mutations in RAS and PTEN are
mutually exclusive, suggesting that PI3-kinase and RAS signaling are functionally over-
lapping in melanoma cells (95). B-RAF, on the other hand, is suggested to cooperate with
PTEN, because B-RAF and PTEN mutations were identified in the same tumors (96).

In melanocytes, active PI3-kinase is crucial for the trafficking of TYRP1 to the mel-
anosome (97) and PI3-kinase becomes activated by c-Met and seems to play a role in
HGF-mediated motility (98). Forced autocrine expression of HGF in normal melano-
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Fig. 2. Activation of the Src kinase, Fyn, in melanoma cells. The Src kinase, Fyn, is associated
with growth factor receptors and exhibits enhanced kinase activity in melanoma cells. Fyn binds
and phosphorylates the actin assembly activator, Cortactin. It is connected to the cytoskeleton
and is involved in the regulation of integrin-mediated migration. Through inhibition of MKP-1
expression, Fyn protects ERK from dephosphorylation and ensures constitutive activation of
ERK. This results not only in MITF degradation but also in cell cycle progression.

cytes results in constitutive activation of PI3-kinase through c-Met, and, in HGF-
expressing melanoma cells, PI3-kinase is constitutively active (98). In these cells, PI3-
kinase contributes to c-Met-induced downregulation of E-cadherin (Fig. 3), which is a
crucial step for melanocytes and melanoma cells to escape the growth control mediated
by epidermal keratinocytes. PI3-kinase also plays a role in integrin 1-mediated migra-
tion (99) and N-cadherin-mediated adhesion (100) of melanoma cells, which points to
a significant role for this kinase in pigment cell motility.

Whereas active PI3-kinase is necessary for melanocyte motility, inhibition correlates
with pigment cell differentiation; -MSH inhibits PI3-kinase through cAMP, and PI3-
kinase inhibitors can induce tyrosinase expression in B16 mouse melanoma cells (101).
A link for this observation is provided by the fact that the affinity of MITF to the
tyrosinase promoter is regulated by phosphorylation of serine 298 through the glycogen-
synthase kinase, GSK-3 (102,103). Because  GSK-3  activity is inhibited by AKT (Fig.
3), inhibition of PI3-kinase results in stimulation of  GSK-3  and, ultimately, activation
of the MITF DNA-binding activity. Recently, inhibition of PI3-kinase was shown to also
result in transcriptional upregulation of MITF, which, however, seems to be independent
of  GSK-3 (103,104).

Because an active PI3-kinase is linked to suppression of differentiation (Fig. 3), it
seems not surprising that, in human melanoma, PI3-kinase is constitutively active, which
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is reflected by constitutive activation of AKT (105). Constitutive activation of PI3-kinase
is also found in Xiphophorus and it is correlated with melanoma progression, being
much higher in late stages of melanoma development (106). Inhibition of PI3-kinase
activity in Xiphophorus melanoma cells completely blocks proliferation, and also, in
human melanoma cells, the inhibition of PI3-kinase signaling by expression of PTEN
results in growth inhibition (107). Although this points to a role of PI3-kinase in mela-
noma cell proliferation, it is not clear yet if PI3-kinase contributes to mitogenic signaling
in melanocytes.

The PI3-kinase downstream target, AKT, plays an important role in cell survival,
because it can inactivate the proapoptotic protein, BAD, and induce further events to
suppress apoptosis (108) (Fig. 3). A variety of studies have shown that activation of AKT
is crucial for melanoma cell survival and that AKT inhibition renders melanoma cells
more sensitive to apoptosis inducers (100,109,110).

CONCLUSIONS AND PERSPECTIVES

The majority of intracellular signaling pathways are not only activated by growth or
differentiation factors but can also be regulated by cell–cell and cell–ECM interactions,

Fig. 3. PI3-kinase and AKT signaling in melanoma cells. PI3-kinase becomes activated by
growth factor receptors, such as c-Met, and, through PIP3 and PDK-1, it stimulates AKT acti-
vation. In the absence of the PIP3-phosphatase, PTEN, AKT stays constitutively active. Consti-
tutively active AKT induces antiapoptotic signaling by phosphorylating and thereby, inhibiting,
the proapoptotic factor, BAD. This results in the release and activation of the antiapoptotic factor
BCL-2 at the mitochondria. Active AKT also inhibits GSK-3 , which prevents phosphorylation
of MITF on S298, which results in a reduced DNA-binding activity of MITF. In addition, con-
stitutively active PI3-kinase suppresses MITF expression and contributes to E-cadherin
downregulation.
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as well as by other extracellular stimuli, such as physical or mechanical stress. The
concurrent activation of various pathways results in a complex signaling network, ulti-
mately influencing cell cycle events, the cellular architecture, and the behavior of a cell.

The pathways described in this chapter represent only a part of the signaling network
that regulates the biology of a melanocyte and that is implicated in melanocyte transfor-
mation. Other pathways, such as Wnt signaling through -catenin, the activation of Rho
kinases, or cytokine-induced JAK/STAT signaling have also been found to be deregu-
lated in melanoma cells, but little is known about their physiological role in normal
melanocytes. Importantly, although each individual signaling pathway seems to have a
strong influence on the homeostasis of a melanocyte, more than one pathway needs to
be deregulated before the establishment of a fully malignant phenotype.

To understand the mechanisms underlying pigment cell transformation and mela-
noma development it is, therefore, not only important to study the intracellular signaling
events in pigment cells but also to uncover the role individual pathways are playing in
different stages of melanoma development. This will help to identify pigment cell-
specific factors critical for melanoma cell growth and survival, which is a prerequisite
for the development of new, more specific, and more potent drugs that are able to
interfere with the destructive nature of melanoma cells.
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Summary
Like all human malignancies, the incidence of melanoma reflects the interaction of genetic predispo-

sition with environmental exposures. Melanoma is perhaps unusual in this regard, however, in that in no
other common tumor type is there such an advanced understanding of both the underlying environmental
and genetic factors. The majority of melanoma occurs in the setting of a common environmental expo-
sure: ultraviolet irradiation. Likewise, several congenital melanoma-prone genetic conditions have been
identified, including germline polymorphisms that attenuate cell cycle regulation, that decrease skin pig-
mentation, that hamper DNA repair, and that impair melanocytic differentiation. Lastly, the large major-
ity of sporadic melanomas share 2 classes of acquired mutations: those affecting RAS–RAF signaling
and those that target the INK4a/ARF locus on chromosome 9p21. This well-developed comprehension of
both the environmental and genetic causes of this disease has allowed for the generation of sophisticated
in vitro and murine models, which have reinforced and furthered our understanding of the development
of this cancer. This chapter reviews decades’ worth of genetic and biologic insights from the study of
these models, and their contribution to our understanding of the pathogenesis of melanoma. A review of
this work also makes obvious the continued challenges in the field: to use our hard-earned molecular
comprehension of this disease to elucidate the disturbing clinical features of melanoma; namely, an
intense therapeutic resistance and proclivity for early metastasis. The present ability to study faithful
murine melanoma models, coupled with advances in rational drug design, has generated optimism for the
development of effective prevention and screening programs, as well as successful targeted therapeutics
in the near future.

Key Words: Melanocyte; melanoma; mouse model; RB; cdkn2a; melanocortin receptor (MC1R).

From: From Melanocytes to Melanoma: The Progression to Malignancy
Edited by: V. J. Hearing and S. P. L. Leong © Humana Press Inc., Totowa, NJ

15



266 From Melanocytes to Melanoma

INTRODUCTION

Melanoma arises from the malignant transformation of the pigment-producing cells,
melanocytes (Fig. 1), and has a strong familial component. In the 1820s, William Norris,
a general practitioner, reported a familial predisposition for melanoma, particularly in
individuals with light-colored hair and pale complexions (1). Now, almost two centuries
later, we are gaining insights into the genetic and environmental factors driving its
pathogenesis.

The incidence of melanoma is influenced by genetic factors (including pigmentation)
and geographical parameters, such as latitude and altitude (2), an observation that sug-
gested a causal role for ultraviolet (UV) light in melanoma development. Indeed, the
current rise in melanoma incidence can be explained in part by altered patterns of sun
exposure, relating to increased popularity of sun tanning and the relative ease of global
travel or migration of fair-skinned individuals to more sun-intensive regions (3). Con-
versely, the declining trend in recent years of melanoma incidence in Australia has been
attributed to education resulting in reduced sun exposure (4). Other genetically deter-
mined host factors—such as fair skin complexion, red hair, multiple benign or dysplastic
nevi—have also been associated with increased melanoma risk, although our entire
understanding of their genetic basis is less advanced.

Although curable at early stage, advanced melanoma is among the most treatment-
refractory of human malignancies and therapy for advanced disease remains largely
palliative. Therefore, prevention and early detection currently remain the most effective
measures. We believe, however, that the convergence of technologies, model systems,
and mechanistic insights has the potential to dramatically alter this clinical picture. The
genetic changes in the melanoma genome are being identified through genomics, the
relevance and importance of which are being validated by somatic cell genetics and in
refined mouse models. These efforts should lead to the identification of rational targets
for drug development and biomarkers for disease monitoring, which should impact
positively on the clinical course of the disease.

GENETICS OF HERITABLE MELANOMA PREDISPOSITION

Inherited cancer syndromes have often shed light on the genetic lesions that govern
the genesis of both familial and sporadic forms of the disease (see also Chapter 10).
Familial melanomas, which represent approx 8–12% of all melanoma cases (5), are an
excellent case in point. Linkage analysis studies of large melanoma kindreds culminated
in the identification of two susceptibility alleles—inhibitor of cyclin-dependent kinase-
4 (INK4)/alternative reading frame (ARF) and cyclin-dependent kinase-4 (CDK4)—the
products of which are known components of potent tumor-suppression pathways. More
recently, melanocortin-1 receptor (MC1R) polymorphic variants have been associated
with red hair, fair skin, sun sensitivity, increased freckling, and melanoma. It is unclear
at present whether the increase in melanoma of these patients results entirely from
increased UV sensitivity or other alterations in melanocyte biology associated with
altered melanocortin signaling (see also Chapters 18 and 19).

The INK4a/ARF Locus at Chromosome 9p21
The INK4a/ARF locus (also called the CDKN2a gene) on chromosome 9p21 was

identified by its frequent homozygous deletion in cancer cell lines of many different
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Fig. 2. The INK4a/ARF locus at chromosome 9p21. The 9p21 locus has a highly unusual genomic
organization. The INK4a/ARF locus contains two upstream exons, 1  and 1 . These two exons
are driven by separate promoters, which result in alternative transcripts that share common
downstream exons 2 and 3. Although a common acceptor site in the second exon is used by both
first exons, the open reading frames remain distinct in the shared exon 2, and result in two distinct
protein products. The transcript initiated from the proximal promoter (1 ) encodes p16INK4a (12),
the founding member of the INK4 family proteins. The second transcript, initiated from the
upstream exon 1 , encodes ARF (alternative reading frame) (11). By inhibiting CDK4/6-cyclin
D-mediated hyperphosphorylation of RB, p16INK4a ensures that RB remains in complex with the
E2F transcription factor (173). These RB–E2F complexes recruit histone deacetylase to promote
and repress transcription of target genes, leading to G1 arrest (174). In the absence of inhibition
by p16INK4a, CDK4/6–cyclin D phosphorylates RB, which results in the release of E2F. E2F then
activates genes necessary for progression into S phase (173). ARF functions as a potent growth
suppressor (11,175), blocks oncogenic transformation, and sustains p53-dependent apoptosis in
RB-null cells that have re-entered the cell cycle in vivo (14) or in the setting of hyperproliferative
oncogenic signals (176–178). Biochemically, ARF stabilizes and enhances p53 levels by block-
ing MDM2-mediated p53 ubiquitylation and degradation (13–16). Several MDM2-independnet
targets for ARF have been recently suggested.

types (6,7). It was designated as the familial melanoma locus because mutations of this
gene were found to cosegregate with melanoma susceptibility in familial melanoma
kindreds (8,9). This locus has an unusual and complex genomic organization (Fig. 2)
(10,11), encoding two distinct tumor suppressor proteins, p16INK4a and ARF (also known
as p14ARF in humans, or p19ARF in mice). The proteins are encoded by open reading
frames with distinct promoters and first exons (1  for p16INK4a and 1  for ARF), but
splice to a common second exon. The shared portions of the p16INK4a and ARF mRNAs
are translated in different reading frames, and therefore the proteins are not isoforms and
do not share any amino acid homology. Although the encoding of proteins in
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nonoverlapping reading frames is common in bacteria and viruses, such a genomic
organization is practically unique in mammals.

p16INK4a, the founding member of the INK4 family of proteins, inhibits CDK4/6-
mediated phosphorylation and inactivation of retinoblastoma (RB) (Fig. 2) (12). The
ARF product of the locus (11) inhibits MDM2-mediated ubiquitination and subsequent
degradation of p53 (Fig. 2) (13–16). Therefore, the two products of the INK4a/ARF locus
negatively regulate the pRB and p53 pathways, and their loss predisposes the develop-
ment of melanoma. Interestingly, another member of the INK4 family of CDK inhibi-
tors—CDKN2B, which encodes p15INK4b—resides a short distance centromeric to exon
1  of the INK4a/ARF locus, still within the 9p21 locus (7). Despite its relatedness to
p16INK4a, however, p15INK4b does not seem to have a significant role in melanoma sup-
pression.

p16INK4a: Effector of Senescence
The presence of germline mutations that specifically target p16INK4a in familial mela-

noma kindreds and melanoma-prone families (8,9) provide definitive evidence that this
protein functions as a suppressor of melanoma formation in humans. Although mela-
noma-predisposing germline mutations have been found in all three exons of INK4a, the
mutations of exon 1 , in particular, incriminate p16INK4a, because these mutations do not
alter ARF function or expression (reviewed in ref. 17). The incidence of p16INK4a

mutations among melanoma-prone families ranges from 25–40%, and, moreover, 0.2–2%
of sporadic melanoma patients (i.e., those lacking a family history) harbor occult germline
INK4a mutations (18,19). The recent association of melanoma with polymorphisms in
both 5' and 3' untranslated regions of INK4a has expanded the range of 9p21-associated
familial melanoma alleles to those that alter translation or possibly regulate message
stability of p16INK4a (and/or ARF; see page 269) (20,21). Likewise, both promoter and
splicing mutations of INK4a have also been associated with familial melanoma (reviewed
in ref. 17). Lastly, mice with specific p16INK4a inactivation are modestly prone to
carcinogen-induced and spontaneous melanoma (22,23). In aggregate, these genetic
data overwhelmingly support the notion that p16INK4a is an important suppressor of
melanoma formation in humans.

Although p16INK4a loss appears to be a common feature of many, perhaps most, types
of human cancer, the exquisite susceptibility of patients with germline inactivation of
p16INK4a to melanoma is not well understood. Patients with germline INK4a mutation
also demonstrate an increased incidence of pancreatic adenocarcinoma, with suggested
increases in susceptibility to glioblastoma, lung cancer, head and neck cancer, breast
cancer, and myeloma (24–34). In none of these other tumor types, however, has the
association been nearly as clinically strong as it is with melanoma. This observation can
be explained in several ways. It is possible that familial melanoma is a particularly
remarkable clinical entity that is relatively obvious to clinicians, as opposed to familial
clusters of more common tumors like breast, head and neck, or lung cancer. Addition-
ally, it may be that other tumor types can inactivate the p16INK4a–cyclin D–CDK4/6–RB
pathway in numerous ways, whereas melanoma has a particular biochemical require-
ment for p16INK4a loss. Although novel biochemical activities of p16INK4a in melano-
cytes have been suggested (35,36), genetic evidence suggest that the p16INK4a–cdk4/
6–RB pathway is the principal target in melanoma. For example, cdk6 amplification
appears epistatic with p16INK4a loss in murine melanomas (37), and familial melanoma
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also occurs in humans with activating mutations of CDK4 or inactivating lesions of RB.
Lastly, because these carriers are heterozygous for mutant INK4a, it may be that UV light
is a particularly effective mechanism for mutating the remaining wild-type allele as
opposed to other types of carcinogen exposure. This notion is consistent with the obser-
vation that the penetrance of melanoma in individuals that are heterozygous for mutant
INK4a depends highly on the latitude (and therefore sun exposure) at which the kindred
resides (38).

CDK4: Proliferative Kinase
Given the finding of the importance of p16INK4a in family melanoma, it is not surpris-

ing that germline mutations of other components of the p16INK4a–RB pathway are also
associated with familial melanoma. In particular, germline mutations of CDK4, an
RB-kinase that is inhibited by p16INK4a (Fig. 2), have been identified in melanoma-prone
kindreds (39–42). These mutations, which are a rare cause of familial melanoma, target
a conserved arginine residue (Arg24) and render the mutant protein insensitive to inhi-
bition by the INK4 class of cell cycle inhibitors. The crystal structure of the p16INK4a–
CDK6 heterodimer has revealed that this residue (conserved between CDK4 and CDK6)
is crucial for the binding of p16INK4a to CDK6 and such substitutions perturb this crucial
physical association (43). Melanomas from patients harboring these germline CDK4
mutations do not demonstrate p16INK4a inactivation (a frequent event in sporadic mela-
noma), suggesting that p16INK4a inactivation and CDK4 overactivation are epistatic in
terms of melanoma progression. This hypothesis is in accordance with the indistinguish-
able clinical impact of germline INK4a and CDK4 mutations, manifesting with similar
mean age of melanoma diagnosis, mean number of melanomas, and number of nevi (44).
Consistent with the human data, Barbacid and colleagues have shown that mice with a
mutant form of Cdk4 (Arg24Cys) “knocked-in” to the wild-type locus were highly
susceptible to melanoma formation after carcinogen treatment (45). As the human genetic
data would predict, melanomas arising in this genetic background do not show p16INK4a

inactivation. In aggregate, these data provide strong biochemical evidence for the
relevance of CDK4 kinase activity and its regulation by p16INK4a in familial melanoma.

Retinoblastoma: Cell Cycle Regulator
Although less commonly associated with familial melanoma than with hereditary

retinoblastoma, patients with germline inactivation of RB are predisposed to melanoma
(46–49). In patients who are cured of bilateral retinoblastoma, the estimates of the
increase in lifetime risk of melanoma range from 4- to 80-fold (48,49). These tumors do
not necessarily occur in skin associated with radiotherapy treatment ports of the retino-
blastoma, and likewise the excess incidence of melanoma in these cohorts has not been
reduced by the practice of decreasing radiotherapy for retinoblastoma. In contrast, the
lifetime risk of sarcoma in retinoblastoma survivors has markedly decreased in the
setting of less primary treatment radiotherapy, suggesting that the bulk of sarcoma risk
in these patients is treatment-related. Therefore, the increased risk of melanoma in
patients who survive bilateral retinoblastoma appears to result from the stochastic loss
of the remaining wild-type allele in these patients. These data provide further evidence
that RB mediates the antitumor activity of p16INK4a and the tumor-promoting effects of
mutant CDK4 in melanoma.
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ARF: The Other Tumor Suppressor at CDKN2A
Although INK4a is a definitive melanoma susceptibility gene, the fact that a signifi-

cant proportion of familial cases segregating with 9p21 markers do not possess germline
mutations targeting INK4A raises the possibility that the 9p21 locus harbors additional
melanoma susceptibility gene(s). Because mutations in INK4a/ARF frequently elimi-
nate both p16INK4a and ARF in melanoma (reviewed in ref. 50), ARF has emerged as a
prime candidate. Indeed, somatic mutations have been described in human melanomas
that exclusively affect the ARF coding sequence in the shared exon 2 (51,52), and ARF-
specific exon 1  deletion has been identified in two metastatic melanoma cell lines (53).
Most significant is the report of two cases of ARF-specific germline mutations in human
melanoma patients. In one case, a family in which four members developed melanoma
was shown to harbor a 14-kb deletion encompassing the ARF-coding exon 1  in the
germline. This deletion apparently spared the INK4A and INK4B genes and was mapped
to 2.7 kb upstream of known promoter elements critical for INK4A expression, consistent
with an ARF-specific event (54). In another case, a patient with multiple melanomas was
found to harbor a germline 16-bp insertion in exon 1  generating a frame-shift mutant
of ARF with impaired cell cycle arrest profile (55). Although these germline alterations
do not affect the known anatomy of INK4A genomic structure and would not be predicted
to affect p16INK4a expression, the lack of definitive and rigorous demonstration of INK4A
functional intactness continues to preclude the designation of ARF as a bona fide 9p21
melanoma suppressor, independent of INK4A. Fortunately, the evolutionary conserva-
tion of the peculiar genomic organization of 9p21 locus (Fig. 2) in mammals (11,56–60)
provided an opportunity to exploit mouse genetics to address more directly the specific
contributions of p16INK4a and ARF in melanoma suppression.

Additionally, ARF has been considered a good candidate as a suppressor for mela-
noma because of a peculiar feature of this tumor type: a lack of p53 inactivation. In
contrast to most human tumors, p53 loss is unusual in melanoma (61,62); although
clearly p53 responses to oncogenic stress and DNA damage are attenuated in this disease.
Therefore, it has been tempting to speculate that ARF loss can serve as the “p53-path-
way” lesion in this tumor type, but perhaps not in other types of cancer. If true, this
explains another interesting feature of melanoma: the high frequency of 9p21 deletion
as opposed to other mechanisms of p16INK4a loss, such as promoter methylation or point
mutation. These latter mechanisms only target p16INK4a, and are more common in tumors,
such as nonsmall cell lung cancer, in which direct p53 inactivation occurs. Perhaps in
melanoma, therefore, simultaneous inactivation of p16INK4a and ARF is particularly
effective in cooperating in melanoma formation, whereas other p53-related barriers are
more significant in other nascent tumor types. Similar logic would apply to glioblas-
toma, another tumor type in which dual inactivation of p16INK4a and ARF through 9p21
loss is very common, and this lesion predicts a worse prognosis than p53 inactivation
(reviewed in ref. 63).

MC1R: Determinant of Red Hair Color Phenotype
Pigmentary traits such as red hair, fair complexion, the inability to tan and a tendency

to freckle (red hair color [RHC] phenotype), have been shown to act as independent risk
factors for all skin cancers, including melanoma (see Chapters 6 and 20). The human
MC1R is a seven-transmembrane G protein-coupled receptor (GPCR) that is expressed
on epidermal melanocytes. The MC1R ligand is melanocyte-stimulating hormone
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Fig. 3. Melanocortin signaling. The effects of -MSH on melanocyte growth are mediated
through upregulation of the cAMP pathway by the melanocortin receptor, MC1R, a G protein-
coupled receptor (GPCR) that is present on melanocytes. Heterotrimeric G protein complexes
that lie downstream of MC1R stimulate the intracellular messenger adenylyl cyclase (AC). AC,
in turn, catalyzes the conversion of cytoplasmic ATP to cyclic AMP (cAMP), leading to increased
intracellular cAMP. Increased intracellular cAMP acts as the second messenger, activating pro-
tein kinase A (PKA), which then translocates to the nucleus, where it phosphorylates the CREB
(cAMP-responsive element binding protein) family of transcription factors. Phosphorylated
CREB proteins induce expression of genes containing consensus CRE (cAMP-responsive
element) sequences in their promoters (5'-TGACCTCA-3').
Although they respond in a cAMP-dependent manner, certain promoters of pigmentary genes,
such as tyrosinase TRP-1 (tyrosinase-related protein-1) and DCT (dopachrome tautomerase), do
not contain CRE consensus domains. Instead, their transcriptional activity is regulated by the
basic helix-loop-helix (bHLH) transcription factor, MITF, which is important for the develop-
ment of melanocytes (179). The identification of a CRE consensus domain in the promoter of
MITF provides the mechanistic link between the melanogenic effect of -MSH signaling and the
cAMP-dependent regulation of pigmentary genes (179,180). The observation that the cAMP
response of MITF is restricted to melanocytic cells (181,182), however, indicates that additional
lineage-specifying regulators of MITF activity have yet to be identified.

(MSH), a pituitary-derived hormone, and together these molecules regulate mi-
crophthalmia (MitF) and other key determinants of pigmentation (Fig. 3). MC1R is
highly polymorphic in human populations, and allelic variation at this locus accounts,
in large measure, for the variation in pigment phenotypes and skin phototypes in humans
(64,65). Three common variants of MC1R (R151C, R160W, and D294H) have been
associated with the RHC phenotype (66–71). Carrying a single RHC MC1R variant has
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been shown to significantly diminish the ability of the epidermis to respond to damage
by UV (68,71,72), presumably leading to increased melanoma risk (69,72).

The mechanistic basis of the association between pigmentary traits and MC1R poly-
morphisms lies with the regulation of melanin synthesis by MSH–MC1R (covered fur-
ther in Chapters 5, 18, and 19). MC1R variants may act to shift the balance of pheomelanin
and eumelanin, increasing the relative amount of pheomelanin in skin. In addition to its
diminished UV-protective capacity, pheomelanin produces metabolites that are believed
to be mutagenic and cytotoxic (73), which could further contribute to increased cancer
risk. Along these lines, cell culture-based studies have shown that primary human mel-
anocytes harboring RHC variants of MC1R demonstrate a pronounced increase in sen-
sitivity to UV-induced cytotoxicity (74). However, the fact that RHC MC1R variants are
associated with increased melanoma risk in individuals with dark/olive complexions
(69,72,75) suggests that they have additional pigment-independent effect(s) on mela-
noma risk.

Consistent with this hypothesis, several studies have shown that the impact of MC1R
variants on melanoma risk can not be entirely attributed to its effect on skin type alone
and that MC1R variants dramatically modify the penetrance of mutations at the INK4a/
ARF locus (71,75,76). In an Australian study of 15 familial melanoma kindreds, Hay-
ward and colleagues showed that the presence of a single MC1R variant significantly
increased the penetrance of INK4a/ARF mutation from 50 to 84%, and this increase was
accompanied by a decrease in the mean age of onset from 58 yr to 37 yr (71). In a separate
study of Dutch melanoma families, Gruis and colleagues also found an increase in the
penetrance of INK4a/ARF heterozygosity from 18 to 35% or 55%, in those with one or
two MC1R variant alleles, respectively (76). Both of these studies showed that the effect
of MC1R on penetrance of the INK4a/ARF locus is primarily contributed by the common
RHC variants. The molecular basis of this gene–gene interaction on melanoma risk will
no doubt be the focus of future biochemical and genetic studies. This and other potential
modifiers of melanoma risks have been reviewed recently (77).

Xeroderma Pigmentosum and Other Defects of DNA Repair
Although more strongly associated with keratinocytic skin tumors, the xeroderma

pigmentosum photosensitivity syndromes are also associated with melanoma, particu-
larly in children. This increased incidence likely results from an increase in UV-associ-
ated DNA damage to melanocytes, although the molecular targets for UV-induced
damage in xeroderma pigmentosum patients are not clear. See Chapter 16 for further
details.

PATHWAYS TARGETED BY SOMATIC MUTATIONS IN MELANOMA

Despite their important roles in melanoma predisposition, the aforementioned muta-
tions account for only a proportion of familial and sporadic melanomas, indicating that
additional melanoma relevant genes likely exist. Detailed molecular analyses of human
melanoma samples or cell lines have implicated many additional genes, primarily on the
basis of altered patterns of expression. For most of these candidates, direct genetic
evidence supporting their role in melanoma pathogenesis has not yet been obtained.
However, for a handful of these genes and their pathways, mounting experimental data
exist in support of their relevance.
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Fig. 4. Activation of the MAPK-signaling pathway. A simplified MAPK-signaling module is
illustrated here with the RAS–RAF–MEK–ERK pathway. RTKs, such as HGF/SF, activate,
among other targets, RAS family members, such as K-RAS and N-RAS. In melanoma, mutation
of B-RAF, which is a MAPK kinase kinase, appears epistatic in oncogenic terms to RAS muta-
tion. RAF, in turn, phosphorylates MAP kinases, such as the MEK family, which, in turn, phos-
phorylate ERKs (MAPK). Activated MAPK (phospho-ERK) then induces growth by a number
of mechanisms, including alterations of transcription factor binding. Of note, this same signaling
pathway appears to be responsible for the Ets-1-dependent induction of the p16INK4a tumor
suppressor gene (183,184), suggesting the need for p16INK4a inactivation is closely associated
with RAS or RAF mutation in melanoma.
The genetic equivalence of N-RAS and B-RAF mutations in melanoma formation is surprising,
because RAS activation induces other activities thought to be important for oncogenesis. For
example, a recent study concluded that the Rho–GDP downstream effector arm is the primary
mediator of the transforming activity of RAS in human fibroblasts, embryonic kidney epithelial
cells, and astrocytes, whereas the Raf–MAPK pathway is more important in mouse fibroblasts
or NIH3T3 cells (185). In human melanoma, however, large-scale sequencing efforts have dem-
onstrated that B-RAF mutations are present in a large proportion of human melanocytic and
melanoma lesions, and that B-RAF and N-RAS are mutually exclusive mutations in these neo-
plasms. It is likely, therefore, that the downstream effectors of the transforming activity of RAS
is context- and cell-type dependent.

Mitogen-Activated Protein Kinase Signaling Cascade
In the melanocytic lineage, proliferation, differentiation, and survival are tightly

regulated and require synergistic paracrine stimulation by growth factors that signal
from both heterotrimeric GPCRs (e.g., -MSH) and receptor tyrosine kinases (RTKs,
e.g., c-MET) (78–82). The mitogen-activated protein kinase (MAPK) pathway appears
able to transduce and integrate converging signals from both RTKs and GPCRs and,
therefore, this may explain the frequent mutation of members of this signaling pathway
in melanoma, because activating mutations in RAS or RAF might mimic mitogenic
signals from both pathways.

The MAPKs are part of a system of kinases that translate a plethora of extracellular
signals into diverse cellular responses (Fig. 4). In mammalian cells, there are at least four
distinct signaling levels—activator, MAPK kinase kinase (MKKK), MAPK kinase, and
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MAPK— each comprised of multiple members. The multiplicity of substrates at each
sequential steps of physical interactions not only confers specificity to the ultimate
cellular responses, but also serves to amplify the signals (reviewed in refs. 83 and 84).
Although the pathway can respond to a variety of stimuli, leading to various biological
outcomes, including growth or growth arrest, for the purposes of melanoma formation,
the most relevant signaling appears to be a mitogenic response to extracellular ligands
that activate RAS.

RTKs are activated by interaction with a ligand, such as hepatocyte growth factor
(HGF); or, in tumorigenesis, sometimes via an activating mutation, such as in epidermal
growth factor receptor. After binding of ligands, receptor dimerization triggers the
intrinsic tyrosine kinase activity of the receptor. This event is followed by auto-
phosphorylation of specific tyrosine residues on the intracellular portion of the receptor.
These phosphorylated tyrosine residues then bind the sequence homology 2 domains of
adaptor proteins, such as GRB2. Such a complex formation recruits guanine exchange
factors, such as son of sevenless, a cytosolic protein, into close proximity to RAS on the
plasma membrane. Like other G proteins, RAS (H-RAS, N-RAS, and K-RAS) cycles
between the GDP-bound inactive form and the GTP-bound active form. In the quiescent
state,RAS exists in the GDP-bound form. The binding of son of sevenless to RAS causes
a change in the RAS conformation and leads to the dissociation of GDP and binding of
GTP. GTP-bound RAS is the activator of this signaling module. Although intimate cross
talk between RTK and GPCR signaling no doubt exists at multiple levels (reviewed in
ref. 85), RAS activation has also been linked to GPCR signaling through cAMP via an
as-yet poorly understood mechanism (86). Therefore, in terms of tumorigenesis, onco-
genic activation of RAS or RAF may be able to obviate the need for extracellular signals
from both RTKs and GPCRs.

RAS activation in turn activates the RAF family of serine/threonine kinases—c-RAF,
B-RAF, and A-RAF—known as MKKKs (Fig. 4). RAF then phosphorylates the MAPK
kinase, MEK (also known as MKK1), which subsequently phosphorylates and activates
the MAPKs, extracellular-regulated kinase 1 and 2 (ERK1 and ERK2). The ERKs trans-
locate to the nucleus and regulate gene expression by phosphorylating a number of
substrates involved in growth and cell division, such as S6 Kinase (87) and ETS1/2 (88).
It is worth noting that, although this cascade is classically thought of as being potently
mitogenic, RAS and RAF also activate p16INK4a transcription in an ETS1/2-dependent
manner. Moreover, Spitz nevi with H-RAS amplification demonstrate high expression
of p16INK4a (89), suggesting that progression of this melanocytic lesion is restrained by
RB hypophosphorylation. Therefore, p16INK4a inactivation may be a necessary event for
the expression of the progrowth activity of RAS/RAF activation, explaining the frequent
coexistence of these two lesions in melanoma.

Although not detected with high frequency, activating mutations of RAS in melanoma
have been identified at a consistent, albeit low, incidence of 10–15%. In particular,
activating N-RAS mutations have been correlated with nodular lesions and sun exposure
(90,91). Recent studies have reported that as many as 56% of congenital nevi (92), 33%
of primary, and 26% of metastatic clinical melanoma samples (93) harbor activating
N-RAS point mutations. Interestingly, N-RAS mutations are rarely found in dysplastic
nevi (90,94,95), which could indicate that two distinct evolutionary paths to melanoma
exist, from benign and dysplastic nevi. In the case of H-RAS, Bastian and colleagues have
reported that chromosome 11p, where H-RAS resides, is occasionally amplified, and that
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this amplified H-RAS allele possesses oncogenic point mutations in Spitz nevi (96).
Transgenic studies in mice have shown that activated H-RAS mutations in melanocytes
can lead to aberrant proliferation (97) and transformation, particularly in cooperation
with inactivating mutations in tumor suppressors, such as p16INK4a, p19ARF, or Trp53
(98–100). These genetic data in the mouse, together with observations in human samples,
have established an important role for the RAS-signaling pathway in melanoma genesis.

Recent genome-based, high-throughput sequencing efforts have identified activating
B-RAF in as many as 60% of human melanoma samples and cell lines (101). Importantly,
these point mutations clustered in specific regions of biochemical importance, and 80%
of them resulted in a single phosphomimetic substitution in the kinase activation domain
(V599E) that is known to confer constitutive activation of B-RAF. On the genetic level,
it is also reassuring to observe that the B-RAF V599E and N-RAS activated alleles are
mutually exclusive, consistent with the view that these mutants are functionally equiva-
lent in transformation (101,102). More recently, B-RAF mutations have also been shown
to be common in benign and dysplastic nevi (103), which supports the observation that
activation of ERKs is an early event in melanoma progression (104). The finding of
BRAF mutations in both benign and malignant melanocytic lesions points to its potential
initiating role in transformation and to the need for additional cooperating genetic events
to achieve full malignancy. Given these additional genetic events, it will therefore be
important to assess the role of BRAF in maintenance of established melanoma in the
appropriate context.

In addition to upstream RTK dimerization, there is evidence linking ERK activation
to GPCR signaling, although the precise molecular steps have not been established (85).
A model of GPCR signaling to ERKs in melanocytes has been recently proposed, based
on studies in B16 melanoma cells in culture, which implicate a novel melanocyte-
specific RAS guanine exchange factor that activates RAS–RAF–ERKs in a cAMP-
dependent and PKA-independent manner in response to -MSH (86). The relevance of
this model remains to be validated in vivo.

HGF/Scatter Factor–MET Signaling
HGF/scatter factor (SF) executes its actions through its tyrosine kinase receptor,

c-MET (105), which is present on epithelial cells and melanocytes (105). Although HGF
normally acts in a paracrine manner, autocrine activation of HGF–MET has been dem-
onstrated in transformed cells and tumors (reviewed in ref. 106), including melanoma
(107). In addition to stimulating proliferation and motility of melanocytes in culture
(108), HGF has been shown to disrupt adhesion between melanocytes and keratinocytes
via downregulation of E-cadherin and Desmoglein 1. The resultant decoupling of
melanocytes from keratinocytes is thought to be permissive for scattering (107).
Additionally, HGF–MET activation has been implicated in melanoma progression.
Increased c-MET expression has been observed in metastatic melanoma (109), and gain
of the 7q33–qter locus, where c-MET resides, seems to be a late event in melanoma
progression (110,111). Correspondingly, studies of mouse melanoma cells in explant
models have shown that expression of c-Met, or Met RTK activity, are correlated with
metastasis (112).

 Some of the most compelling data supporting aberrant HGF–MET signaling in
melanoma pathogenesis derives from transgenic mice, in which the constitutive and
ubiquitous expression of HGF (113) induces the development of various tumors, includ-
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ing melanoma. Although this model shows low penetrance and long latency, 20% of
these melanoma-bearing mice develop distant metastasis (113), which is thought to
require autocrine activation of c-Met (113). This is in contrast to melanocyte-specific
H-RAS transgenic animals on a Ink4a/Arf–/– background, which developed cutaneous
melanoma with much higher penetrance and shorter latency, but without metastasis (98),
further supporting a role for MET signaling in tumor progression.

The PTEN Tumor Suppressor
Loss of heterozygosity (LOH) and chromosomal rearrangements spanning 10q24–26

have been observed frequently in a wide spectrum of cancers, including melanoma.
Human melanomas have been shown to sustain 10q LOH in approx 30–50% of cases
(reviewed in ref. 114). The region of deletion is often large, thus is capable of eliminating
several bona fide tumor suppressors, which include the Myc antagonist, MXI1, and the
phosphatase, PTEN.

PTEN encodes a negative regulator of the phosphatidylinositol 3-kinase (PI3K)/AKT-
signaling pathway, which conveys potent cell proliferation and survival signals (115).
It was identified as the 10q tumor suppressor through homozygous deletion mapping in
gliomas and breast tumors (116–118). In melanoma, allelic loss or mutations of PTEN
have been described in 5–15% of uncultured melanoma specimens and metastases, as
well as in 30–40% of established melanoma cell lines (119,120). Moreover, ectopic
expression of PTEN in PTEN-deficient melanoma cells was able to suppress growth
(121), tumorigenicity, and metastasis (122).

Germline heterozygous PTEN mutations in humans are associated with three clini-
cally related, dominantly inherited cancer syndromes: Cowden disease, Lhermitte-
Duclos disease, and Bannayan-Zonana syndrome (123–125). In the mouse, Pten
nullizygosity results in early embryonic death (circa d 6.5–7.5), whereas heterozygotes
survive into adulthood but succumb to a wide spectrum of tumor types that is variably
altered by the specific Pten mutation and/or genetic background (126–129). Cutaneous
melanoma was not observed in mice mutated for Pten alone, but was manifested at low
frequency in Pten+/–, Ink4a/Arf+/– mice (129), confirming their collaborative interac-
tions in melanoma formation.

Although PTEN is a bona fide tumor suppressor of 10q24, the existence of additional
melanoma suppressors has been inferred by the fact that only 5–15% of uncultured
melanoma specimens and metastases harbor PTEN mutation or allelic loss, compared
with 30–50% of human melanomas with LOH of the 10q region, and that reintroduction
of PTEN into such melanoma cells seems to have no growth-suppressive effect (121).
The Myc antagonist, MXI1, is a strong candidate for this, because Myc is amplified or
overexpressed in RAS-induced Trp53-deficient melanomas in mouse (99), and the Mxi1-
deficient mice are moderately predisposed to cancer (130). A role for Mxi1 in melanoma
genesis in mice and humans has not, however, been rigorously evaluated.

LKB1: Regulator of Amp Kinase
Patients with the Peutz Jeghers syndrome demonstrate abnormal areas of hyperpig-

mentation of the bowel, oral mucosa, and lips. Most patients with this syndrome harbor
inactivating mutations of a serine/threonine kinase, LKB1, of unknown function. This
syndrome is associated with an increase in colonic polyps, colon cancer, and pancreatic
cancer, but these patients do not appear to be at markedly increased risk for melanoma.



278 From Melanocytes to Melanoma

Sporadic mutations of LKB1, however, have been reported in series of melanoma, sug-
gesting that LKB1 may have some tumor suppressor properties in melanocytes (131,132).
The observations that sporadic tumors harbor LKB1 lesions, whereas germline muta-
tions do not seem to increase the incidence of melanoma, are hard to reconcile. It is
possible that LKB1 mutations provide only a low-penetrance melanoma-prone condition
(e.g., that requires significant UV exposure for manifestation) and this association has
eluded investigators of this complex familial syndrome with variable expressivity.
Experiments from Lkb1-deficient animals, however, suggest another likely explanation
(99). Cells from Lkb1-deficient embryos demonstrated a reduced susceptibility to
RAS-mediated transformation, leading to the speculation that LKB1 has both tumor
suppressor and oncogenic activity depending on genetic context. These data suggest the
intriguing possibility that an LKB1 mutation in an otherwise normal cell produces abnor-
mal melanocyte differentiation but does not lead to melanoma and may in fact be
antiproliferative, whereas the same mutation in the setting of other established onco-
genic events does facilitate transformation. This hypothesis of conditional tumor sup-
pressor activity awaits further elucidation of the biochemical tumor-relevant activities
of LKB1.

GENETIC DISSECTION OF PATHWAYS IN MICE

The effort to understand human melanoma has been bolstered by the development of
murine models of melanoma. These animal models have helped to determine the relative
contributions of p53, p16INK4a, and ARF to the prevention of RAS-induced melanoma,
have aided in the identification of molecular UV targets in melanoma, and have provided
a platform for high-throughput genomic analysis of this tumor type. For example, to
study the role of INK4a/ARF loss in 9p21-mediated melanoma suppression, a conven-
tional gene targeting approach was used to delete exons 2 and 3 of the Ink4a/Arf locus
in the mouse germline, generating a mutant mouse that is null for both p16INK4a and Arf
(133). These mice succumbed to fibrosarcomas and lymphomas with high frequency
(133) and became highly prone to cutaneous melanomas with short latency when com-
bined with an activated H-RAS mutation in their melanocytes (Tyr-RAS+) (98). More-
over, melanomas that arose in Tyr-RAS+, Ink4a/Arf+/– animals exhibited LOH in the
remaining wild-type allele. The extent of LOH varied among tumors, but always included
the second exon, thereby targeting both p16INK4a and ARF, and suggesting that inacti-
vation of both was necessary for tumor progression.

Likewise, murine models have been used to address the pathogenetic relevance of p53
pathway inactivation in melanoma. This topic has been controversial because numerous
melanoma surveys have reported an absence or very low incidence of point mutation or
allelic loss of TP53 in surgical specimens of primary and metastatic melanomas (reviewed
in ref. 134). An early mouse modeling study by Mintz and colleagues, however, showed
that expression of SV40 T antigen (which inactivates both RB and p53) generated a
highly penetrant and aggressive melanoma phenotype (135), suggesting involvement of
the p53 pathway in melanoma pathogenesis. More direct evidence was later provided by
the demonstration that Tyr-RAS+, Trp53–/– mice readily developed cutaneous melano-
mas (99). LOH analysis of Trp53 in melanomas that had arisen from Tyr-RAS+, Trp53+/–

mice showed loss of the wild-type Trp53 allele and retention of Arf (99,134). These data,
therefore, would suggest that either ARF or p53 inactivation can cooperate with other
genetic lesions to promote melanoma formation, but that the lesions are functionally
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equivalent. In human melanoma, ARF loss is likely favored over p53 deletion, because
the former often occurs with concomitant p16INK4a loss by 9p21 deletion.

It is interesting to note that in contrast to Tyr-Ras+, Arf–/– melanomas, in which
p16INK4a is lost in 50% of cases, Tyr-Ras+, Trp53–/– melanomas almost always retain
functional p16INK4a. The RB pathway is, instead, inactivated via Myc amplification and
overexpression (99). c-Myc can bypass the G1 block conferred by p16INK4a, in part,
because of its ability to regulate G1 molecules that operate parallel to and downstream
of p16INK4a (reviewed in ref. 136). Consistent with this, MYC overexpression (137) and
increased copy number (138) have been described in human melanomas. The basis for
this difference in preference of pRB pathway lesions between Arf- and p53-null mice is
unknown. In other murine systems, however, it is clear that Myc overexpression can
cooperate with Arf loss (139), whereas p16INK4a loss can cooperate with that of p53
(140). Thus, despite our current lack of understanding regarding these combinations of
genetic lesions in melanoma, data from these studies support the idea that both the RB
and p53 pathways are important in melanoma suppression.

The contribution of p16INK4a vs Arf in melanoma suppression has also been compared
more directly using specific knockout for the two products of the Ink4a/Arf locus.
Interestingly, animals specifically deficient for p16INK4a demonstrate a low frequency
of melanoma spontaneously or after carcinogen treatment with 7,12-dimethylbenz-
anthracene (DMBA) (22,23,140). Moreover, melanoma susceptibility imparted by
p16INK4a deficiency is significantly enhanced in the setting of Arf haploinsufficiency
(23), arguing for contribution from Arf in Ink4a/Arf-mediated melanoma suppression.
When crossed onto the melanoma-prone Tyr-RAS transgenic allele, either p16INK4a

or Arf loss facilitated melanoma formation (100). Notably, RB pathway lesions
were encountered in melanomas from Tyr-RAS+, Arf–/– mice, and p53 pathway lesions
were detected in Tyr-RAS+, Ink4a–/– melanomas. Such molecular profiles provide evi-
dence that both products of the Ink4a/Arf locus have prominent roles in melanoma
suppression in vivo, and this shared function may underlie the need for coordinated
regulation, which might explain in some manner their intimate and evolutionarily con-
served genomic arrangement (17).

In conclusion, the combined experimental weight of the mouse and human genetic
data strongly support the view that loss of ARF, and hence the p53 pathway, is involved
in melanoma pathogenesis, and that ARF functions as a bona fide melanoma suppressor
in vivo. Furthermore, the genetic data in the mouse provide a rational explanation for the
low incidence of TP53 mutations in human melanoma, given the frequent and early loss
of INK4a/ARF (50) and the functional link between ARF and p53 (13–16) (Fig. 2).

THE GENE–ENVIRONMENT INTERFACE

The link between sun exposure and skin cancer, including melanoma, has long been
recognized. It has been hypothesized on the basis of migration studies (141) that child-
hood may be a particularly susceptible time for sun damage (142) and that intense
intermittent UV exposure associated with sunburn early in life confers the highest risk
for melanoma development later in life (2,143). This compelling epidemiological link
between UV and melanoma risk is supported further by observations that UV can directly
induce melanocytic lesions and melanoma in human skin grafts (144,145) and in neo-
natal mice (described on page 278).
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The molecular basis of UV’s cancer-promoting effects has been the focus of signifi-
cant investigation and several mechanisms have been suggested, including that UV acts
as a mutagen, a mitogen (3), an inducer of tumor-promoting paracrine factors (146), and
an attenuator of antitumor immune surveillance (147). Although the role for UV as a
global mutagen would seem most appealing, the molecular targets have been elusive.
The search for UV targets often relies on the identification of “UV-signature” muta-
tions—represented as C T or CC TT base substitutions at dipyrimidine sites that
result from the repair of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts
induced by UVB. For example, the finding of C T transitions in the INK4a/ARF locus
in human melanoma samples (7,148,149) raised the possibility that p16INK4a could be a
target in humans, although others have reported similar mutation bias in gliomablastoma
(150). Although thought to be uncommon, UV also has the capacity to induce other types
of damage, including protein–DNA cross-links; oxidative base damage; single-strand
breaks (151); chromosomal aberrations that are classically associated with double-strand
breaks, such as deletion (152); as well as epigenetic changes, such as altered methylation
that can lead to increased mutation rates (153). Given UV’s broad actions, the identifi-
cation of targeted genes/pathways and the relevance of each mechanism to melanoma
development will require a multipronged approach that includes genomics and genetic
model systems. Recently, genetically defined mouse models have proven useful in ad-
vancing our understanding of how this complex environmental mutagen promotes mela-
noma formation.

In the Hgf transgenic model, Merlino and colleagues showed that a single episode of
mild sunburn during the neonatal period dramatically increases melanoma risk (154).
This result is in contrast to the development of nonmelanoma skin cancers in adult Hgf
transgenic mice that are chronically exposed to UV (155). Moreover, UV profoundly
accelerated melanoma development with respect to both incidence and latency in Hgf+,
Ink4a/Arf–/– mice (156). To gain insight into UV’s molecular targets, the effect of UV
on melanoma incidence and latency was examined in Tyr-RAS+ mice that were deficient
for either p16INK4a or Arf. After a single erythrogenic dose of UV on postnatal d 1,
accelerated melanoma formation was observed exclusively in the Tyr-RAS+, Arf–/– ani-
mals (37). These UV-induced Tyr-RAS+, Arf–/– melanomas exhibited genetic lesions in
the pRB pathway as expected; however, the spectrum of those RB pathway lesions was
different from those observed in the spontaneous Tyr-RAS+, Arf–/– melanomas. Whereas
p16INK4a inactivation is observed in 50% of spontaneous and 25% of UV-induced mela-
nomas, amplification of Cdk6 was present in 50% of the UV-induced melanomas. Loss
of p16INK4a and Cdk6 amplification were mutually exclusive in the UV-induced mela-
nomas. This pattern of mutations raises the possibility that components of the RB path-
way are targets of UV’s mutagenic actions, a hypothesis that is supported by the complete
lack of cooperation between UV and p16INK4a deficiency in the Tyr-RAS+, p16INK4a–/–

model (37). In genetic terms, UV exposure and p16INK4a loss, therefore, appear to be
epistatic, at least in this Ras-driven murine model.

TUMOR MAINTENANCE GENES AS RATIONAL THERAPEUTIC TARGETS

The success of the selective tyrosine kinase inhibitor, imatinib (Gleevec), in the
treatment of chronic myelogenous leukemia (CML) and gastrointestinal stromal tumors
has validated the concept of molecularly targeted cancer therapy (157,158). The cancer
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research community has been galvanized into the pursuit of molecular targets against
which small-molecule inhibitors will be effective. Although such plausible targets are
abundant in this genomics era, the imatinib experience has also brought into focus
several current and future challenges, such as the problem of drug resistance (159),
which occurs even to imatinib in CML, which harbors relative genetic simplicity
compared with solid tumors. Likewise, the imatinib paradigm underscores the impor-
tance of choosing “druggable” targets; that is, molecules whose tumor-promoting activity
can be inhibited by a bioavailable small molecule. Lastly, an enormous challenge will
be to select those promising targets that not only promote or are associated with tumor
progression, but also are indeed essential for tumor maintenance, such as BCR-ABL in CML.

The concept of tumor maintenance stems from the observation that advanced malig-
nancy represents the phenotypic end point of many successive genetic lesions and the
established tumor is maintained and sustained through complex and poorly understood
host–tumor interactions. Thus, the numerous and diverse genetic changes that accom-
pany tumor development raise questions regarding whether a causal genetic alteration
is still required for maintenance of viability of the established tumor. The development
of inducible oncogene-transgenic models that permit extinction of oncogene activity in
established tumors has been useful for validating targets, because it allows oncogenes
that are important for tumor maintenance, as opposed to initiation, to be identified (160).
Using such a model, activated RAS has been shown to play not only a causal role in melanoma
genesis, but also an essential role in the maintenance of established melanoma (161).

Employing the tetracycline regulatory system, an inducible version of the Tyr-RAS+,
Ink4a/Arf –/– melanoma model (Tyr-rtTA+, Tet-RAS+, Ink4a/Arf –/–) has been generated,
whereby expression of the oncogenic lesion RAS can be regulated in a tissue-specific
and developmental stage-specific manner (161). In this system, postnatal activation of
transgenic RAS expression via doxycycline drinking water leads to development of
cutaneous melanomas that are phenotypically and clinically similar to those observed in
the original Tyr-RAS+, Ink4a/Arf –/– model. Importantly, by conventional and array-
based CGH analysis, these RAS-activated Ink4a/Arf –/– melanoma cells harbor second-
ary genomic changes, including gains and losses in regions syntenic to chromosomal
alterations in human melanoma (99; L. Chin, unpublished observation). When adapted
to culture, the presence or absence of doxycycline (e.g., with or without activated RAS,
respectively) did not significantly influence the subconfluent growth rates of multiple
independently derived melanoma cell lines in both high- and low-serum conditions. In
contrast, regulation of activated RAS expression in vivo is associated with striking
phenotypic changes in established tumors. When these doxycycline-treated Tyr-rtTA+,
Tet-RAS+, Ink4a/Arf –/– mice bearing a single or multiple independent primary melano-
mas were withdrawn from doxycycline administration, established melanomas (0.5–1.5
cm in diameter) rapidly regressed to barely detectable or undetectable masses with only
residual scattered tumor foci on microscopic examination within 10–14 d. In other
words, removal of activated RAS in an established melanoma harboring many other
irreversible genomic alterations resulted in tumor regression, a remarkable finding that
attests to the essential role of RAS activation in tumor maintenance.

With the capacity to regulate activated RAS in established primary or explanted
melanomas in vivo, this inducible oncogene-transgenic model system provides an
opportunity to examine the roles of host–tumor interactions in tumor maintenance. For
example, a well-known aspect of host–tumor interaction involves angiogenic support.
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Analysis of regressing Tyr-rtTA+, Tet-RAS+, Ink4a/Arf –/– tumors was highlighted by
dramatic activation of apoptosis in the tumor cell compartment as well as host-derived
endothelial cells. The finding of endothelial cell apoptosis would suggest that vascular
integrity of the tumor is compromised when RAS expression is downregulated, and that
sustained activated RAS expression may be required for the critical host–tumor symbi-
otic interaction that sustains stable tumor vasculature. Previous cell culture-based stud-
ies have shown that oncogenic K- and H-RAS can stimulate expression of VEGF
(162–164), one of the most potent endothelial cell survival factors. These in vitro data
would imply that activated RAS might maintain the tumor vasculature through enhanced
VEGF gene expression. However, preliminary data from this in vivo model underscores
the complexity of the RAS–VEGF angiogenesis link. Specifically, although a decline in
VEGF mRNA and protein was associated with a decrease in RAS activity after doxycy-
cline withdrawal in cell culture, an initial increase in VEGF was observed in vivo after
doxycycline withdrawal (161). These rising levels of VEGF are coincident with the
initial stages of regression and tumor collapse and, thus, point to RAS-independent
mechanisms of VEGF stimulation, such as that induced by tumor hypoxia (165–168).
Furthermore, enforced VEGF expression failed to “rescue” or reverse the tumor regres-
sion phenotype and associated vascular collapse after doxycycline withdrawal, conclu-
sively establishing that VEGF is not sufficient for tumor maintenance. Given the
pleiotropic effects of activated RAS and its importance in such a wide variety of human
cancers, it is not surprising that its role in maintenance of established melanomas extends
beyond VEGF and likely extends beyond the process of tumor angiogenesis.

This in vivo inducible model can serve as an ideal system in which additional aspects
of host–tumor symbiosis can be uncovered. In addition to angiogenesis, these aspects
may include immune surveillance, extracellular matrix degradation or other yet to be
identified processes that are essential for the maintenance of established melanomas or
other solid tumors in their natural settings. The elucidation of the biological function of
a maintenance gene in tumor maintenance, such as that described for RAS, offers not
only critical knowledge that can guide therapeutic development against RAS, but also
a rational approach to design a synergistic regimen.

CONCLUSIONS AND PERSPECTIVES

The challenges that face the melanoma research community are formidable and require
that we translate the growing body of genetic and biochemical information concerning
the disease and its relation with other genetic lesions and cellular/environmental factors
into effective preventive and therapeutic measures. The activated B-RAF allele would
represent one such translational opportunity, particularly because RAF inhibitors are in
clinical trials at present. However, it is worth noting that the role for B-RAF mutations
in melanoma maintenance is not yet established. Development of inducible melanoma
models driven by activated B-RAF would not only enable the assessment of its role in
maintenance, but also provide insights into its biological function in the maintenance
process. This genotype–phenotype information should lead to morphological and mo-
lecular surrogates of drug efficacy, that is, biomarkers that might guide the design and
evaluation of small-molecule inhibitors in preclinical and clinical phases of drug devel-
opment. Finally, the genotype–phenotype correlation and a better understanding of the
cooperative events in tumorigenesis should provide additional strategies for combina-
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tion therapy—it should be anticipated that resistance to RAF inhibitors would emerge
in the setting of monotherapy. The good news is that comprehensive genomic, genetic,
and phenotypic analyses of human samples and refined mouse models will provide
molecular insights into mechanism of drug resistance. Coupled with rational drug devel-
opment programs, it is reasonable to anticipate that alterative therapeutics for resistant
tumors and synergistic combination therapies will emerge in the near future. Beyond
B-RAF, many genetic lesions that are important to melanoma genesis, progression, and
maintenance remain to be discovered, and genomic technologies will greatly enhance
our ability to identify these genes. Tumor maintenance assays in inducible melanoma
models will permit a more precise selection of maintenance targets for drug development.

Regarding the role of UV in melanoma genesis, the confirmation of the RB pathway
as a primary target for inactivation in humans is a first step toward molecularly dissecting
the mechanism of action of UV. The findings in the mouse indicates that there is great
prognostic potential in assaying RB pathway status in pigmented lesions among indi-
viduals with significant UV exposure history or with constitutive predisposition to UV
sensitivity. Furthermore, the delineation of UV’s molecular targets can also open new
opportunities for evaluation and development of effective sun protection measures.
Although there is progress and hope on the horizon, it is likely that an effective thera-
peutic regimen for advanced melanoma will require a sustained effort. Therefore,
improved prevention and early diagnosis may well have the most significant clinical
impact on this disease in the near term.
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Summary
Exposure to solar ultraviolet (UV) light is a risk factor for the induction of melanoma, but the precise

mechanism remains unclear. The increased incidence of the disease in xeroderma pigmentosum patients,
whose cells cannot repair DNA damage caused by defects in nucleotide excision repair, demonstrates
that UV-induced DNA damage and mutagenesis can plan a role in melanoma. I propose, therefore, that
solar exposure in the UVA and UVB range produces a mixture of DNA photoproducts, some being
typical pyrimidine dimers and others the result of photosensitizing reactions with melanin precursors that
produce DNA damage that requires the nucleotide excision repair or base excision repair pathways. Not
all of these damages necessarily produce typical UV-specific mutations in target genes; the association
of melanoma induction with acute burns suggests that high UV doses can overwhelm intracellular anti-
oxidant defense mechanisms to produce DNA damage. The progression of melanomas is additionally
enhanced by early deletions involving one or more of the nucleotide excision repair (NER) genes that
leads to enhanced genomic instability.
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INTRODUCTION AND HYPOTHESIS

The incidence of melanoma has been increasing worldwide over many decades (1).
The reasons for the increased incidence of melanoma are varied, and include increased
ultraviolet (UV) exposure, changing leisure activities, change in clothing, environmen-
tal factors, and changes in the histological criteria for diagnosing melanoma (2). The role
of sun exposure in melanoma induction remains difficult to explain in molecular detail.
Melanoma develops from the malignant transformation of melanocytes located in the
epidermis, dermis, or mucosa, often occurring in pigmented nevi rather than in isolated
melanocytes. Several important genes that act at early stages of melanoma induction
have been identified, including p16 and B-RAF. However, the precise molecular mecha-
nisms that result in mutagenesis of these genes is still a mystery. Excessive sun exposure
may predispose a susceptible individual to the development of melanoma, but the link
between UV exposure and melanoma is not as strong as in squamous cell carcinomas,
in which p53 mutations with a UV signature are seen (3). Evidence is strong in studies
with the marsupial, Monodelphis, and the platyfish, Xiphophorus, that typical UV pho-
toproducts can initiate melanomas (4,5). Recently developed mouse models also dem-
onstrate that neonatal UV exposure can cause melanoma development (6–8). Some of
these studies also indicate that the wavelengths for melanoma induction can involve
longer UVA wavelengths than for nonmelanoma skin cancers (9). Intermittent exposure
and exposure in an individual’s early years apparently play a greater role than chronic
exposure or exposures in later life. For example, the greatest increases in incidence of
melanomas are seen on the lower extremities in women and the trunk in men (2). Severe
sunburns in childhood or sun exposure in sunny locales during childhood also increase
the risk of melanoma (10,11). Melanomas are also more common in light-skinned indi-
viduals, particularly those with red or blond hair who freckle easily (12,13). There is an
association between the risk of developing melanoma and having specific mutations in
the melanocortin-1 receptor (12), which plays a key role in determining the type of
melanin produced in melanocytes, eumelanin or pheomelanin. One of the stronger
examples of a major role for UVB exposure in melanoma is the increased incidence of
the disease in xeroderma pigmentosum (XP) patients who cannot repair UVB damage
because of defects in nucleotide excision repair (NER) (14). However, even here, the
distribution of melanomas over the body resembles that in the normal population, and
is not on the commonly exposed regions of the skin. Taken together, these data suggest
that UV does indeed play a role in the development of melanoma, although its exact
role is not completely understood. Therefore, I propose the following simple, testable
hypothesis for the role of solar exposure in melanoma induction: solar exposure in the
UVA and UVB range produces a mixture of DNA photoproducts, some being typical
pyrimidine dimers and others the result of photosensitizing reactions with melanin pre-
cursors that produce DNA damage that requires the NER or base excision repair (BER)
pathways. Not all of these damages necessarily produce typical UV-specific mutations
in target genes; the association of melanoma induction with acute burns suggests that
high UV doses are required to overwhelm intracellular antioxidant defense mechanisms.
The progression of melanomas is additionally enhanced by early deletions involving one
or more of the NER genes that leads to enhanced genomic instability.

This chapter will expand on this hypothesis and will discuss various mechanisms of
DNA damage and repair and evidence from XP and other animal models for the induc-
tion of melanoma by solar exposure.
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UV DAMAGE

Types of Damage Repaired by NER
DNA damage can involve a very large variety of different kinds of chemical- and

radiation-induced alterations in DNA bases and polynucleotide chains. In an approxi-
mate sense, one can classify DNA damage according to which kind of DNA repair
system is required for its repair. Large adducts, such as those produced by solar exposure
(UVB and UVC), require excision of single-stranded regions of DNA by the NER
system (15,16). Other kinds of damage, involving smaller modifications to DNA bases
(alkylation) or DNA breakage, require a different suite of enzymes, many of which are
involved with immunoglobulin rearrangements and neurodegeneration. The distinc-
tions between the various repair systems are not absolute, however, and there are over-
laps in the substrate specificity of these various repair systems and variations in the
efficiencies and sites of action on DNA in differing metabolic states (Table 1).

The NER system recognizes and repairs DNA damage that consists of photoproducts
produced by UV light and large DNA adducts produced by carcinogenic chemicals
(Fig. 1) (15,16). The most important wavelengths of UV are those in the UVC (240–280
nm) and the UVB (280–320 nm) ranges, which are strongly absorbed by nucleic acids.
The photoproducts include the cyclobutane [5-5], [6-6] pyrimidine dimers (CPDs) and
the [6-4] pyrimidine pyrimidinone dimers ([6-4]PDs) that involve both T and C pyrim-
idines. The [6-4]PD can further photoisomerase to the Dewar photoproduct at longer
UV wavelengths, and cytosine in dimers has an increased propensity to deaminate,
contributing a C to thymine T mutagenesis. Chemical adducts include those produced
by N-acetoxy-N-acetyl aminofluorene (AAAF), benzo(a)pyrene, aflatoxin, photoacti-
vated psoralens, and cis-platinum. An oxidative purine product, 5',8-purine cyclodeo-
xynucleoside, which may accumulate in neurological tissue, also requires the NER
system for repair. The NER system can even recognize DNA triplexes formed by the
binding of short oligonucleotides to double-stranded DNA.

Other damage that would not, a priori, be expected to require the NER system can be
recognized and cleaved, including apurinic sites, alkylated bases, and mismatches (17).
The efficiency with which some of these substrates are repaired, especially for mis-

Table 1
Human Exinuclease Efficiency

Substrate Cleavage Alternative pathway

[6-4]photoproduct 3–4%
T=T dimer 3–4%
AP site 3.9, 5% BER
CisPt 3.3%
T-HMT mono 1%
O-6-mG 0.1% Transferase
N-6-mA 0.06% BER
G*-A mismatch 0.2% MMR
G-A* mismatch 0.1% MMR

This table represents the approximate cleavage efficiency using cell-free
extracts active for NER on synthetic substrates containing various lesions (17).
The cleavage efficiency on T=T dimers represents the maximum activity of the
NER extract when assayed in vitro.



294 From Melanocytes to Melanoma

Fig. 1. The sequence of steps involved in nucleotide excision repair from damage recognition by
global genome repair (GGR) or transcription coupled repair (TCR) mechanisms (I), DNA
unwinding (II), verification (III), excision (III, IV), and polymerization and ligation (V). (Repro-
duced from ref. 16, with permission from Macmillan Publishers.)
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matched bases, is weak, and consequently, NER is only a backup mechanism for other
kinds of repair (Table 1).

Types of Damage Repaired by BER
DNA can be damaged by hydrolysis, deamination, oxidative reactions, or alkylations

that occur as the result of naturally occurring intracellular oxidative metabolism, as well
as from external ionizing radiation, UV light, carcinogens, and alkylating agents (18,19).
These processes create singly modified DNA bases and can cause base loss leading to
the production of apurinic/apyrimidinic sites. The single modified bases include uracil
and thymine, produced by deamination of cytosine and 5-methylcytosine, respectively;
8-oxoguanine and other oxidized purines; thymine glycol; cytosine hydrate; 3-methyl-
adenine; 7-methylguanine; and others. DNA adducts can also be produced from oxida-
tive products of dopamine and other neurotransmitters (20,21) and ischemic brain
damage (22). Mitochondrial DNA is especially at risk from oxidative damage, contain-
ing approx eight 8-oxoguanine residues per DNA molecule under steady-state condi-
tions, even in absence of additional irradiation, which is significantly greater than the
nuclear level (23,24).

Processes such as lipid peroxidation in nuclei and cytoplasm can be augmented by UV
irradiation. Exocyclic DNA base adducts generated from lipid peroxidation byproducts
have been characterized. The most abundant of these appears to be the exocyclic
pyrimidopurinone, M1G, which is generated by reaction between a G residue in DNA
and the lipid peroxidation product, malondialdehyde (25), and undergoes decomposition
to a secondary ring-opened derivative. Lipid peroxidation may also yield acrolein and
crotonaldehyde, which are readily metabolized to epoxides that can generate exocyclic
etheno modifications of DNA bases.

These classes of damaged bases all have recognition steps that require specific
glycosylases to remove the base, and the pathways then converge on common excision steps.

DNA Damage Associated With Melanin: Protection and Photosensitization
Melanin, when distributed uniformly in keratinocytes in the skin, generally acts as a

photoprotector and reduces the amount of pyrimidine dimers and [6-4] photoproducts in
DNA (26). Melanin in nevi, however, is in a different state from that in normal melano-
cytes, and may be involved in oxidative reactions from UVA exposure that cause addi-
tional DNA damage (27,28). Some of the melanin precursors, L-DOPA for example, can
be oxidized to form DNA-damaging products, and the reaction is enhanced by tyrosinase
and inhibited by antioxidants (29,30). The combination of UV exposure; eumelanin and
pheomelanin; endogenous photosensitizers; and antioxidants can result in complex
outcomes in terms of DNA damage. In one summary, different photoprotection and
photosensitizing effects of melanin were noted with UVB and UVA, respectively (31).
One possible reason for the prominence of acute burns in increasing melanoma risk
could be the saturation of endogenous photoprotection by high UVA doses.

DNA REPAIR MECHANISMS

Clinical Consequences of NER Deficiencies: Cancer
XP is a multigenic, multiallelic autosomal recessive disease that occurs with a fre-

quency in the United States of approx 1 in 250,000. Higher incidence is seen in Japan
and the Mediterranean and possibly in Central American areas (32). Heterozygotes are
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unaffected, but homozygotes have severe sun sensitivity that leads to progressive degen-
eration of sun-exposed regions of the skin and eyes, usually leading to various forms of
cutaneous malignancy (melanoma and nonmelanoma) (14,33). The disease begins in
early life with the first exposures to sunlight, the median age of onset being 1–2 yr of age,
with skin rapidly exhibiting the signs associated with years of sun exposure. Pigmenta-
tion is patchy, and skin shows atrophy and telangiectasia with development of basal and
squamous cell carcinomas and melanomas. Cancer incidence for those individuals under
20 yr of age is 2000 times that seen in the general population.

The nonmelanoma skin cancers that develop in XP patients contain mutations in p53
for squamous carcinomas (34) or patched, for basal-cell carcinomas (35) that are mainly
C to T transitions at dipyrimidine sequences, characteristic of the UV photoproducts that
are the substrates for NER (17). Melanomas are also found at higher frequency in XP
patients, with a similar body distribution to melanomas in non-XP patients (33), and a
limited number of melanomas have been analyzed for mutations in selected genes.

One study of 20 melanomas in XP-C and XP-V patients showed that the majority were
lentigo malignant melanomas typical of those seen in older normal patients (36). Muta-
tions were found in the p53 gene at increased frequency (60%) in XP-C melanomas but
not in those from XP-V patients (10%). The mutations in XP-C melanomas were CC to
TT or C to T, arising from photoproducts in the nontranscribed strand, characteristic of
UV and of the repair deficiency of XP-C. One possible way to reconcile these observa-
tions with those in the general population would be to suggest that the repair deficiency
in XP patients increases the relative importance of UVB-induced pyrimidine dimers
over nondimer UVA-induced photoproducts. XP melanomas would then show a greater
number of tumors with UVB-signature mutations than the normal population. Of par-
ticular interest will be analysis of mutations in the BRAF gene in XP melanomas to
compare with those reported for the general population, in which the mutations are not
of the UVB type (37).

NER Mechanisms
Large DNA adducts, especially those produced by UVB exposure, are repaired by an

excision process that removes a large, 27–29 nucleotide-long oligonucleotide (Fig. 1)
(15,16). This requires a complex set of recognition factors, excision nucleases, and
polymerization. There are two major damage mechanisms, depending on the location of
damage in either transcriptionally silent or actively transcribed regions of the genome.
These give rise to the pathways called global genome repair (GGR) and transcription-
coupled repair (TCR).

RECOGNITION OF DAMAGE IN TRANSCRIPTIONALLY SILENT REGIONS OF THE GENOME

The damage recognition factors required for GGR are two sets of DNA binding
proteins: the XPC/H23B (38,39) and XPE (DDB1/DDB2) heterodimers (40) (Fig. 2).
The XPC/HR23B complex is the earliest damage detector to initiate NER in non-
transcribed DNA, with highest affinity for the [6-4]PD. Recognition of cyclobutane
dimers is more difficult and requires the combined action of the XPC and XPE protein
complexes (41). The DNA binding proteins are transcriptionally regulated by p53 and
increase expression after UV irradiation (42–44). In mice, XPE is not functional because
the promoter of the DDB2 (p48) component has a mutation in the p53 recognition
sequence (40).
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Fig. 2. The sequence of steps involved in base excision repair from damage recognition by a
battery of glycosylases, followed by the two branches of short-patch and long-patch pathways.
(Reproduced from ref. 16, with permission from Macmillan Publishers.)

The complete excision process on a purified DNA substrate can be carried out in vitro
using a minimal set of recombinant proteins: replication protein A (RPA), XPA, TFIIH
(6 subunit core of XPB, XPD, p44, p34, p52, p62; and 3 subunit kinase, CAK), XPC,
HR23B, XPG, ERCC1, and XPF (45). CAK appears to act as a negative regulator, and
inhibition of phosphorylation stimulates repair. These individual factors of NER asso-
ciate sequentially and independently on UV photoproducts, in vivo, without preassembly
of a “repairosome” complex (46).

RECOGNITION OF DAMAGE IN ACTIVELY TRANSCRIBED REGIONS OF THE GENOME

CPDs are excised more rapidly from actively transcribed genes, especially from the
DNA strand used as the template for transcription (47,48). Excision is slow in the pro-
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moter regions and increases immediately after the ATG start site for transcription. The
initial damage recognition mechanism for TCR may be the stalled RNA polymerase
(Pol II), itself (49), although a potentially large number of gene products, especially
the components of the transcription factor TFIIH, play a role in repair of transcription-
ally active genes. The blocked RNA Pol II masks damaged sites and must be removed,
or backed off, to alleviate the arrested transcription and provide access for repair enzymes.
The processes that alleviate the arrested RNA Pol II enhance the overall accessibility of
the damaged site and permit more rapid repair than in nontranscribed regions of the
genome. Persistently blocked RNA Pol II can be a signal for UV-induced apoptosis (50)
that may involve signal transduction via the mismatch repair system (51).

Cells from Cockayne Syndrome (CS) patients are specifically defective in TCR (52).
The excision of DNA photoproducts from total genomic DNA of CS cells is normal, but
repair of transcriptionally active genes is reduced (52). Two CS genes, CSA and CSB, are
involved specifically in TCR. CSA contains WD-repeat motifs that are important for
protein–protein interactions (53). CSB contains an ATPase, helicase motifs, and a nucle-
otide-binding domain, but only the latter is essential for TCR, and CSB does not function
as a helicase (54,55). Cells lacking either CSA or CSB are unable to ubiquitinate the C-
terminal domain of RNA Pol II (56). CS patients are photosensitive but do not show
increased skin carcinogenesis (57), unlike mice with inactivated Xpc or Csb genes that
both show increased skin carcinogenesis from UV light or chemical carcinogens (58).

THE CORE EXCISION PROCESS COMMON TO GGR AND TCR
The damaged site is unwound by the 3'-5' (XPB) and 5'-3' (XPD) helicases of TFIIH

in concert with XPG, and then stabilized by the XPA–RPA binding complex that replaces
the XPC and XPE binding proteins (59) (Fig. 2). The basal transcription factor, TFIIH,
which is involved in transcription initiation and elongation, plays a major role in remod-
eling the damaged regions for excision to occur after damage recognition by TCR and
GGR (60,61). The XPB and D components of TFIIH and CSB interact with p53, suggest-
ing a role for p53 in regulation of TCR (62,63).

XPA binds to both the damaged and the undamaged strand, but RPA binds mainly to
the undamaged strand (59). XPA acts as a foundation on which other components of the
NER process subsequently assemble. XPA binds to the p34 subunit of RPA through its
N-terminal region and to the p70 subunit through a central portion in exon IV, as well
as to many other NER components, including: ERCC1, TFIIH, XPC, XPG, and DNA
itself (61). The final stable complex that remains at the damaged site is unclear, but a
subset of these components acts as an assembly point for the XPG (64) and ERCC1/XPF
(65) nucleases that cut the damaged strand 3' and 5' to the damaged site.

The excision process involves removal of an oligonucleotide, 27–29 nucleotides long,
containing the photoproduct as a result of cleavages 5 nucleotides on the 3' side of the
photoproduct, and 24 nucleotides on the 5' side (17). The structure-specific cleavage
pattern is determined by binding of RPA to the unwound damaged site, and the excised
fragment is close in size to the footprint of RPA on DNA (59,66). Slight variations in the
precise sites of cleavage result in the removal of variable fragments between 27 and 29
nucleotides. The XPG nuclease cleaves first on the 3' side of the damage and interacts
with the XPC-HR23B complex and with TFIIH (61); the XPF-ERCC1 heterodimer
cleaves subsequently on the 5' side of the damaged site (67). XPA serves as an anchor
for the 5' nuclease through binding to ERCC1 (68).
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The XPG nuclease has a particularly complex range of activities, and mutations in
XPG are associated with both XP and CS diseases (69). XPG is an endonuclease in the
FEN-1 family that is capable of strand-specific cleavage of a range of DNA substrates
that may arise during DNA replication, repair, and recombination (66,70). The XPG
gene product also interacts with RNA pol II and facilitates efficient transcription elon-
gation (71), thereby providing an explanation for the complex symptoms of some XPG
patients who show both XP and CS symptoms. XPG is also a cofactor required for the
activity of thymine glycosylase (nth gene) and is thereby linked to repair of oxidative
damage (72).

The excised region is replaced by the action of a complex similar to that involved in
normal DNA replication (73). Proliferating cell nuclear antigen (PCNA) is loaded onto
the DNA by the 5 subunit Replication Factor C complex, which then anchors the repli-
cative DNA polymerases, Pol-  or Pol- . Damage to cells usually activates p53, which
then transactivates p21 and inhibits DNA synthesis by binding to PCNA, which would
inhibit repair synthesis. In the particular case of UV damage, p21 transcription is still
increased but the protein is secondarily degraded, thereby releasing the potential inhi-
bition of PCNA-directed repair synthesis (74). The final closure of the repaired site
occurs with DNA ligase I (73).

REPAIR DEFICIENCIES ASSOCIATED WITH MELANOMA

Direct measurement of pyrimidine dimers in UV-damaged DNA from patients with
melanoma has not shown any specific deficiencies of excision repair associated with
disease (75,76). No consistent differences could be detected in the cell cycle response
to UV irradiation of cells from carriers and noncarriers of hereditary melanoma risk
factors (77). One report found defective induction of the damage-responsive gene,
GADD45, by ionizing radiation in a set of melanoma cells, but the relationship of this
gene to UV repair is still unclear (78). An association between polymorphisms in the
repair gene XRCC3 and melanoma was claimed (79) but later challenged (80).

One study using reactivation of an irradiated episomal vector to assay for repair
claimed a reduced repair capacity in patients with high risk for melanoma (81), espe-
cially those with additional risk factors (82). An enhanced repair was observed in meta-
static melanoma cells using the same assay (83). These studies, however, measured only
residual gene activity at a single UV dose to the extracellular plasmid. Because the
residual activity is an exponential function of UV dose, and not linearly related to the
excision repair capacity of the host cells, this measure of DNA repair capacity exagger-
ates possible differences in repair. The small differences reported might therefore be less
significant than first thought, and contrast to the direct measures of photoproduct exci-
sion that did not detect differences associated with melanoma (75,76).

Base Excision Repair
Base damage, from endogenous or exogenous sources, is repaired mainly by the BER

system. BER, in its simplest form (Fig. 2), consists of one or more glycosylases that
remove damaged bases by cleavage of the deoxyribose–base bond, leaving an abasic
site, which is subsequently cleaved by apurinic/apyrimidinic endonuclease (AP endo),
and the deoxyribose residue is removed by polymerase- (16,84). The resulting single-
base gap is filled in by DNA polymerase-  and ligase. Single-strand breaks, which are
produced by free radicals, ionizing radiation, and long wavelength UV , are also repaired
by the BER pathway (85).



300 From Melanocytes to Melanoma

BER repairs a wide range of singly modified bases, many of which can be created by
reactive oxygen and nitrogen intermediates of normal cell metabolism (19,86). Conse-
quently, there are numerous DNA glycosylases with various substrate specificities
directed against these modified bases. These include uracil glycosylase, 8-hydroxy-
guanine glycosylase, and many others (86,87). Two bases formed by reactive products
of lipid peroxidation, etheno-A and etheno-C, are excised efficiently by DNA
glycosylases (88), which strongly suggests that generation of such adducts occurs at
sufficiently high rates in vivo to endanger genomic stability. Because of the variety of
possible substrates and the number of different glycosylases, it is not surprising that
defects in individual glycosylases do not cause lethality in mice (89–91). Later stages of
repair that are common to most of the base lesions are, in contrast, lethal when inter-
rupted in knockout mice.

The BER system acts through multicomponent protein complexes, and at least two
major forms of BER can be categorized based on their substrates and enzymatic mecha-
nisms. The short-patch form involves insertion of one to two nucleotides by polymerase-

, and sealing this patch involves either ligase I or ligase III. BER of uracil can be carried
out in testis cell extracts that have been partially purified, that contain uracil DNA
glycosylase, AP endo, polymerase , and ligase I (92). The long-patch form involves
insertion of longer patches by the action of PCNA, FEN-1 nuclease, and polymerases-

 or - (91,93). Short-patch BER appears to account for up to 80% of repair in vitro (94).
XRCC1 is a critically important protein in short-patch BER that coordinates the later

stages of repair (85). DNA ligase III and XRCC1 are strongly associated, and ligase III
is unstable in the absence of XRCC1 and loses activity (85). XRCC1 interacts with DNA
ligase III and PARP through regions known as BRCT domains, found in several repair
enzymes (85). In mammalian cells, the ligase III interaction is only required during BER
in noncycling cells, and, during the cell cycle, XRCC1 plays a role in recombination and
DNA replication (95).

Defects in enzymes that are involved in the intermediate stages of repair that are
common to all base lesions, such as AP endo (96), DNA polymerase- (97), XRCC1
(98), and ligase I (99,100) are, however, lethal during embryogenesis. Embryo lethality
in these animals could be because all base damage requires these enzymes, and deficien-
cies result in the accumulation of repair intermediates or single-strand breaks. Embryo
lethality is expressed at the time of rapid increase in the rate of cell division and differ-
entiation during gastrulation or later (99,101). A putative role for XRCC1 in recombi-
nation (102) could be an alternative cause of embryo lethality, by analogy with Rad51,
and other recombinational genes (103).

The observation of a longer UVA component for melanoma induction (27,28) sug-
gests that solar exposure could act in part through oxidative photochemical reactions that
would require the BER pathways. These would not result in typical UV mutation spectra
in affected genes in melanomas, and mechanisms would be more difficult to identify.

REPLICATION OF DAMAGED DNA

NER can remove DNA damage before DNA replication begins, and consequently
plays a major role in reducing the amount of damage that becomes fixed as mutations
during replication (104). DNA photoproducts, however, are blocks to the replicative
DNA polymerases, polymerase- , - , and -  (Pol- , - , and - ) that cannot accommodate
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large distortions, such as DNA photoproducts or adducts in their active sites (105,106).
Replicative bypass of these photoproducts is achieved instead by damage-specific, class-
Y polymerases with relaxed substrate specificity (107).

Three class-Y polymerase genes have been identified in the mammalian genome,
Pol- , - , and - . Pol-  and -  are close homologs, unique to mammalian cells, and only
a single Pol- h gene is found in yeast (107). Mutations in Pol-  are found in certain XP
patients (XP variants), but their clinical symptoms of elevated skin cancer are not easily
distinguished from those seen in the NER-defective patients (108). Pol-  has a poorer
capacity for replication of UV damage than Pol- , and Pol-  has the poorest; but their
relative efficiencies may differ for other kinds of chemical adducts (109–111). Pol-  acts
distributively to extend nascent DNA chains by one or two bases across from CPDs, and
the inserted bases may be edited by a separate exonuclease. The apparent base specificity
of Pol-  and Pol-  indicates that Pol-  may exercise a preference for replicating
T-containing photoproducts accurately; Pol-  a preference for C-containing sites.
Pol-  can therefore insert adenines across from thymine-containing photoproducts,
resulting in accurate replication of a T-T CPD. Pol-  can insert guanines across from
cytosine-containing photoproducts, resulting in accurate replication of a T-C CPD or
[6-4]PD. Chain extension then requires the activity of Pol-  or Pol-  that can extend the
nascent chain from a terminal mispaired base and then restore normal DNA replica-
tion (112–115).

The class-Y polymerases have larger active sites that allow them to read through
noninformative sequence information resulting from DNA damage, and can, in particu-
lar, accommodate the dipyrimidine photoproduct within the active site (116,117). Con-
sequently, these polymerases have high error rates, of the order of 1% or more when
assayed in vitro (118–120), which must be controlled in vivo, otherwise the results
would be catastrophic to the cells. Mechanisms of regulation could involve sequestering
polymerases in locations away from the replication forks under normal conditions, and
specific translocation after DNA damage occurs. Pol-  is uniformly distributed in the
nucleus, and excluded from the replication fork until replication is stalled by UV damage
(121,122). Pol-  then traffics into the nucleus and accumulates with a large number of
other proteins in microscopically visible foci at the replication fork. This requires spe-
cific sequence motifs in the protein for translocation and for binding to PCNA (121,123).
Displacement of the replicative polymerases, and increased binding of the bypass poly-
merases, by mono-ubiquitination and SUMO modification of PCNA appears to be one
way that access is provided for Pol-  and - (124).

UV-INDUCED MUTAGENESIS

Mutations are produced by a series of enzymatic processes. Damaged sites in DNA
are processed to reduce their toxic effects at the expense of their precise nucleotide
sequence. The mutation frequency from UV at a particular site depends on the particular
photoproduct, the flanking sequences, the strand that contains the photoproduct (tran-
scribed or nontranscribed) the efficiency of NER at that site, and the cell’s capacity to
replicate the photoproduct. Secondary effects depend on cell cycle checkpoints, pro-
moter binding, and other cellular and tissue levels of regulation. The photochemistry of
DNA, however, leaves a characteristic footprint on the mutation spectrum. In general,
UV-induced mutations occur at dipyrimidine sites, particularly the 3'C of a TC or CC site
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because of increased deamination of C within a photoproduct. Tandem mutations occur-
ring at both Cs of a CC site are distinctive signs that UV was the causative agent of a
mutation (125).

The relative contributions of the two major classes of photoproduct has been deter-
mined by enzymatic photoreactivation of episomal plasmids before transfection into
cultured cells, which reverses pyrimidine dimers but not [6-4]PPs (126,127). Photore-
activation reduced the mutation frequency in normal cells by 75% and in XP-A cells by
90%. CPDs occurring at dipyrimidine sites containing at least one cytosine base are the
predominant mutagenic lesions induced in human cells and the [6-4]PPs at these sites
accounted for only approx 10% of the mutations (126).

The frequencies of CPDs and [6-4]PPs at individual dipyrimidine sites does not
correlate directly with mutation frequency, suggesting that although the presence of
UV-induced photoproducts are required for mutagenesis, the frequency of mutagenesis
is determined by additional factors. A comparison of photoproduct yields, rates of repair,
and mutations in the PGKI, ras, and p53 genes has shown that regions of high UV-induced
mutation can be caused by either or both high photoproduct yield and/or low repair
(128–131). In XP-C mice, squamous cell carcinomas induced by UV show a high inci-
dence of a particular mutation, T122L, in the p53 gene (132). UV-induced mutations in
the p53 gene, for example, are important in development of squamous cell carcinomas
and may arise at DNA repair “coldspots,” sites of low repair, rather than photoproduct
“hotspots” (3). A determining factor in mutagenesis, therefore, appears to be the persis-
tence of damage during DNA replication, by a combination of rates of formation and
rates of repair.

Mutation frequencies from UV damage are increased in cells that lack NER capacity
(133) or that lack the class-Y polymerase Pol- (134), but is reduced in cells that lack
a functional polymerase Pol-  or deoxycytidyl transferase hRev1p (135,136). The yield
of mutations in XPA-deficient cells is increased and the spectrum shifted to different
“hotspots” and a lower ratio of transitions to deletions (137); the bias toward mutations
in the transcribed strand was greater than for wild-type controls, and characteristic CC
to TT tandem mutations could be detected in a transgene, rpsL (138). Because of the
strand specificity of repair, there is a bias between mutations in the coding and the
noncoding strands of expressed genes that differs according to the NER capacity of
the cells (139,140). In mice with normal NER bearing a transfected gpt gene, UVB
induced a higher mutation rate in the epidermis than the dermis (141). The majority of
the mutations were transitions at dipyrimidine sites, including tandem mutations, with
a strong bias toward mutations in the template strand of the gpt gene (141).

UVB can also cause deletions, though these are much less prominent than from
ionizing radiation, where the major damage involves direct DNA breakage. In one study,
UVB irradiation of the epidermis of mice with normal NER produced large deletions that
were approx 75-fold less frequent than point mutations (142). The junctions of the
deletions contained short regions of homology that are characteristic of those produced
by nonhomologous endjoining reactions.

TARGET PATHWAYS IN MELANOMA

Approximately 5–12% of patients who develop melanomas have one or more first-
degree relatives with melanoma, suggestive of an autosomal dominant inheritance (143).
Familial melanoma cases are generally diagnosed at an earlier age with thinner tumors
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and an increased frequency of multiple tumors (144–146). Genes that have been iden-
tified as important in melanoma include CDKN2A, cyclin-dependent kinase 4 (CDK4),
BRAF, PTEN, and the p53, RB, and mdm2 pathways (37,147–149).

Two major melanoma predisposition genes, CDKN2A and CDK4, have been identi-
fied (143). CDKN2A is a located on the short arm of chromosome 9 (9p21) and functions
as a tumor suppressor gene encoding two different proteins, p16 and p14ARF (150,151).
The p16 protein is encoded from exons 1 , 2, and 3 of CDKN2A and functions as a cell
cycle regulatory protein that inhibits the activity of cyclin D1–CDK4/6 complex. The
expression of p16 is upregulated by UV exposure (152). A deficiency of murine p19ARF

(the mouse homolog of p14ARF) allows a strong acceleration of melanoma development
(149). The loss of chromosome 9p, the site of the p16 gene, is frequent in primary
melanoma and occurs early in tumor progression (153). The p16 protein acts as a nega-
tive regulator of growth by arresting cells at the G1 phase of the cell cycle. P14ARF is
formed from alternative reading frames. It acts via p53 to induce cell cycle arrest and
apoptosis. CDK4 is found on the long arm of chromosome 12 (12q13). It seems to
function as an oncogene that is resistant to the normal physiological function of p16.

BRAF, a cytoplasmic serine/threonine kinase regulated by RAS, has recently been
identified as an important gene mutated in melanoma, although the mutations that have
been identified do not contain characteristic UV-induced signatures (37).

Despite considerable progress in understanding many of the pathways that become
dysregulated in melanoma, the precise targets for UV-induced mutation and dysregu-
lation of signal transduction remain to be identified.

ANIMAL MODELS FOR MELANOMA

Mouse models for melanoma have been limited because of differences in melanocyte
location and distribution in mouse skin as compared with human. Several other animal
models have therefore been used for investigating the role of solar exposure, especially
the opossum Monodelphus domestica (4) and the species of the fish genus Xiphophorus
(5). These two animals retain active photolyase enzymes that monomerize pyrimidine
dimers, unlike mammals that lack this repair system. A photolyase binds to pyrimidine
dimers and, after illumination with visible light, the 5-5 and 6-6 bonds of the dimer revert
to the 5-6 double bonds of the pyrimidine rings, eliminating the photoproduct. These
experiments have shown that DNA photoproducts induced by UVB can be reversed and
the induction of melanomas reduced accordingly (4,5). In both Monodelphus domestica
and Xiphophorus, melanoma can also be induced by UVA wavelengths (9).

The mouse models that have shown promise have tended to be genetically engineered
to increase the melanocyte distribution in the upper skin and produce a population of
cells at risk, as well as to manipulate pathways known to be relevant to melanoma (6,7).
The HGF/SF strain of transgenic mice, for examples, expresses hepatocyte growth factor
and melanocytes are distributed in a similar fashion to human skin. In these animals, a
single acute dose of UV to neonatal animals induces melanomas, consistent with the
epidemiological evidence that early exposures to sunburn is a melanoma risk factor (8).

A series of DNA-repair deficient mouse strains have been developed in which the XP
or CS genes have been knocked out (103). The XP knockouts, in general, exhibit increased
cancer rates from treatment with UVB or chemical carcinogens, as expected from their
human counterparts (58). Xpa, Xpc, Csa, and Csb knockouts, for example, are very
sensitive to skin-cancer induction (58,138,154–156). The XPB and XPD genes are part
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of the essential transcription factor, TFIIH, and, thus, homozygous knockouts are lethal
very early in embryonic cell division (157). Specific mutations that result in viable Xpd
mice have, however, been made. Mice with a human TTD mutation in the Xpd gene have
many of the same symptoms as TTD patients, but are sensitive to increased UV-induced
skin cancer and age prematurely, although TTD patients do not exhibit a corresponding
increase in cancer (158). None of these repair-deficient mouse strains have yet been used
to develop melanoma, but crosses between an Xpa knockout and some of the other mouse
models for melanoma could be informative.

CONCLUSIONS AND PERSPECTIVES

UV exposure is linked to melanoma induction both from epidemiological studies and
animal models, and from the observations of XP patients. However, mysteries remain.
The exact wavelengths of UV that are causative remain controversial and additional
photoproducts to the pyrimidine dimers need to be identified. Anecdotal observations
that some XP patients develop multiple melanomas, whereas others develop predomi-
nantly squamous cell carcinomas or basal-cell carcinomas indicate that additional genetic
factors may be important modifiers of melanoma induction. Mouse strains that combine
increased melanoma induction with DNA repair deficiencies would be very helpful in
understanding the role of UV exposure.
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Summary
Cutaneous melanomas arise on all skin surfaces, but they do so at markedly different rates. Under-

standing the reasons behind site-specific differences in melanoma rates should help unravel some of the
inconsistent findings reported from epidemiological studies and provide the basis for informed preven-
tive activities. Although exposure to sunlight is generally accepted to determine the rate at which mel-
anocytes at any particular anatomical site are transformed, there are also likely to be anatomical
differences (within a host) and constitutional differences (among hosts) in the susceptibility of melano-
cytes to progress to neoplasia. The contributions of these competing causal factors (environmental, ana-
tomical, and genetic) to the development of melanoma have not been collectively studied, yet this is
necessary if deeper understanding of melanoma pathogenesis is to yield tangible public health benefits.
Here, we review the literature for evidence of causal heterogeneity for melanoma and present the find-
ings of a recent epidemiological study from Queensland, Australia.

Key Words: Melanoma; causality; sunlight; risk factor; occupation; nevus; solar keratosis.

OVERVIEW

A fundamental requirement for developing effective strategies to control melanoma
is to better understand the causes of this disease. An implicit assumption behind most
studies of cutaneous melanoma has been that all such tumors arise through the same
developmental pathway. Thus, researchers have approached their analyses as if all
cutaneous melanomas are caused by the same mix of environmental and genetic factors.
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When viewed afresh, there is little to justify this approach. For example, there is
general acceptance that familial and sporadic melanomas have different causal path-
ways. That is, a very small proportion of melanomas arise as a result of inherited germline
mutations in one of several tumor suppressor genes, whereas the vast majority of mela-
nomas arise sporadically in the general population. Furthermore, melanomas of the eye
(1,2), and those arising on mucosal, subungual, or palmar/plantar surfaces (3,4) are also
studied separately on the grounds that they have different origins. Even among cutane-
ous melanomas, several histological subtypes, lentigo maligna melanoma (LMM) and
desmoplastic melanomas, are likewise considered to be distinct from other cutaneous
melanomas (5–7), and are usually considered by epidemiologists to be separate from
more common histological types of cutaneous melanoma.

Thus, the precedent has long been set that melanocytic target cells may progress to
malignancy through a multitude of pathways. This notion was first articulated in 1980
by Ackerman (8), who speculated:

It would not be surprising … 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 (MN), are very different.

This provocative hypothesis was pursued by Green (9), who put forward a theory of
melanoma development grounded in a detailed examination of melanoma incidence
across anatomical sites, with and without nevoid remnants.

Here, we review the evidence regarding the heterogeneity of melanoma development.
We have not further considered ocular melanomas, or those of mucosal or subungual
surfaces, but rather have restricted our examination to the origins of cutaneous melano-
mas. We have focused on the epidemiological literature, paying particular attention to
studies comparing occurrence or risk factors for melanomas arising on different ana-
tomical sites, supplemented with information from histological and molecular analyses
of cutaneous melanomas and animal models. We conclude by describing the findings
from a recent epidemiological study designed to test the hypothesis that melanomas
arising at different anatomical sites develop through divergent causal pathways.

EPIDEMIOLOGICAL STUDIES

Epidemiological studies are of two types: descriptive studies, that compare patterns
of melanoma occurrence across populations using routinely collected statistical data;
and analytical studies that compare individual exposure data collected from people with
and without melanoma. Epidemiological studies of both types have consistently pointed
to a core of phenotypic and/or inherited factors that are associated with cutaneous mela-
noma, including:

• A large number of MN on the skin (10–12).
• A family history of melanoma (13).
• Fair skin that burns easily and does not tan (14).
• A propensity to freckling (14).
• Red hair.

The role of these factors in divergent causal pathways will be considered subse-
quently. Initial focus of this review is on the interaction between sunlight and melanoma
at different anatomical sites.
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Descriptive Epidemiological Studies
At the population level, the dual observations of markedly higher incidence of cuta-

neous melanoma among fair-skinned people compared with dark-skinned people, and
the inverse gradient of increasing melanoma incidence with decreasing latitude are
widely accepted. Moreover, the interpretation that these observations reflect population-
wide differences in exposure and susceptibility to sunlight are not seriously disputed.
The point of interest is whether the role of sun exposure in tumor development is uniform
for all melanomas, or whether subsets of melanoma exist that have different associations
with sunlight.

MELANOMA INCIDENCE AT ANATOMICAL SITES

Descriptive epidemiological studies report a crude excess of melanomas on the back
and shoulders in men and the lower limb in women (15–18). At first sight, these figures
suggest that melanomas are overrepresented on sites not habitually exposed to the sun,
and thus have been taken to indicate that intermittent exposure to sunlight is a more
potent carcinogen than chronic exposure. To properly assess the relative rate of occur-
rence of melanoma at different anatomical sites to undergo malignant change, it is
necessary to adjust for the surface areas of the sites being compared. When this is done,
the incidence of melanoma is found to be highest on the ears (in men) and face (body sites
habitually exposed to the sun) and next highest on the shoulders and back in men, and
the shoulders, upper arms and back in women (sites usually with intermittent exposure
to the sun) (19). Negligibly low rates of melanoma are observed on body sites with very
low levels of sun exposure, such as the buttocks and the female scalp (15,20).

Considered in this way, it appears that the site-specific incidence of melanoma may
simply reflect the cumulative solar dose experienced by each anatomical site. There are
notable deviations from such an anticipated distribution, however, that defy a simple
explanation based on exposure to sunlight alone. For example, the area-adjusted inci-
dence of melanoma on the back and shoulders, although lower than the face, is still
considerably higher than the dorsum of the hand, despite the back of the hand being
habitually exposed to the sun.

SITE-SPECIFIC MELANOMA INCIDENCE BY AGE

Houghton (21) first proposed that melanomas of the face might have a different
relationship to sunlight compared with other sites, based on the observation that the
melanomas of the trunk occur more commonly at younger ages than those of the head
and neck (16,22,23). Because LMM, the histological subtype associated with chronic
solar exposure and older age, frequently occur on the face and account for a sizable
proportion of melanomas at this site, any analysis that includes these lesions may lead
to mistaken inferences regarding the etiology of facial melanomas. Few descriptive
studies have explicitly excluded LMMs, yet this is necessary to validly interpret differ-
ences in the onset of cutaneous melanomas at different anatomical sites.

A detailed analysis of notifications to the British Columbia Cancer Registry calcu-
lated area-adjusted melanoma incidence for various anatomical sites, stratified by age
at diagnosis, with LMMs reported separately. Among younger people (those less than
50 yr), the area-adjusted incidence of melanoma was more than threefold higher on
“intermittently exposed body sites” (35–49 yr, 17.1  10–5 person-yr) than on “maxi-
mally exposed sites” (35–49 yr, 4.9  10–5 person-yr). Among older people, however,
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there was a shift in area-adjusted melanoma incidence. Although the incidence of mela-
noma on intermittently exposed sites was somewhat higher among older than younger
people (50–64 yr, 25.4.1  10–5 person-yr; >65 yr, 36.5  10–5 person-yr), the incidence
of melanoma on maximally exposed sites was considerably higher (50–64 yr, 32.2  10–5

person-yr; >65 yr, 61.3  10–5 person-yr).
These interesting data have been widely interpreted as demonstrating different effects

of intermittent and chronic sun exposure on melanoma development. Under this model,
intermittent exposure to the sun is postulated to rapidly induce melanocytic tumors,
whereas chronic exposure is postulated to cause slower tumor development. An alterna-
tive but equally plausible explanation is that melanocytes on the trunk are induced to
malignant progression at a lower sun exposure threshold than melanocytes of the face,
irrespective of the pattern of sun exposure. Indeed, both phenomena may occur, although
descriptive studies cannot address this.

SITE-SPECIFIC MELANOMA INCIDENCE BY OCCUPATION

A subset of descriptive studies have used occupational records to infer the pattern and
amount of sun exposure a person might have sustained during their adult life. Overall,
these studies have tended to report that outdoor workers have lower risks of melanoma
than indoor workers (24–26), suggesting that chronic sun exposure is not associated with
higher rates of melanoma.

When melanomas of the skin are assessed according to their anatomical location,
however, outdoor workers consistently have a crude excess of melanomas on the face,
ears, and neck, and a crude deficit of melanomas on the trunk (27–30). In contrast, office
workers typically have a higher incidence of melanoma on the trunk and a lower inci-
dence of melanoma on the head and neck (27,28).

Thus, occupational studies provide interesting insights into the site distribution of
cutaneous melanoma; however, further analyses are required to unravel the complex
relationships between anatomical site, sunlight, and melanoma. For example, none of the
occupational studies to date have standardized melanoma incidence according to the
area of each anatomical site, as has been done for most recent descriptive studies com-
paring site-specific incidence for melanoma (15,20). When undertaken, such analyses
would be expected to confirm the very high rates of melanoma at sun-exposed sites
among outdoor workers, however, interest would focus on the comparisons of area-
adjusted melanoma incidence between maximally and intermittently exposed sites
among indoor workers. If indoor workers were found to have higher area-adjusted rates
of melanoma on the face than on the trunk, then it raises interesting questions about the
relative influence of intermittent and chronic exposures on melanoma development.

When interpreting descriptive data from occupational studies, it is also necessary to
consider two further points, namely, the level of ambient solar radiation in the setting
where the study was conducted (31,32), and the likely patterns of recreational sun
exposure among indoor and outdoor workers in that setting. Most occupational studies
have been conducted in temperate climates in northern Europe or Canada, where outdoor
workers are fully clothed for most working days of the year, even in summer. For outdoor
workers in these environments, some body sites (such as the face) would be chronically
exposed to sunlight, whereas their truncal melanocytes would be infrequently exposed
to the sun. Indoor workers would clearly sustain lower solar doses to the face, however
the solar dose sustained by their truncal melanocytes may actually exceed those of



Chapter 17 / Divergent Pathways to Melanoma 315

outdoor workers, depending on their recreational and vacation activities. A Danish study
found that those who visited southern Europe for summer vacation received daily doses
of solar radiation (measured at the wrist) up to sevenfold higher than those who remained
in northern Europe (33). Moreover, the travelers spent considerably more of their out-
door time in a bathing suit than those who remained in northern Europe. These data
clearly demonstrate the importance of recreational activities in determining a person’s
total solar dose, particularly for indoor workers, and most particularly for anatomical
sites that are infrequently exposed to the sun.

Details of recreational sun exposure are not collected in routine statistical data sets,
nevertheless, some investigators have attempted to infer different patterns of recre-
ational sun exposure using measures of social class (25), or by separately analyzing
office workers and other indoor workers on the assumption that vacations in sunny
environments are more likely among those of higher social class. These approaches have
yielded some interesting differences in melanomas incidence, and suggest that mela-
noma occurs more commonly among those of higher social class (34–37).

In summary, occupational studies provide interesting insights into patterns of mela-
noma occurrence, and confirm that melanomas are distributed unequally across ana-
tomical sites, but these studies do not resolve whether melanomas at different sites arise
through different causal pathways. One methodological shortcoming of all descriptive
studies is that they make inferences about sun exposure based on the site of melanoma,
and cannot account for the large variation in sun exposure even within populations
homogeneous for ambient solar irradiation (31), or the presence of important phenotypic
determinants of melanoma risk. These issues are addressed in analytical studies.

Analytical Epidemiological Studies
Numerous case–control studies have investigated the causes of melanoma in different

populations (14,38,39), although few have examined risk factors separately for sub-
groups of cutaneous melanomas. Early investigations into causal heterogeneity for
melanoma focused on separate analyses by histological subtype of melanoma (40).
Although some statistically significant differences in risk were noted for some expo-
sures, no consistent differences of biological relevance were observed.

More recently, several case–control studies have undertaken stratified analyses, in
which cases were categorized according to the anatomical site of their melanoma. The
relative risks of melanoma at each site were then estimated for various phenotypic risk
factors, notably, numbers of nevi. For example, a case–control study nested within the
Nurses’ Health Study found that melanomas of the trunk and legs were associated with
high nevus counts, but not melanomas of the arms (41). The authors postulated that some
degree of etiological heterogeneity by anatomic site might explain these differences.
Similarly, a study in Connecticut reported that people with melanoma of the head and
neck were threefold more likely to have 10 or more nevi on the arms compared with
population controls. In contrast, those with melanomas on the trunk, arms, or legs were
five to six times more likely than disease-free controls to have 10 or more nevi on
the arms, although these differences were not statistically significant (42). Other studies
have also reported different levels of risk associated with nevus density for melanomas
at different sites. Two German case–control studies reported that high nevus counts
conferred substantially increased risks for melanoma of the trunk and legs, but were
much less strongly associated with melanomas of the head and neck or arms (43,44). A
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case–control study of cutaneous melanoma conducted in New South Wales, Australia,
found that patients with head and neck melanomas had substantially fewer nevi and more
solar keratoses than patients with melanoma of the trunk or legs (45). Taken together,
the few case–control studies that have undertaken site-specific analyses have found
reasonably consistent results. By collecting phenotypic data about individuals, these
studies extend the findings of descriptive epidemiological studies and provide further
evidence that melanomas arising at various anatomical sites have different relationships
to established risk factors.

HISTOPATHOLOGY STUDIES

Given the consistent epidemiological evidence that people with numerous MN have
significantly higher risks of melanoma than other people, the question arises whether
nevi are precursors of melanoma or simply epidemiological risk markers. In attempting
to answer this question, numerous groups have histologically evaluated melanoma tumor
specimens for the presence or absence of contiguous neval remnants (hereafter, “MN +
melanoma” and “MN – melanoma”). The findings are remarkably consistent, with most
studies reporting approx 20–25% of cutaneous melanomas having histological evidence
of a coexisting nevus (43,46–49). Moreover, all analyses to date have all found that MN
+ melanomas occur more commonly on the trunk than on the head and neck (43,49,50)
(see Table 1).

Because head and neck melanomas occur at older ages than truncal melanoma, and
because nevi overall are less prevalent with increasing age (51), it is possible that the
association between MN + melanoma and anatomical site reflects confounding by age.
However, the only study to have specifically addressed this issue (50) reported that the
associations were similar among older and younger age-groups, and the investigators
concluded that anatomical site was an independent predictor of MN + melanoma.

Only one study to date has separately compared MN + melanoma cases and MN –
melanoma cases to a control group of people without melanoma (49) to test the hypoth-
esis that these two groups of melanomas arise through different causal pathways. In
addition to different anatomical distributions of the two groups, this study found that
patients with MN + melanomas were eightfold more likely to have more than 30 nevi
than controls, whereas patients with MN – melanomas were only threefold more likely
to have more than 30 nevi. Further, MN + melanoma patients were nearly seven times
more likely to report episodes of severe sunburn than controls, whereas MN – melanoma
patients did not differ from controls in terms of their sunburn history.

These epidemiological observations suggest that melanomas with contiguous neval
remnants differ from de novo melanomas in their association with some risk factors, and
point to fundamentally different biological origins. This hypothesis has recently been
explored using the tools of molecular biology (see Molecular Studies) to investigate the
genetic profiles of MN + and MN – tumors.

ANIMAL STUDIES

Few animal species spontaneously develop melanomas, and melanomas that do arise
in animals generally differ in their histopathological characteristics and behavior from
human melanomas (52). Recently, however, susceptible strains of transgenic mice have
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been developed whose melanomas more closely approximate human tumors. Although
mouse models potentially offer great promise for unlocking the genetic and environmen-
tal pathways to melanoma, their relevance to human melanoma is questionable.

To specifically test the hypothesis whether local factors influenced the susceptibility
of anatomical sites to melanoma, Silvers and Mintz performed a series of skin-grafting
experiments on the TYR-SV40E strain of mice (53). They showed that skin grafted from
the snout of a mouse to the lateral trunk developed many more melanomas than skin
grafted from the base of the tail or the dorsal body. They concluded that susceptibility
to melanoma was determined, in part, by anatomical site. In the case of mice, it is
speculated that growth factors in the follicles of vibrissae influence the development of
melanomas, although data to support this are scarce. As far as we are aware, these
interesting experiments have not been replicated.

Another animal model for human melanoma is the angora goat. A prevalence survey
of 1731 angora goats in Queensland, Australia (54) reported that 2.2% had cutaneous
melanomas, predominantly on hairless body sites, such as the ears. In contrast, 3.8% of
goats had squamous cell carcinomas, and these were most common on the perineum,
suggesting site-specific differences in cancer development. To further examine the
effects of sunlight on melanocytic neoplasia in these animals, a trial was conducted in
which 8 goats were shorn of their hair on one side only (54). After 9 mo, the investigators
found significantly higher numbers of new melanocytic lesions on the shorn (sun-
exposed) sites than those covered by hair. This animal model suggests that there is an
interaction between sun exposure and anatomical site in melanocytic neoplasia.

MOLECULAR STUDIES

New methods for rapidly assessing genomic aberrations in large numbers of mela-
noma specimens provide opportunities for insights into causal mechanisms. If the
hypothesis that sporadic cutaneous melanomas arise though different causal pathways
is true, then melanomas would be expected to display different genetic profiles reflecting
their different origins.

The genes that have been most closely examined for somatic mutations in sporadic
human cutaneous melanomas are NRAS, TP53, CDKN2A, PTEN, and more recently,
BRAF. Increasingly, it appears that the frequency and types of mutations in some of these
genes is related to the amount of sun exposure received by the host and the anatomical
site of the tumor.

Table 1
Studies Reporting Melanomas Arising in Conjunction With Melanocytic Nevi

Trunk Head All sites
Study MN+/all MN (%) MN+/all MN (%) MN+/all MN (%)

Kruger (43) 24/88 (27%) 3/15 (20%) 42/200 (21%)
Skender-Kalnenas (50) 69/108 (64%) 13/45 (29%) 147/289 (51%)
Carli (49) 21/54 (39%) 0/6 (0%) 27/131 (21%)
Kaddu (48) 51/224 (23%) 21/125 (17%) 148/667 (22%)
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TP53
The TP53 tumor-suppressor gene was an early candidate for somatic mutation in

cutaneous melanoma, given the finding that ultraviolet (UV)-specific mutations in TP53
were commonly observed in nonmelanoma skin cancers and were associated with
overexpression of the P53 gene product in skin cancer cells (55). Immunohistochemical
studies subsequently reported TP53 overexpression in between 20 and 40% of primary
melanomas (56–60), however, interest in this phenomenon waned when sequencing
experiments revealed that few melanomas actually harbor mutations in the gene (60–63).

The presence or absence of immunoreactivity for the p53 protein product provides
a biological basis for distinguishing cases of melanoma. We previously conducted a
molecular epidemiological study in which melanoma cases were categorized into
p53-immunoreactive and p53-immunonegative lesions (64). We found that patients
with p53-immunoreactive melanomas were associated with a cluster of features, includ-
ing sun-exposed anatomical location, a past history of nonmelanoma skin cancer, and a
tendency to burn on exposure to the sun. In contrast, patients with p53-immunonegative
melanomas were more likely to have numerous MN and dense freckling. No other
epidemiological studies have separately compared p53-positive and p53-negative mela-
nomas for the prevalence of risk factors, however, the predilection for p53-immunore-
active melanomas to occur at sun exposed sites has been confirmed in several series
(65,66) but not in all series (67,68).

CDKN2A
Another early candidate as a target for somatic mutation in sporadic primary mela-

noma was the CDKN2A tumor-suppressor gene. This gene encodes the cell cycle regu-
lator, p16, which binds to and inhibits CDK4 and CDK6, thereby repressing cell cycle
progression from G1 to S phase. Interest in this gene followed from the finding that
CDKN2A germline mutations were observed in 40% of affected cases with familial
melanoma syndromes (69,70). Although there is experimental evidence that mutations
in CDKN2A play a causal role in familial melanoma, its role in sporadic melanoma is
unclear. Immunohistochemical studies have been somewhat limited and have yielded
conflicting results (reviewed in ref. 71). The reported prevalence of p16 immunoreac-
tivity in primary lesions ranges from less than 20% (72), to more than 90% (66,73,74).
Such heterogeneity of effect almost certainly reflects different methodologies across
studies as well as considerable variation in the selection of melanoma specimens for
analysis. Although some investigations have focused solely on acral lentiginous
melanomas (72,75), others have investigated nodular melanomas (66). Only one
molecular epidemiological study has been performed to date (71); it found weak evidence
that CDKN2A expression was associated with some histological and clinical features of
the tumors.

PTEN
The protein product of PTEN is a negative regulator of the PI3K/AKT–signaling

pathway, which strongly promotes cellular proliferation and survival (76). Germline
mutations of PTEN cause Cowden syndrome, an autosomal dominant multiple hamar-
toma syndrome with a high risk of breast, thyroid, and endometrial cancers, and, possi-
bly, melanoma (77). Although PTEN is deleted or mutated in up to 57% of melanoma
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cell lines (78–80), mutations or deletions have been detected at much lower rates (between
5 and 15%) in primary human melanomas (78–81). It is not yet clear whether PTEN muta-
tions in melanoma reflect exposure to sunlight or occur in a site-specific manner (82).

MAPK Pathway
More compelling evidence of site-specific differences in somatic gene mutations in

cutaneous melanoma has recently emerged from studying patterns of mutations in NRAS
and BRAF, one oncogenes involved in the MAP kinase-signaling pathway (83,84).
Activating mutations within these genes are thought to stimulate melanocytes to prolif-
erate through downstream signaling cascades involved in cell growth and mitosis (83,85).

NRAS was the first gene in this pathway to be implicated as having a role in melanoma
development. Overall, approx 15–20% of cutaneous melanomas carry mutations in the
NRAS gene (86,87), and several studies have reported that NRAS mutations are consid-
erably more common among melanomas occurring on sites habitually exposed to the sun
(86–88). NRAS mutations in melanoma occur most frequently at codon 61, opposite a
pyrimidine doublet, and are thus compatible with sunlight as a mutagenic agent (86,88).

In contrast to the relatively low prevalence of NRAS mutations in cutaneous melano-
mas, BRAF mutations appear to be substantially more common in almost all series
published to date. Estimates of prevalence vary, largely because cases have been col-
lected opportunistically from diverse diagnostic centers and cannot reliably represent
the population from which they arose, however, most investigators report BRAF muta-
tions in 30–60% of melanomas (89–94). To further explore determinants of BRAF
mutations, Maldonado et al. performed analyses on cases of melanoma sampled from
different anatomical sites (95). They found BRAF mutations were significantly more
common among melanomas arising on the trunk compared with melanomas arising on
the face.

In all series to date, almost all BRAF mutations in cutaneous melanomas were T–A
changes at residue 1796, resulting in an amino acid substitution of valine by glutamic
acid at position 599 (BRAF V599E) (85). This mutation is distinct from the characteristic
dipyrimidine mutations associated with UV exposure (such as observed with NRAS), and
suggests that some other mechanism underlies mutation of BRAF. Moreover, because
melanomas harbor either NRAS or BRAF mutations exclusively, it appears that these are
functionally equivalent alterations to the MAP kinase pathway arising through different
mutagenic stimuli. BRAF mutations are also common in nevi, whereas NRAS mutations
are rare (96,97), further suggesting that mutations in each of these genes reflect different
pathways to melanoma. The logical next step is to revisit the pathology studies to inves-
tigate whether de novo melanomas and those with contiguous neval remnants differ in
their expression of mutant NRAS or BRAF.

Summary
Clearly, there is considerable heterogeneity among cutaneous melanomas in terms of

molecular profiles. Increasing numbers of studies have reported investigations between
somatic molecular expression and various predictive factors (such as sunlight exposure
or anatomical site); however, most studies have suffered serious methodological flaws
when viewed from an epidemiological perspective. For example, the studies have usu-
ally had very small numbers of cases (i.e., statistically underpowered to answer the
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research question), have ascertained unrepresentative collections of melanoma tissue
sourced from referral centers servicing disparate populations (i.e., high likelihood of
biased patient selection), and, when presenting findings, have not addressed the role of
confounding factors (such as age, ethnicity, occupation, and ambient sun exposure) that
may all explain the phenomenon being reported. These shortcomings mean that most
molecular studies to date are less informative than they might otherwise have been.

THE DIVERGENT PATHWAY HYPOTHESIS

The collected findings from studies across the research spectrum indicate that cuta-
neous melanomas may be categorized according to a variety of epidemiological, patho-
logical, or molecular criteria, each of which provide some evidence for causal
heterogeneity. These data are consistent with a model characterizing melanoma as a
cancer arising from melanocytes through several causal pathways, depending on the site
of the target cell, the constitution of the host, and the external environment.

We have proposed a model for the development of cutaneous melanoma that acknowl-
edges differences in susceptibility to melanocytic neoplasia across individuals in the
population, as well as differences in exposure to sunlight, the only known environmental
cause. Our model assumes that the fundamental unit of risk (in epidemiological terms)
is the individual human host, and that each individual can be broadly classified on the
basis of the proliferative potential of their melanocytes.

In this model, people with an inherently low propensity for melanocyte proliferation
(identified phenotypically by low nevus counts) require ongoing external stimulation in
the form of chronic sun exposure sun to stimulate their melanocytes to proliferate (see
Fig. 1). In contrast, among people having an inherently high propensity for melanocyte
proliferation, we predict that sun exposure is required early in the process of melanoma
development, after which point, inherited host factors supervene to drive tumor progression.

If the hypothesis is correct, then we predict that melanomas arising in the former group
will occur on habitually sun-exposed body sites, such as the face, whereas melanomas
arising in the latter group will develop on body sites with unstable melanocyte popula-
tions, such as the trunk. Such patients should also have few signs of solar damage, such
as solar keratoses and keratinocyte cancers.

Fig. 1. The divergent pathway hypothesis for melanoma.
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TESTING THE HYPOTHESIS

We recently tested the divergent pathway hypothesis for the development of mela-
noma in a population-based epidemiological study (98), and summarize the methods and
key findings here.

Methods
Briefly, patients were randomly selected from three prespecified groups of melanoma

notifications to the Queensland Cancer Registry (a compulsory cancer registry), namely,
superficial spreading or nodular melanomas of the trunk (n = 154) and head and neck
(n = 77), or LMM (n = 75) (chosen as a “chronic sun-exposure control group” because
the LMM subtype is widely accepted as being caused by chronic exposure to sunlight).
Each participant completed a questionnaire asking about past sun exposure; details of
their complexion and skin type; and details of previous treatment for solar keratoses,
basal cell carcinomas, and squamous cell carcinomas. All participants underwent a
clinical examination conducted by a single trained research nurse, who counted MN and
solar keratoses unaware of study hypotheses.

We calculated exposure odds ratios (OR) to measure the association between pheno-
typic factors and each melanoma group; in all analyses, the referent group was patients
with melanomas of the trunk.

Melanocytic Nevi and Cutaneous Melanoma by Site
People with melanomas of the head and neck were significantly less likely than

those with melanomas of the trunk to have more than 60 nevi (OR, 0.3; 95% CI, 0.2–0.8),
as were patients with LMM (OR, 0.3; 95% CI, 0.1–0.8). We observed similar associa-
tions with counts of large nevi and with self-reported numbers of nevi as a teenager.
Because nevi are considerably less common among older people, and because of the
propensity for both head and neck melanomas and LMM to develop at older ages, it was
possible that the observed association was confounded by age. We conducted stratified
analyses and found similar magnitude associations among people older and younger
than 50 yr, indicating that confounding by age did not explain the observation.

Solar Keratoses and Melanoma by Site
Counts of solar keratoses were used as a marker of chronic solar exposure. In this

sample of Queensland melanoma patients, 64% had at least one solar keratosis at inter-
view (median = 4; range, 0–262). Patients with head and neck melanomas were more
than three times as likely as patients with truncal melanomas to have one or more solar
keratoses (OR, 3.7; 95% CI, 1.6–8.4). Again, there was a strong possibility of confound-
ing by age for this association, because solar keratoses and melanomas of the head and
neck both become more prevalent with increasing age. Further analyses stratified by age
found similar strong associations among both younger (<50 yr) and older (>50 yr)
patients. Patients with head and neck melanomas were also significantly more likely than
patients with truncal melanoma to report a past history of having had skin lesions excised
(presumably solar keratoses or keratinocyte cancers) (some vs none: OR, 2.9; 95% CI,
1.0–8.5; many vs none: OR, 4.2; 95% CI, 1.3–13.0).
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Discussion
These data demonstrate that people who develop melanomas of the head and neck

differ from people who develop melanomas of the trunk in terms of their prevalence of
nevi and solar keratoses. From these findings, we infer support for the divergent pathway
model for melanoma, which posits that the role of sunlight in the development of mela-
noma differs according to anatomical site of the target melanocyte and the constitution
of the host.

All epidemiological studies are prone to error, and this was considered as a possible
explanation for the findings. Recall bias (in which people with the disease of interest
typically overreport their exposure to putative causal factors, whereas people without
disease tend to underreport their exposure) could not explain these findings, because all
study participants were diagnosed with melanoma (i.e., they were “cases” with disease)
and were not told of the study aims. In addition, the counts of nevi and solar keratoses
were all undertaken by a single nurse who was also not informed about the study
hypotheses.

We were most concerned about possible confounding effects of age, because nevi
become less common and solar keratoses become more common with advancing age,
and both of these phenotypic factors were associated with melanoma. However, we
adjusted for linear and nonlinear effects of age in all regression models, and also exam-
ined risk estimates for nevi and solar keratoses restricted to older and younger partici-
pants, respectively, and found risks of similar magnitude within both age strata. Thus,
the effects of age are not likely to confound the results reported here.

Since these data were originally published, others have confirmed the findings
presented here (99). We conclude that these data provide a critical test of the divergent
pathway hypothesis, and when considered with the findings of epidemiological, molecu-
lar, and animal studies, support the existence of different pathogenic pathways to
melanoma.

The divergent pathway model may go some way toward resolving apparent paradoxes
in melanoma epidemiology. Although rates of melanoma in susceptible populations
have long been known to vary with latitude (100), measures of individual sun exposure
have been inconsistently associated with melanoma (101). Failure to separately consider
the effects of sunlight on people with different propensities to develop melanoma is one
explanation for the apparent paradox.

CONCLUSIONS AND PERSPECTIVES: WHERE TO FROM HERE?

This chapter has assembled considerable supportive evidence that melanocytes
develop into melanomas through several different pathways, depending on the site of the
target melanocyte and the genetic predisposition of the host. Further work is needed,
however, if we are to better understand the magnitude of risks associated with environ-
mental and phenotypic exposures in the different pathways.

At the level of descriptive epidemiology, it ought to be a simple matter to confirm that
melanomas of the head and neck are more strongly associated with markers of chronic
sun exposure, such as squamous cell carcinoma, than are melanomas of the trunk. Future
studies of occupational cohorts that seek to compare site-specific melanoma incidence
for indoor and outdoor workers must measure recreational sun exposure and also adjust
for the area of anatomical sites. This should avoid mistaken inferences being drawn
about patterns of sun exposure and melanoma occurrence.
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The key finding that MN + melanomas differ from MN – melanomas needs to be
confirmed in a well-designed study with appropriate sampling of prospectively ascer-
tained cases. Moreover, the molecular profiles of these histologically distinctive groups
need to be determined. Future studies in this area would ideally combine genetic and
pathological information about lesions with epidemiological information about the risk
factors of the host. One study has shown similar patterns of mutations in melanomas and
contiguous neval, but such findings require confirmation in representative groups of
tumor samples.
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Summary
This chapter summarizes the results of a case–control and a family study of melanoma we have con-

ducted in a Mediterranean population of Southern Emilia-Romagna and Northern Marche regions of
Italy. This area includes approx 1 million people, with a wide range of pigmentary phenotypes, who are
often exposed to intense sun exposure in the popular sea resorts of the region. The role of pigmentation,
DNA repair, and major candidate genes for melanoma has been investigated in this population and is
discussed here. As the incidence and mortality of melanoma continue to increase in Southern European
countries once considered at low risk for melanoma, a better comprehension of the etiology of this dis-
ease can have considerable clinical and preventive impact on melanoma.

Key Words: Mediterranean population; DNA repair; pigmentation; susceptibility genes; dysplastic
nevi; familial aggregation; MC1R; CDKN2A.

BACKGROUND

The incidence and mortality of cutaneous malignant melanoma (CMM) in white
people have rapidly increased in recent decades (1–3). The world’s highest rates of
CMM are in Australia, where a largely Celtic population inhabits a subtropical zone (4).
In Western Europe, CMM rates tend to be lower in Southern countries (5), in which high
levels of ultraviolet (UV) radiation are present and relatively dark skin predominates
(Fig. 1). In Eastern Europe, the gradient is opposite, with the highest rates in Southern
regions (6). In the United States, in the 1950 through 1969 study period, melanoma
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mortality rates showed a strong North–South gradient following UV intensity levels, but
the gradient weakened in recent periods (1). Thus, melanoma rates reflect the complex
interplay of UV radiation levels in each geographic region, pigmentation characteristics
and other host mechanisms of defense, sun exposure and sun-protection behaviors,
geographic mobility of the population, and risk awareness and early detection.

Most studies on melanoma are from countries in which the fair skin type predomi-
nates. Although Mediterranean populations have been considered at low risk of CMM
because of their relatively dark complexion, CMM incidence rates are steadily increas-
ing in Italy, Spain, France, and former Yugoslavia (7–9). According to the estimates for
the year 2000 provided by the International Agency for Research on Cancer (10), the
Italian national age-adjusted incidence of CMM was 4.6 cases/100,000 person-yr for
men and 5.5 cases/100,000 person-yr for women. Although these rates are lower than
those of Australia or North America (9), they demonstrate that CMM is a concern in the
Italian population. Thus, we investigated the role of potential risk factors in the etiology
of melanoma in a Mediterranean population of Italy. A number of host factors, such as
pigmentation, UV-sensitivity, DNA repair, dysplastic nevi (DN), and candidate genes
were measured in both a case–control and a family study of melanoma. This chapter
summarizes the results of this work, and highlights our plans for future investigations.

STUDY SUBJECTS AND METHODS

We began our research with a case–control study including 183 incident melanoma
cases and 179 healthy controls from Southern Emilia-Romagna and Northern Marche

Fig. 1. Incidence rates of cutaneous malignant melanoma in Europe. Data from ref. 10.
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regions of Italy (11). Study subjects included 87 male and 96 female cases with 89 male
and 90 female controls. The age range was 17–77 yr. Controls were recruited mostly among
spouses or close friends of the cases, and were frequency matched to cases by age and
gender. Cases and controls were examined and recruited at the Bufalini Hospital of
Cesena, Italy, which examines over 85% of melanoma cases of the area. Approximately
95% of cases and 83% of controls agreed to participate in the study.

A single dermatologist performed all skin examinations of the entire body, except the
genital area. Multiple lightly pigmented macular lesions, commonly present on the face,
upper back, and arms were defined as freckles. We classified the frequency of freckles
by comparison with drawings describing patterns of distribution on a six-scale category.
Nevi were pigmented macules or papules greater than 2 mm in diameter, and did not
include freckles, lentigines, keratoses, and other pigmented lesions. A dysplastic nevus
had to be approx 5 mm, be predominantly flat, and have at least two of the following
criteria: variable pigmentation, indistinct borders, and irregular outline (12). The derma-
tologist assessed the skin color of the inner part of the subjects’ upper arm using a three-
category scale, i.e., dark/olive, medium, and light; the eye color using a nine-category
scale, i.e., black, dark brown, light brown, brown-green, green, blue-green, dark blue,
light blue, and grey; and the hair color using a six-category scale, i.e., black, dark brown,
light brown, reddish brown, blond, and red (13).

A standardized in-person questionnaire was administered by trained interviewers,
who asked questions on lifetime residential history, exposure to UVR, medical and
family history of cancer and other diseases, smoking habits, drug consumption, skin
reaction to the first half an hour of sun exposure, tanning ability, and sunscreen use.
Tanning ability was ascertained through the following question: “After repeated and
prolonged exposure to sunlight, your skin becomes:

1. Very tanned.
2. Medium tanned.
3. Hardly tanned.
4. Has tendency to peel.
5. Has absolutely no change.”

The amount of lifetime sun exposure is notoriously very difficult to assess, and
imprecision in reporting hours of exposure as well as recall bias are possible. Thus, in
addition to the questionnaire information, we recorded the latitude, altitude, and prox-
imity to the sea for each residence of at least 6 mo. We calculated an index of UVB
exposure that takes into account latitude and altitude of each town using the following
formula:

UVB index = [exp(15.545 – (0.039  latitude) + (0.0001038  altitude) 10,000],

in which altitude is measured in meters (14). We computed a lifetime time-weighted UV-
residence index for each subject.

MAJOR RISK FACTORS FOR MELANOMA

We first investigated whether the risk factors for melanoma in this Mediterranean
population were similar to those identified in more fair-skinned individuals. We found
that the major risk factors were similar: presence of DN (OR, 4.2; 95% CI, 2.4–7.4), low
propensity to tan (OR, 2.4; 95% CI, 1.1–5.0), light eyes (OR, 2.4; 95% CI, 1.1–5.2), and
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light skin color (OR, 4.1; 95% CI, 1.4–12.1) were the strongest risk factors (11). Intrigu-
ingly, glucocorticoid-based therapy appeared to be protective against melanoma in this
population (OR, 0.39; 95% CI, 0.20–0.74). The degree of protection increased with
treatment duration and was not associated with reason for treatment or route of admin-
istration (15).

We constructed a flow chart to describe the relative risk associated with the combi-
nations of three-scale skin color (dark/olive, medium, or light), three-scale eye color
(dark, medium, or light), two-scale propensity to tan (high/medium or low), and the
presence of DN (yes or no), after adjustment for age and gender (Fig. 2). We computed
OR for the combination of individual risk factors using the corresponding linear com-
binations of coefficients estimated by the logistic model. We used the categories at
lowest risk for CMM (i.e., no DN, dark/olive skin color, high/medium propensity to tan,
and dark eye color) as the reference category. The risk ranged between 1- and almost
100-fold, depending on how these factors were combined in the subjects. The chart can
be easily used to identify subjects who would most benefit from preventive measures in
Mediterranean populations.

In our study subjects, melanoma lesions were frequently at an advanced stage. Inter-
estingly, individuals with light skin color and low propensity to tan and subjects who
experienced sunburns with blistering had generally thicker CMM lesions (11). One
possible explanation is that these subjects are not aware that they are at high risk for

Fig. 2. Relative risk of melanoma in the Mediterranean population of Southern Emilia-Romagna
and Northern Marche regions of Italy caused by the combination of multiple risk factors (from
ref. 11). ORs and 95% CI are adjusted for age and gender in multivariable logistic regression
analysis. Asterisks indicate extrapolated data.
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Fig. 3. Risk of cutaneous malignant melanoma in the Mediterranean population of Southern
Emilia-Romagna and Northern Marche regions of Italy by DNA repair capacity and tanning
ability after prolonged sun exposure (from ref. 20). In the columns are indicated the ORs and 95%
CI adjusted for age, gender, cell viability, and storage length in multivariable logistic regression
analysis. DRC, DNA repair capacity above or below the median value in control subjects, after
254 nm UV-irradiation at 350 J/m2.

melanoma, and consequently do not seek dermatological examinations until their lesion
is large. Subjects with DN or many nevi are possibly more aware of their at-risk condi-
tion, and, in fact, had generally thinner CMM lesions. In addition, subjects who spend
long times under the sun in bathing suits are more likely to be observed by other people,
who may notice and call the attention to suspicious skin lesions at an early stage. In fact,
high number of hours of sun exposure, particularly during childhood, was associated
with thinner CMM lesions.

Role of DNA Repair
UVR induces damage to DNA (16), which can be repaired by nucleotide excision

repair (17) and other repair pathways. Melanin, mainly the dark pigment, eumelanin,
abundant in dark skin, serves as a physical barrier that reduces the penetration of UV
through the epidermis. Fair skin has low eumelanin content and higher relative amount
of pheomelanin, the red-yellow pigment, and consequently has reduced photoprotection
against UV damage. Irradiation of pheomelanin results in the generation of free radicals,
which may further contribute to DNA damage (18), which can be repaired by the base
excision repair. We explored whether the capacity to repair UV-damaged DNA, as
measured by the host-cell reactivation assay (19) in lymphocytes, was associated with
the risk of CMM in this population. We found no statistically significant association
between melanoma risk and DNA repair capacity (DRC) overall (20). However, DRC
strongly influenced CMM risk in those individuals with low tanning ability. Subjects
with a low tanning response after prolonged sun exposure and low DRC had a higher
relative risk for CMM (OR, 8.6; 95% CI, 2.7–27.5) than those with higher tanning ability
and high DRC (Fig. 3). CMM may be caused by intermittent exposure of nonacclimatized
white skin to sunlight, which may result in repeated burning (21–23). In contrast, con-
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tinuous sun exposure able to induce persistent tanning in those who tan well may be
somewhat protective against melanoma (24). CMM relative risk may increase propor-
tionally to the dose received by nontanned skin (23) and to the capacity of that skin to
repair sunlight-induced DNA damage.

We also found that subjects with DN and low DRC had a higher relative risk (OR, 6.7;
95% CI, 2.4–18.6) than those lacking DN and with high DRC (20). Early studies sug-
gested that individuals with DN may have high genomic instability (25–27). The accu-
mulating mutations in subjects with high genomic instability may continuously induce
DNA repair activity. Subjects with DN and low inducible DNA repair activity may
accumulate mutations, which consequently can increase their risk of melanoma.

We investigated the genetic basis for these findings by analyzing a series of polymor-
phisms in genes involved in DNA repair. Among the nucleotide excision repair, the first
analysis was based on the Asp312Asn and Lys751Gln SNPs of XPD (MIM 126340).

As with the results based on DRC, we found no significant association between XPD
polymorphisms and melanoma risk. However, XPD variants were associated with
increased risk in older (>50 yr) subjects (OR, 3.4; 95% CI, 1.6–7.3 for 312Asn; OR, 2.3;
95% CI, 1.1–4.9 for 751Gln). The 751Gln allele was associated with CMM risk among
subjects with no DN and poor tanning ability (28). We also found that there was a 19%
reduction in DRC per copy of the variant R415Q of the ERCC4 (or XPF) gene (MIM
133520) (p = 0.03, after appropriate adjustment). More SNPs are in the pipeline for the
analysis.

Pigmentation and UV Sensitivity
Given the relevance of pigmentation in the association with melanoma risk, we decided

to obtain more accurate measurements of pigmentary traits and skin reaction to sun
exposure, along with the Fitzpatrick scale and other traditionally assessed risk factors.
In fact, imprecise assessment of pigmentation and sun exposure and potentially differ-
ential reporting between cases and controls can bias the results. For example, sun sen-
sitivity as assessed by ability to tan, but not by hair color, was subject to recall bias in
one study (24). However, another work found that reporting of tanning and burning was
less biased than that of sunbathing in childhood and adulthood, and possibly of freckling
in childhood (29).

We measured skin color on the buttock with a Minolta CR-300 colorimeter. This is
a reflectance spectrophotometer measuring reflected light in the visible spectrum (range,
400–700 nm). It also works as a tristimulus chromameter, recording colors in a three-
dimensional space, Commission International d’Eclairge 1976 L*a*b* color space
(CIELAB) (30–33). Under standardized conditions, when the distortion of instrument
readings is minimal, this method shows high reproducibility (31) and correlation with
measurements based on direct ascertainment of pigmentary chromophores (30,34). Every
color in this system can be described by a combination of L*, a*, and b* coordinates
(35,36); in which L* is the total quantity of light reflected or brightness that can be
described as light, dark, and so on, a* represents color ranging from red (positive values)
to green (negative values), and b* represents color ranging from blue (negative values)
to yellow (positive values). The a* and b* coordinates could be converted into polar
coordinates (31,36), defined as hue angle,

hº = arctan(b*/a*)
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and chroma, often referred to as saturation of color,

C = [(a*)2 + (b*)2]1/2.

Hue refers to the basic color of an object in which 0 C represents red and 90 C
represents yellow. The hue angle in our population ranged from 43 C to 82 C. Chroma
describes the intensity of color, with higher chroma indicating greater intensity. The
instrument was white calibrated and turned on at least 15 min before each set of measure-
ments. Measurements were taken by a single dermatologist after 15 min acclimatization
in a room with air conditioning at 19–20 C. Before the measurements, subjects were put
in horizontal position to avoid orthostatic effects influencing skin color. During mea-
surement, the measuring head was held steady, perpendicular to the skin surface. Special
care was taken not to apply excessive pressure on the head of the instrument to avoid
venous congestion that could artificially distort the measurements (31). Measurements
of L*, a*, and b* were repeated three times consecutively and averaged. The a* and b*
values were then re-expressed as hue and chroma. Skin sensitivity to UV radiation was
assessed by measurement of minimal erythema dose (MED). Skin was irradiated with
simulated solar radiation from an artificial UV source (IL 1700, Blue-Point, Germany),
and measured by an International Light detector (SED240/SCS280/W head model,
Newburyport, MA) equipped with a cousin response diffuser. A spectroradiometer
(FLYBY, s.r.l., SpectraMED, Livorno, Italy) was used to characterize the spectral
features of the UV lamp radiation, which extended from 290 to 440 nm (i.e., covering
the whole UV solar spectrum reaching the earth’s surface) and to evaluate the erythemal
effective irradiance at skin surface, which resulted in 1.65 mW/cm2. Depending on the
subjects’ constitutive skin color, a suberythemal UV dose (in the order of 10–20 mJ/cm2)
and additional incremental doses comparable with biological exposures to sunlight (37)
were administered by a single nurse on a very small area of the buttock skin. Each area
of irradiation was circled with a fine-point waterproof permanent black marker. In
particular, for skin types very sensitive to UV, the dose ranged between 15 and 67 mJ/cm2,
whereas, for individuals with darker skin, the dose ranged between 21 and 108 mJ/cm2.
Incremental doses of UV radiation were as follows: 15/21, 27, 40, 54, 67, and 94/108
mJ/cm2. Subjects returned to the hospital the following day, so that the marked skin areas
could be checked. The MED was defined as the lowest dose of radiation that produced
the minimum noticeable (by visual inspection of nurse) reddening of the skin 24 h after
the exposure.

Except for skin color, brightness of the skin, as determined by L*, hue, chroma, and
MED were generally unrelated to age, sex, and host characteristics, such as eye color,
hair color, freckling, presence of DN, and number of nevi (38). In contrast, the instru-
mental measurements differed markedly by skin color. As expected, higher values of L*
and hue, and lower values of chroma and MED were associated with light skin color, and
with a self-reported propensity to severe burn or blister, and an inability to tan. L* and
chroma were related to recreational sun exposure, but hue and MED were not. L*, and,
to a lesser extent, MED, were the strongest predictors of CMM risk: ORs for CMM
increased significantly with increasing levels of L* and decreasing levels of MED,
although the latter trend was not monotonic (Table 1). Using the continuous measure-
ment values, we calculated that there was a 20% increased melanoma risk per unit of skin
brightness (OR, 1.20; 95% CI, 1.12–1.30), and a 24% increase risk per 10 units of MED
(OR, 1.24; 95% CI, 1.07–1.43). This association persisted, although attenuated, after
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adjustment for pigmentation characteristics and DN, and was stronger in subjects with
the highest number of cumulative hours of sun exposure (38). Further, these effects
largely persisted after adjustments for phenotypic or sun-related factors. Thus, there are
elements of the pigmentary trait that are not captured well if we limit our assessment to
the phenotypic observation of pigmentation.

To further explore the role of pigmentation on melanoma risk and its interaction with
DNA repair or sun exposure, we sequenced the melanocortin-1 receptor gene (MC1R,
MIM 155555) in this population. MC1R is involved in the regulation of pigmentation.
Specific MC1R variants have been associated with red hair phenotype, freckling, and
poor tanning ability (39–44). Interestingly, MC1R variant alleles have also been asso-
ciated with increased risk for melanoma, after adjustment for pigmentation phenotype.
In one study, this association was stronger in subjects with darker skin color (42). In our
population, sequencing of MC1R revealed the presence of 51 variants, 11 of which were
synonymous. The variant alleles previously reported to be associated with red hair and
possibly melanoma risk, including R151C, D294H, and R160W (45), were present in
9.4%, 3.5%, and 5.3% of the controls, and in 23.6%, 6.7%, and 5.5% of the cases,
respectively. The variants were associated, although not consistently, with light pigmen-
tation and freckling. Individuals with any MC1R variant, “red hair” variants, or multiple
MC1R variants were at increased risk of melanoma. This association was stronger in sub-
jects with darker phenotype, and persisted after adjustment for the pigmentation char-
acteristics as assessed by the physician or self-reported. We did not find interaction
between MC1R variants and DNA repair or hours of sun exposure in the association with
melanoma risk. We are now extending the analysis to other pigmentation genes and
larger number of subjects to explore the role of pigmentation and its interaction with
other host factors in this Mediterranean population.

Table 1
Risk of Cutaneous Malignant Melanoma

by Instrumental Measurements of Skin Color and UV Sensitivity

Cases Controls
n = 183a n = 179a ORb 95% CIb

Skin brightness (L*)
70.0 30 54 1.00 Ref.

>70.0– 72.3 37 52 1.30 0.70–2.41
>72.3– 74.0 52 40 2.19 1.18–4.08
>74 64 30 4.35 2.29–8.27

Minimal Erythema Dose (MED)

>40 38 59 1.00 Ref.
>33.0– 40.0 51 39 2.22 1.22–4.03
>26.0– 33.0 47 42 1.90 1.04–3.46

26.0 45 36 2.11 1.14–3.91
aNumbers may not add up to column totals because of missing data.
bORs and 95% CI are adjusted for age and gender in multivariable logistic regression analysis

(from ref. 38).
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Familial Aggregation
To complement the case–control study and to take advantage of a different approach

of examining genetic and environmental determinants of melanoma, we also conducted
a family study of melanoma-prone families from the same North-Eastern region of Italy.
We measured melanoma familial aggregation in this area using data from 589 incident
melanoma cases examined at the Bufalini Hospital from 1994 to 1999. Approximately
5% of melanoma cases reported a first-degree relative with melanoma, but only 3.4% of
melanomas in relatives were histologically confirmed (46). Of these, only 2.5% were in
first-degree relatives, showing that familial aggregation of melanoma in the area is
quite rare.

Familial aggregation may occur because family members share environmental factors
(such as excessive sun exposure) or common genetic factors (such as strongly penetrant
melanoma susceptibility alleles). Worldwide studies of melanoma-prone families have
demonstrated linkage to at least two chromosome loci and identified candidate genes that
account for approx 25% of melanoma kindreds worldwide. The major melanoma sus-
ceptibility gene identified to date is cyclin-dependent kinase inhibitor 2a (CDKN2A), a
tumor suppressor gene located on chromosome 9p21 (MIM 600160) (47–48). CDKN2A
encodes two distinct proteins translated in alternative reading frames from alternatively
spliced transcripts. The -transcript, which comprises exons 1 , 2, and 3, encodes a low
molecular weight protein, p16, or p16INK4a. The p16 protein binds to the cyclin-depen-
dent kinases, CDK4 and CDK6, and inhibits their ability to phosphorylate the retinoblas-
toma protein, and thereby controls passage through the G1 checkpoint of the cell cycle
(49–50). The smaller -transcript, which comprises exons 1, 2, and 3, encodes the
alternative protein product, p14ARF which acts through the p53 pathway to induce cell
cycle arrest or apoptosis (51–52). Most CDKN2A mutations that segregate with disease
through melanoma-prone families affect p16, and may or may not alter p14ARF. Such
mutations have also been associated with increased risk of pancreatic and breast carci-
nomas (53–57). In contrast, mutations that affect only p14ARF and not p16 are much less
common (58–60). The corresponding families may display a different spectrum of
malignancy that includes melanoma and neural tumors (58–59). Even in the absence of
detected mutations in the coding regions of the CDKN2A gene, many melanoma-prone
families appear to be linked to the 9p21 locus, suggesting the presence of noncoding
CDKN2A mutations or the presence of another susceptibility gene at this locus (61).

Rare somatic mutations have also been reported in the related CDKN2B gene, which,
in addition to being codeleted along with the CDKN2A gene in a number of cancers, is
occasionally targeted independently in tumors, including melanoma (62–63). CDKN2B
encodes p15INK4b and is located 40 kb centromeric to the CDKN2A gene (62). An addi-
tional susceptibility gene for melanoma, accounting for a very limited number of mela-
noma kindreds, is CDK4 (MIM 12829), located on chromosome 12q14. Activating
mutations of the CDK4 gene, specifically Arg24Cys or Arg24His (64–65) have been
found in few families (66–67). In addition, a Ser52Asn variant of uncertain significance
was found in a kindred that also bore a CDKN2A mutation (68). No Italian families have
been shown to carry mutations in CDK4.

To date, we recruited 61 families with two or more melanoma cases. Melanoma
clinical characteristics in these Italian families are generally similar to those seen in more
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fair-skinned populations, except for a higher proportion of nodular melanomas and
invasive lesions (12). As in other melanoma-prone families worldwide, cases with DN,
multiple primary melanomas, or pancreatic cancer are present in these families.

In the first 55 families enrolled, we sequenced the CDKN2A (including the exon 1
of the p14ARF protein), CDKN2B, and CDK4 genes to verify whether a mutation in one
or more of these genes segregate with melanoma in these families. In addition, in the
melanoma families with multiple breast cancer cases and in those with multiple gastric
cancer cases we also sequenced the breast cancer 2 (BRCA2) and cadherin 1 (CDH1)
genes, respectively. Mutations or altered expression of the CDH1 gene (MIM *192090),
on chromosome 16q22.1, have been associated with inherited diffuse gastric cancer
(69). BRCA2 gene (MIM *600185), on chromosome 13q12.3, is a known susceptibility
gene for breast cancer (70) and melanoma (71). We found only four mutations (7%) in
the CDKN2A gene in seven different members of four families, and no other mutations
in any other candidate gene (72). This is unusual, because in other Italian families with
similar number of cases, similar average age at onset and clinical characteristics, the
frequency of CDKN2A mutations was overall 33% (57,73–76). Thus, in this Italian
subpopulation, either noncoding susceptibility alleles of CDKN2A that we cannot detect
using current methods exist, or germline alterations of additional gene(s) play an impor-
tant role in melanoma predisposition.

Three of the CDKN2A mutations identified, which determine the amino acid changes
G101W, R24P, and S56I, have already been found in many families, including Italians
(73,75,76). The fourth potentially disease-related mutation we found was a novel T to
C transition at basepair 194 of exon 2, which results in a missense mutation L65P in p16
and a silent mutation A79A in p14 ARF. This mutation was present in a family with one
pancreatic cancer case and four melanoma cases, one of whom had two primary mela-
nomas. We analyzed the changes in the tertiary structure of the p16 protein caused by the
novel L65P mutation, using publicly available web services. Leu65Pro (Fig. 4) is at the
last residue position in helix 6 and, thus, could shorten the helix and disrupt secondary
structure. Both the FOLD-X calculations (ddG = 5.11 kcal/mol) (77), and the PoPMuSiC
calculations (ddG = 1.38 kcal/mol) (78) revealed a difference in folding energy between
the mutant and wild-type protein, but the PolyPhen predictions (79), based on alignment,
failed to predict this mutation to be disruptive on protein function (the Leucine at posi-
tion 65 is not highly conserved in mammals) (72). To confirm the conclusions derived
from protein modeling, we elected to test the interaction of the L65P mutant to CDK4
by means of a yeast two-hybrid system. We expressed the mutant and wild-type cDNA
sequences in the presence or absence of CDK4 and measured their corresponding inter-
actions by means of a liquid -galactosidase assay, using a modification of the method
of Miller (80). In repeated experiments, we observed a significant decrease of approx
50% in the binding of L65P with CDK4, compared with the wild-type p16 at both 30 C
(p = 0.002) and 37 C (p = 0.009; t-test) (72) (Fig. 5). In contrast to other p16 missense
mutations (81), the L65P mutant does not demonstrate any strong temperature depen-
dence on binding of CDK4.

Given the low frequency of mutations in the known candidate genes in these families,
we decided to perform a genome-wide scan to identify loci possibly linked with mela-
noma. We began with the analysis of chromosomes 1 and 9 to verify linkage with
previously identified loci. A recent publication from the Melanoma Genetics Consor-
tium, an international group of melanoma researchers who investigate factors related to
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Fig. 4. Structural model of the leucine to proline substitution at position 65 of p16 (from ref.72).
The model shows that the proline amino acid (indicated by the arrow), differently from theleucine
(behind the proline), no longer makes hydrogen atoms available to the surface of the protein,
possibly affecting the ability of this protein to complex or bind with its ligand. Please see color
insert following p. 430.

Fig. 5. Binding of p16 with CDK4 protein in a yeast two-hybrid system. Quantitative analysis of
-galactosidase activity was performed using a liquid -galactosidase assay. Columns 1–4 show

CDK4 and p16 proteins with no binding; columns 5 and 6 and columns 7 and 8 show CDK4
binding with wild-type and mutant (L65P) p16, respectively (from ref. 72). The listed values
represent the mean of at least 28 separate assays performed at 30 C or 20 separate assays per-
formed at 37 C. Statistically significant differences (  = 0.05) were observed between the WT
variant and the L65P mutant at both 30 C (p = 0.002) and at 37 C (p = 0.009).

the inheritance of an increased risk of melanoma (60,82), has provided evidence for a
novel susceptibility locus for melanoma within chromosome band 1p22 (83). Previous
studies have suggested that 1p36 may harbor a susceptibility gene(s) (84). In addition,
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only about a third of 9p21-linked families carry mutations in CDKN2A. Thus, other
candidate gene(s) may be located on 9p21. We conducted linkage analysis of chromo-
some 1 in 47 informative families and chromosome 9 in 46 families, with 31 and 20
diallelic microsatellite markers, respectively. We performed both two-point and multi-
point linkage analyses under a dominant model with 50% penetrance, consistent with the
inheritance pattern for CDKN2A in European families (60) and similar to the reported
1p linkage studies (83–85). There was no evidence for linkage of melanoma susceptibil-
ity to markers on chromosome 1 or 9 in either the parametric or nonparametric analyses.
There was no significant evidence for genetic heterogeneity (72). Thus, critical genes
responsible for the inheritance of a susceptibility to develop melanoma among family
members in this Italian population have yet to be identified.

CONCLUSIONS AND PERSPECTIVES

Melanoma etiology is complex, involving both heterogeneous genetic and environ-
mental components (82). As we have seen, pigmentation has a crucial role in CMM
development, but phenotypic pigmentation per se cannot always predict susceptibility
to melanoma. Sun exposure, particularly if intermittent and acute on untanned skin may
strongly increase melanoma risk, particularly if subjects have a reduced capacity to
repair UV-induced DNA damage. The DNA repair system is complex and extremely
versatile; many proteins in the system may have different and overlapping functions,
they can interact with one another in a coordinated process under different physiological
conditions, and are inducible by UV irradiation and other environmental factors. Thus,
it is unlikely that the identification of some polymorphisms in a few DNA repair genes
can be sufficient to depict the role of DNA repair in the etiology of melanoma. Moreover,
subjects often carry multiple common melanocytic nevi and atypical or DN (86), which
have been recognized as precursors of melanoma, but development of melanoma through
pathways that do not include nevi formation are likely, and they may be linked to
different genes (87). As for the family history of melanoma, the known susceptibility
genes explain only approx 25% of familial melanoma world wide, and the frequency of
CDKN2A mutations in familial melanoma varies according to the number of cases in the
families, the presence of multiple melanomas in the same patient (67–68), the history of
pancreatic cancer cases in the family (53), and their geographical location (60,88). Even
the average lifetime risk conferred by CDKN2A mutations shows significant variation
between regions, with the lowest penetrance in the Southern European countries (60).
Moreover, MC1R variants may act as modifiers of the CDKN2A gene penetrance (89–
90) in the families. Clearly, to explore such a complex pattern, a very large study popu-
lation is required, possibly taking advantage of different methodological approaches
(e.g., association and linkage studies), and comparing different populations (e.g., popu-
lations at higher risk given the light pigmentation and intense sun exposure, with those
with darker pigment or those with no DN). Collaboration with different investigators is
crucial for an appropriate approach to the understanding and possibly prevention of such
lethal disease. We are continuing our research on melanoma in both sporadic and familial
cases from the area in collaboration with other groups. DNA repair, pigmentation, and
other candidate genes are being explored, while genome-wide scanning of Mediterra-
nean families proceed. Many melanoma cases identified in our study were advanced in
stage. This suggests that this population does not generally appreciate the risk for mela-
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noma. The magnitude of risk associated with the combination of DN and light pigmen-
tation shows the need for frequent screenings, particularly of at-risk subjects, and for
public health campaigns against unprotected sun exposure in this population. As the
incidence and mortality of melanoma continue to increase, particularly in Southern
European countries, such as Italy, identification of novel genes may also have consid-
erable clinical impact on melanoma.
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Summary
The etiology of melanoma involves the interplay of numerous factors, including sun exposure and

genetic predisposition. This chapter highlights the current state of knowledge about the impact of genomic
sequence variation in genes involved in cutaneous pigmentation. A brief background of the pigmentation
pathway is presented in the context of candidate susceptibility genes in molecular epidemiological studies.
Candidate genes include the melanocortin-1 receptor (MC1R), agouti-signaling protein (ASIP), and P
gene. For each gene, known associations with pigmentation phenotypes and melanoma etiology are
presented. Other candidate susceptibility genes considered are tyrosinase (TYR), tyrosinase-related
protein 1 (TYRP1), and dopachrome tautomerase (DCT; or, alternatively, tyrosinase-related protein 2
[TYRP2]).

Key Words: Genetic susceptibility; polymorphisms; minor genes; cutaneous pigmentation;
melanoma.

OVERVIEW

The etiology of melanoma is complex and results from an intricate combination of
exogenous exposures and genetics. A multifactorial model of melanoma etiology is
exemplified by the observation that not all people who receive elevated exposure to
sunlight or who carry genetic mutations in melanoma predisposition genes (i.e., cyclin-
dependent inhibitor 2 [CDKN2A] or cyclin-dependent kinase 4 [CDK4]) will develop
melanoma. Thus, exposures or genotypes alone may be necessary but not sufficient to
cause melanoma.

Candidate melanoma susceptibility genes can be identified based on biologically
plausible pathways associated with melanoma itself, with phenotypic traits that can be
linked to melanoma, or with exposures that can be related to the development of mela-
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noma. For example, genes involved in DNA damage recognition and repair are logical
candidate melanoma susceptibility genes because they help maintain genomic integrity
in response to the damaging effects of ultraviolet (UV) exposure to the skin. Because
melanoma is a cancer of the melanocyte and is strongly associated with pigmentation
phenotypes, another set of candidate melanoma susceptibility genes is the set that deter-
mines pigmentation phenotypes.

As shown in Fig. 1, two complementary mechanisms coupled to the synthesis of
melanins can be associated with melanoma risk. It is well established that individuals
with dark pigmentation phenotypes have a decreased risk of melanoma (1). These indi-
viduals have a higher relative proportion of eumelanin than pheomelanin and are capable
of blocking UV irradiation from reaching DNA in the melanocyte. Conversely, individu-
als with fair complexion and light or red hair color may have poorer UV blocking
capacity related to the predominance of pheomelanins over eumelanins, and, as such,
may be at greater risk of somatic mutation caused by sun exposure (2).

Not only are darkly pigmented individuals more proficient at blocking UV irradiation
from reaching DNA in the melanocyte, but these individuals may also generate fewer
reactive oxygen species in the process of eumelanin synthesis (2,3). In contrast, the
synthesis of pheomelanin that predominates in individuals with fair complexions appears
to produce higher levels and different types of potentially damaging bioactive interme-
diate compounds (e.g., reactive oxygen species). These compounds may in turn result in
higher levels of oxidative stress in the context of pheomelanogenesis than in the context
of eumelanogenesis (4,5). It is plausible, therefore, that melanoma results from DNA
damage tied to the combination of a decreased ability to effectively block UV exposure
and an increased induction of reactive oxygen species generated as a byproduct of
melanin synthesis.

Melanin Synthesis in Humans
The biochemical processes involved in the initial steps of melanin synthesis are known

and are offered in abbreviated form in Fig. 2. Briefly, melanin synthesis commences with
the binding of the melanocyte-stimulating hormone ( -MSH) to the melanocyte-stimu-

Fig. 1. Model for melanogenesis and pigmentation under UV exposure.
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lating hormone receptor (alternatively known and hereinafter referred to as the
melanocortin-1 receptor [MC1R]). The subsequent signaling cascade acting through the
secondary messenger adenylate cyclase results in the upregulation of tyrosinase. The
initiation of these events produces a series of spontaneous and catalytic reactions involv-
ing other proteins, including tyrosinase-related protein (TYRP)-1 and dopachrome
tautomerase (DCT). The downstream effect of this signaling process is the production
of brown/black eumelanin.

Alternatively, agouti-signaling protein (ASIP) can also bind to MC1R. Although the
specific role of ASIP in human pigmentation remains to be determined, investigation of
murine agouti has determined that binding of this ligand blocks the -MSH-signaling
cascade and thus prevents the effective production of eumelanin (6–8). Binding of agouti
is associated with the production of red/yellow pheomelanin.

CANDIDATE GENES

Knowledge of melanin synthesis can help guide the selection of biologically plausible
candidate susceptibly genes for melanoma. Here, we focus on the so-called low-pen-
etrance variants of genes that may confer a small to moderate elevated risk of melanoma
when mutated. These low-penetrance variants are not linked to known clinical syn-
dromes involving melanoma and are polymorphic (i.e., alleles being observed in greater
than 1% of the general population). Candidate low-penetrance genes and gene variants

Fig. 2. Overview of melanogenesis.
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can be identified by applying selection criteria that optimize the likelihood of choosing
a genetic variant that impacts the function of the gene product. For example, the follow-
ing selection guidelines can be applied:

1. Plausibility. Genes that encode products with biochemical or physiological activities that
have a plausible role in the pathobiology of melanoma are considered.

2. Genotype–phenotype relationship. Among biologically plausible biomarkers, genetic
polymorphisms with relationships to biochemical or physiological traits that have been
well characterized and are known to be associated with melanoma susceptibility are
given first consideration. Genetic polymorphisms with well-characterized relationships
to biochemical or physiological traits that have no established role in melanoma suscep-
tibility are given lower priority. Anonymous DNA markers (e.g., those that do not encode
or regulate any known phenotype) are considered with lowest priority.

3. Polymorphic characteristic. When two markers are available and are equally plausible by
the first two criteria, the more highly polymorphic marker is chosen for analysis. A more
highly polymorphic marker will, in general, provide better statistical power to detect
significant genotype–disease associations. Markers without known polymorphisms were
not considered.

Using these criteria and our knowledge of melanin synthesis, a number of candidate
melanoma susceptibility genes and low-penetrance variants in these genes can be iden-
tified. Information about these genes and variants, and their association with pigmenta-
tion characteristics and melanoma, is presented.

MC1R (OMIM 155555; Chromosome 16q24.3)
As described in “Melanin Synthesis in Humans” and in Fig. 2, the binding of -MSH

to the MC1R initiates a signaling path that ultimately results in production of eumelanin
through the upregulation of several genes involved in melanogenesis. The human MC1R
gene was cloned and mapped in the early 1990s and is the human homolog to the
mammalian extension locus (9,10). The gene consists of a one-exon coding region 954
nucleotides in length, and produces a 317-amino-acid protein product.

NATURAL VARIATION IN MC1R
Studies among people of northwestern European descent have demonstrated that

MC1R is highly polymorphic (11). Natural variation at this locus also has been observed
among people of African and Asian descent; however, these studies tend to be limited
in scope (11–17). The total number of MC1R polymorphisms in the published literature
approaches 40 (reviewed in ref. 18). There is substantial variability in the frequency and
distribution of MC1R variants across population groups, although, within populations
groups the frequency and distribution of MC1R variants is much more consistent.

A substantial number of nonsynonymous variants in MC1R that potentially affect
receptor function have been described in populations of Northwestern European
descent (reviewed in ref. 18). In populations of African descent, synonymous changes
that affect only the primary nucleotide sequence, but not the secondary amino acid
sequence, are the norm. Recently, however, nonsynonymous variants have been
reported among normally pigmented sub-Saharan and San populations (17) and among
selected Jamaicans with “rust-colored” complexions (16).

Considering the numerous nonsynonymous MC1R polymorphisms noted in the
literature, only a portion occur at a frequency great enough to make them useful for
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epidemiological studies that explain variability in human pigmentation or of melanoma
etiology (Table 1). Among healthy populations of Northern European ancestry, four
nonsynonymous variants are consistently found at a frequency of greater than 5%:
V60L, V92M, R151C, and R160W. An additional five variants, D84E, R142H, I155T,
R163Q, and D294H, occur at a frequency between 1 and 5% in these sample populations.
The remaining variants in MC1R occur at a frequency of less than 1%. Although these
are potentially interesting and may contribute to pigmentation and melanoma etiology,
they account for only a small proportion of the total genetic variation in MC1R.

Most, but not all, MC1R variants reported to date result from single nucleotide changes.
Some have been experimentally shown to compromise the quantity of -MSH-induced
cyclic adenosine monophosphate (cAMP) production (19,20). Other experimental stud-
ies have demonstrated that sequence variants in MC1R can alter protein function in vitro,
expression of pigmentation in the mouse and primary human melanocyte cell lines, and
in vivo response to UV radiation (21–23). However, definitive information about the
functional significance of most MC1R variants from basic science investigations is not
available.

Recently, an in silico approach was used in an attempt to predict MC1R variants that
may be more likely to affect native receptor function. Using publicly available sorting
intolerant from tolerant software (24,25), a comparison of MC1R protein sequences
across species was made (26). The underlying assumption for these analyses is that
amino acid positions that are important to the native biological functioning of the protein
should be conserved across the protein family and/or across evolutionary history. Results
from the sorting intolerant from tolerant analysis showed that a predicted 65% of amino
acid residues in MC1R are to be conserved. Among the nine most frequently occurring
nonsynonymous MC1R variants, D84E, R142H, R151C, I155T, R160W, and D294H
were predicted to be intolerant (i.e., putatively functional) substitutions, whereas the
V60L, V92M, and R163Q variants were predicted to be tolerant (i.e., putatively
nonfunctional) substitutions.

ASSOCIATION OF MC1R VARIANTS WITH CUTANEOUS PHENOTYPES

The relationship between MC1R variants and pigmentation phenotypes (for mela-
noma etiology, see “Association of MC1R Variants With Cutaneous Melanoma”) among
white populations has been extensively studied, and an aggregation of the results of these
investigations are available from a number of reviews (18,27–29). We briefly summa-
rize these associations here.

Hair Color, Skin Type, and Freckling. The first epidemiological evidence indicat-
ing that MC1R contributed to human pigmentation came from a small study in the United
Kingdom showing an association between MC1R variants and red hair color and fair skin
type (30). Subsequent results from many studies have supported the association of MC1R
variants and red hair color. The R151C, R160W, and D294H variants, which have
become known as the “red hair color” variants have consistently demonstrated very
strong associations with this phenotype, with associations most evident among those
individuals who carry two or more MC1R variants (31–36). Carriage of other select
MC1R variants also has been associated with red hair color, although less strongly than
that of carriage of the “red hair color” variants. Recently, Sturm et al. demonstrated that
the D84E variant is also strongly associated with red hair color and that carriage of any
one of the D84E, R151C, R160W, or D294H variant MC1R alleles resulted in a greater
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than 60-fold increased risk of red hair color (odd ratio [OR], 63.3; 95% confidence
interval [CI], 31.9–140), although only a 40% increased risk of blonde hair color (OR,
1.4; 95% CI, 1.2–1.8) (36,37).

Similarly, the association of MC1R variants with skin type first noted by Valverde et
al. has been consistently demonstrated across several studies. Not surprisingly, individu-
als with fair complexions carry a greater proportion of MC1R variants, including the “red
hair color” variants (31–33,35). Carriage of these variants is generally thought to be
independent of ethnicity or hair color (31,32). Sturm et al. noted that MC1R variants
contributed to skin reflectance in an additive manner; the D84E, R151C, R160W, and
D294H variants added, on average, 1.9%, and the V60L, V92M, and R163Q added, on
average, 0.9% to skin reflectance measurements above that observed among people
carrying two copies of the MC1R consensus sequence (36,37).

MC1R variants are associated with freckling, including solar lentigines and childhood
freckling (38). Although most other studies have not separated out lentigines from
ephelides in childhood, the associations with freckling have been observed across vari-
ous study populations (26,32,33). MC1R variants have also been associated with the
number of body sites on which freckling occurred (35). Sturm et al. observed a positive
association between increasing composite freckling scores and carriage of MC1R vari-
ants, with carriage of two of the D84E, R151C, R160W, or D294H variants associated
with the most extreme frecklers (36,37).

Eye Color. Because eye color is correlated with other pigmentation phenotypes,
such as skin type and hair color, it may be expected that an association exists between
this characteristic trait and MC1R variants. However, data from several studies have not
demonstrated such a main effect (31,32). One smaller study did find an association with
carriage of the “red hair color” variants and light eye color, although adjustment for other
correlated pigmentation phenotypes was not undertaken (26).

ASSOCIATION OF MC1R VARIANTS WITH CUTANEOUS MELANOMA

The first published report of an MC1R–melanoma association came from a small
study in the United Kingdom (39). Subsequently, the association of MC1R variants with
melanoma has been demonstrated in two larger, better-designed epidemiological studies
set in Australia (32) and the Netherlands (40). Elevated risk of melanoma was related not
only to the absolute number of MC1R variants carried, but also to carriage of specific
MC1R variants. People with melanoma were over twofold more like to carry variants
than were healthy controls; and melanoma cases were more likely to carry the R151C,
R160W, and D294H variants. Importantly, the association between MC1R variants and
melanoma outcomes remained statistically significant even after adjustment for pigmen-
tation phenotypes. The association between MC1R variants and melanoma was shown
to be stronger among people with darker skin types that among those with lighter skin
types (32).

MC1R variants are also modifiers of age of onset of melanoma within melanoma-
prone families. Results from two studies demonstrate a significantly younger age at
diagnosis of melanoma among those family members who carry both a mutation in
CDKN2A and one of the R151C, R160W, or D294H variants in MC1R (41,42).

ASSOCIATION OF MC1R VARIANTS WITH UVEAL MELANOMA

In great contrast to the consistent finding of a significant association between MC1R
variants and cutaneous melanoma, MC1R does not appear to be associated with the
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development of uveal melanoma. Two case–control studies found no differences in the
frequency of or total carriage of MC1R variants comparing people with uveal melanoma
with control subjects free of cancer (43,44).

ASIP (OMIM No. 600201; Chromosome 20q11.2)
Most of what is known about the functional and mechanistic action of ASIP on the

human pigmentation process has been gleaned from studies of its murine homolog,
agouti. In mice, expression of agouti in the hair follicle results in deposition of a band
of pheomelanin on a background of a eumelanin-colored hair shaft (45,46; reviewed in
ref. 47). The binding of agouti to MSH-receptor (R) prevents downstream signaling
through cAMP that is otherwise initiated by the binding of -MSH to its receptor. The
result is an effective downregulation of synthesis of eumelanin and a net increase in
synthesis of pheomelanin (6–8). The introduction of agouti to murine melanocyte cell
lines has been linked to the downregulation of several genes important to the production
of eumelanin, including TYR and TYRP2 (48). In contrast to -MSH-mediated signaling
via cAMP, agouti signaling is hypothesized to occur via the regulation of microphthalmia
and initiation transcription factors (49).

Nucleotide sequence variation in agouti and the concomitant effects on mouse coat
colors have been extensively studied and further provide a strong basis for regarding this
locus as a candidate gene in humans for pigmentation regulation and melanoma etiology.
Recessive mutations in agouti are associated with varied patterns of darkened coat
colors, whereas dominant mutations, a consequence of the splicing of the agouti pro-
moter region to an alternative and ubiquitously expressed promoter, result in mice with
yellow coats (50–52; reviewed in ref. 53). The specific genetic sequence variants asso-
ciated with phenotypic expression of darkened coat colors have been documented in
nearly all gene regions of agouti, including coding, intronic, and regulatory regions.

The identification of the human ASIP demonstrated a very high identity to agouti both
at the transcriptional and translational levels (54,55). In human melanoma cell lines in
which ASIP was overexpressed, expression of pigmentation genes known to be modu-
lated by agouti in murine models were not found to be upregulated or downregulated at
the transcriptional level, although TYRP1 was downregulated at the translational level
(56). Still, compared with the known contributions of agouti in determining murine coat
color, the specific involvement of ASIP in human pigmentation has not yet been clearly
elucidated.

NATURAL VARIATION IN ASIP

Resequencing efforts to characterize ASIP have been undertaken in several different
population groups, including people of northwestern European descent, African Ameri-
cans, Pima Indians, Spanish Basque, Hispanic, Apache, and Australian Aboriginal
(57–59). However, for all population groups, with the exception of people of northwest-
ern European ancestry, the number of alleles resequenced has been relatively small. In
contrast to MC1R, which is highly polymorphic at the nucleotide level, ASIP has a highly
conserved primary nucleotide sequence with very little natural variation. No evidence
of genetic variation has been reported in the ASIP coding exons. Two reports, however,
documented the existence of a polymorphism in the 3'-untranslated region (UTR) region
of ASIP, an A to G substitution (g.8818A>G) at a position 25 basepairs downstream of
the TGA termination codon (58,59).



356 From Melanocytes to Melanoma

ASSOCIATIONS OF ASIP VARIANTS WITH PIGMENTATION PHENOTYPES AND MELANOMA

An indication of the potential contribution of the ASIP g.8818A>G polymorphism to
human pigmentation can be drawn from observations of differing frequency of the
g.8818G allele across population groups of dissimilar skin types. In one report, a statis-
tically significant difference in the G-allele frequency was noted among people of north-
western European (0.12), northeastern Asian (0.28), African-American (0.62), and West
African (0.80) descent (60). Other reports, however, note somewhat different frequen-
cies for the g.8818G allele among African Americans (0.20), whites (0.015), Asians
(0.25), and Koreans (0.12) (59,61). Some of the apparent differences may be caused, in
part, by the limited numbers of individuals genotyped in the African-American and
white sample populations and the selection of white individuals to overrepresent people
with red or blond hair color in some studies but not others. These comparisons of allele
or genotype frequencies across whole populations are limited, however, by the lack of
a measure of pigmentation phenotype at the individual level.

One investigation has examined associations of the ASIP g.8818A>G polymorphism
pigmentation phenotypes using individual data (58). This study set in Philadelphia dem-
onstrated that people who were heterozygous or homozygous carriers of the g.8818G
allele were more likely to report having naturally occurring dark hair color at the age of
18 (OR, 1.8; 95% CI, 1.2–2.8) and dark eye color (OR, 1.9; 95% CI, 1.3–2.8) compared
with people who were homozygous carriers of the g.8818A allele and after adjustment
for age, sex, presence of clinically apparent dysplastic nevi, and melanoma status. An
allele dosage association was apparent, although not statistically significant, likely
related to the reduced frequency (0.12) of the g.8818G allele in this population and
the small numbers of homozygous carriers. The observed relationship between the G
allele and dark hair color may explain the disparate allele frequency observed among
people of European descent by Kanetsky et al. (0.12) compared with that of Voisey et al.
(0.015). Because the Voisey et al. study included whites selected for lighter hair color,
the observed decreased frequency of the G allele is consistent with the hypothesized
effect of ASIP on pigmented phenotypes (59).

Kanetsky et al. also evaluated the association of g.8818G with other pigmentation
phenotypes, including skin reaction to acute sun exposure, skin reaction to chronic sun
exposure, eye color, and freckling (58). However, no association with the ASIP
g.8818A>G polymorphism was found, except for an approximate doubling of the prob-
ability of having brown eye color among individuals who carried at least one variant
allele (OR, 1.9; 95% CI, 1.3–2.8). Also examined was the association of the ASIP
g.8818A>G polymorphism with melanoma etiology (58). In a comparison of 423 case
subjects with melanoma and 147 healthy controls without a history of melanoma, no
difference in the proportion of people who carried the g.8818G allele was noted (OR,
0.97; 95% CI, 0.62–1.5).

Because the 3'-UTR domains of primary ASIP transcripts have been shown to be
critical to ASIP messenger (m)RNA stability (reviewed in ref. 62), a proposed functional
mechanism for the effects of the g.8818G allele is early destabilization and early deg-
radation of ASIP mRNA transcript. Reduction in the level of ASIP could hinder the
antagonism of -MSH-mediated signaling through MSH-R, leading ultimately to a bias
toward eumelanin synthesis and away from production of pheomelanin. Mechanistic
investigation into the functional significance of this polymorphism and whether the G
allele affects mRNA stability is necessary to corroborate the epidemiological findings.
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Additionally, it remains possible that sequence variation in other noncoding domains of
ASIP, e.g., the promoter or intronic regions, may be associated with human pigmentation
or disease risk.

P Protein (MIM 203200; Chromosome 15q11.2-q12)
The phenotypic effects of mutations in the murine p protein gene, also known as pink-

eyed dilution, on coat colors have been known for years and are the result of reduced
levels of eumelanin production in melanocytes (reviewed in ref. 47,63). Mutations in the
human homolog, P gene, result in oculocutaneous albinism (OCA) type 2 and other
phenotypes that confer eye hypopigmentation.

Although P protein is known to be an integral melanosomal membrane protein (64,65),
its specific biological function remains uncertain. The hypothesized roles of P protein
include a protein transport system (66), perhaps involved with trafficking of the enzyme
tyrosinase (67), or a regulator of melanosomal pH through the transport of ions (68,69).
Even without a known definitive functional mechanism for this protein, it appears that
altered function of the P protein affects tyrosine bioavailability or function in the mel-
anosome, which is reflected in altered pigmentation characteristics.

NATURAL VARIATION IN P Gene
More than 40 sequence variants have been reported in the P gene from among diverse

populations, including African Americans (70,71), African Blacks (67,70,72,73), whites
(67,74,75), Asians (67,76,77), and Native American Navajo (78). However, character-
ization of nucleotide changes in this locus has occurred almost exclusively in selected
populations of people who exhibit clinical OCA. Therefore, the reported frequency and
distribution of P gene variants are not readily generalized to the population level.

Many of the detected variants in the P gene are present in people with severe pigmen-
tation phenotype and are observed at a low prevalence in the general population. How-
ever, an abundance of common genetic variants has been identified from genetic
screenings of individuals with OCA2 and includes both nonsynonymous and synony-
mous variants (66,72). In contrast to other identified variants in P gene, these are low-
penetrance variants not believed to cause frank albinism because of their lack of
associated amino acid substitution, location outside of the P protein transmembrane
regions, possible linkage disequilibrium with other known variants in P gene, or increased
frequency in otherwise normally pigmented people (72). Table 1 details the low-pen-
etrance nonsynonymous variants that form the heart of the discussion in the following
section; synonymous variants are not included.

ASSOCIATIONS OF P GENE VARIANTS WITH PIGMENTATION PHENOTYPES AND MELANOMA

Sequence variants that severely disrupt the native function of P protein are responsible
for tyrosinase-positive OCA2 (79), which is the most common type of albinism in the
world (80, reviewed in ref. 81). Variants in P gene are also associated with the closely
related brown OCA and other clinical syndromes involving hypopigmentation of the
skin, hair, and eyes, such as Prader-Willi and Angelman syndromes (74,82). We focus
here on known variants in P gene predicated to be low-penetrance variants.

A study investigated the association of two P gene variants, Arg305Trp and
Arg419Gln, and pigmentation phenotypes among people of European ancestry living in
Philadelphia (83). No participant demonstrated clinical syndromes that included sys-
temic pigmentation abnormalities; however, the target study population consisted of
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people with melanoma, dysplastic nevi, and healthy controls. There was an increased
proportion of the 305Trp allele in individuals who reported having brown or black eyes
compared with those with lighter eyes (p < 0.001), and an increased proportion of the
419Gln allele in individuals reporting having green or hazel eyes compared with others
(p < 0.001). An increased frequency in multivariant carriage of both the 305Trp and
419Gln alleles was found among individuals reporting non-blue eyes compared with
those reporting blue or gray eyes (p < 0.001). All associations with eye color remained
statistically significant after adjustment for the presence of melanoma and of clinically
apparent dysplastic nevi. The Arg305Trp and Arg419Gln were in linkage equilibrium
with one another, indicating the possibility that both variants could independently influ-
ence eye color. Duffy et al. confirmed that these same variants were associated with eye
color (37). These results confirm the suggestion of Eiberg and Mohr that the P gene is
an eye color-determining locus (84). Four other previously characterized non-
synonymous variants in the P gene that were not associated with frank clinical pigmen-
tation syndromes, Asp257Ala, Leu440Phe, His615Arg, and Ile722Thr (67,85) were not
examined in these investigations. Previous reports demonstrated that the His615Arg was
not polymorphic in whites (67), and, among 312 individuals genotyped for Leu440Phe
by Rebbeck et al., only two subjects were found to be carriers of the 440Phe variant (83).

Rebbeck et al. also evaluated whether the Arg305Trp and Arg419Gln P gene variants
were associated with natural hair color at age 18 (83). They found a borderline statisti-
cally significant difference in the proportion of individuals with the Arg305Trp variant
in individuals with red or blond hair color (9.4%) compared with people with brown or
black hair color (16.0%; p = 0.041). However, unlike the association with eye color, the
association with hair color lost significance after further adjustment for disease status.
No studies to date have been published on P gene variation and melanoma outcomes.

Other Melanogenesis Candidate Genes
A number of additional genes linked to human pigmentation synthesis are also good

candidates for studies of melanoma etiology. None of these genes has been studied in the
context of low-penetrance susceptibility to melanoma or human pigmentation
phenotypes.

TYROSINASE (TYR; OMIM NO. 606933; CHROMOSOME 11Q14-Q21)
The tyrosinase (TYR) gene is a central checkpoint in melanogenesis (reviewed in ref.

86). It has a multiple functions at various steps in melanogenesis, including the hydroxy-
lation of L-tyrosine to 3,4-DOPA, the oxidation of DOPA to DOPAquinone (87) and the
oxidation of 5,6-dihydroxyindole to 5,6-dihydroxyquinone (88). More than 60 alleles,
including nonsynonymous changes, nonsense mutations, insertions, deletions, and splice
site variants, have been identified in TYR that are associated with OCA1 (80,88,89). A
small number of polymorphisms not associated with albinism have also been reported,
including two coding region nonsynonymous changes, Y192S (92) and R402Q (88). The
association of these variants with human pigmentation and melanoma etiology is not
known.

TYR-RELATED PROTEIN 1 (TYRP1; OMIM NO. 115501; CHROMOSOME 9P23)
The TYRP1 gene is structurally and functionally related to TYR. TYRP1 converts 5,6-

dihydroxyindole-2 carboxylic acid (DHICA) to indole-5,6-quinone-2-carboxylic acid,
and has been shown to stimulate tyrosinase activity in melanogenesis (93). TYRP1 has
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also been implicated in the determination of the eumelanin/pheomelanin ratio and in the
production of “brown” vs “black” melanin (94). Because TYRP1 function is realized
downstream in the melanogenesis pathway, its effects do not lead to a loss of eumelanin,
but instead to a change in the amount of character of eumelanin (81).

Mutations resulting in severe disruption of native TYRP1 function have been iden-
tified as causative of OCA3 also known as “brown” or “rufous” albinism (95). This
autosomal recessive trait is explained by a reduction in tyrosine hydroxylase activity
induced by the absence of TYRP1 regulation of tyrosinase (96). The screening of healthy
people with normal pigmentation demonstrated a lack of nonsynonymous changes in the
exon regions of TYRP1 (97). However, a small number of synonymous polymorphisms,
as well as other alterations occurring in the intron and 3'-UTR regions of TYRP1 have
been detected (91,95,97,98). The functional significance on protein function for these
noncoding region polymorphisms remains to be elucidated.

DOPACHROME TAUTOMERASE (OMIM NO. 191275; CHROMOSOME 13Q31-Q32;
ALTERNATIVELY, TYROSINASE-RELATED PROTEIN 2, TYRP2)

Dopachrome tautomerase (DCT) is responsible for DCT activity in melanogenesis,
and is homologous to the mouse slaty locus (99,100). Although DCT represents a strong
candidate melanoma gene, no germline variants in the human DCT gene have been
reported to date. Therefore, its relevance to human melanoma or pigmentation pheno-
types is unknown.

INTERACTION OF PIGMENT GENES

To date, studies evaluating the role of candidate pigmentation genes in pigmentation
or melanoma susceptibility have generally studied each gene in isolation. Because it is
anticipated that these genes will interact with one another and with UV exposures to
produce pigmentation phenotypes and melanoma risk, the results of candidate gene
studies to date can only be interpreted as a main effect of the gene polymorphism inde-
pendent of other factors. It is clear, however, that this model of susceptibility, highlight-
ing the effects of single low-penetrance genes in isolation is not likely to correctly
represent the contribution of these loci to human pigmentation or melanoma risk. Rather,
a host of genetic factors likely underlies genetic susceptibility to melanoma, implying
that gene–environment and gene–gene interaction may be key to elucidating human
pigmentation or melanoma susceptibility. Still, few epidemiological studies have for-
mally addressed the notion of gene–gene interactions, in part because these studies
require large sample sizes to insure adequate power to detect differences between groups.

A small number of studies have explored the interactions of MC1R and P gene and the
interaction of MC1R and ASIP. In a study of 184 Tibetans, the association between three
MC1R (R67Q, V92M, and R163Q) and two P gene variants (Gly780Gly and IVS13-15)
and pigmentation quantitatively measured using a reflectometer was investigated (13).
There were no noted main effects of these variants. However, in combination, an asso-
ciation between pigmentation level and carriage of both the V92M and IVS13-15 vari-
ants was noted.

Additional evidence of the interaction between MC1R and P gene comes from an
observation among a small number of people with OCA2 who exhibit an atypical red hair
color rather than the traditional white or blond hair (101). Among six individuals with
demonstrated OCA2 phenotypes caused by inherited P gene mutations who had red hair
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color that persisted past birth, five also carried variants in MC1R. Although three of the
five were compound heterozygotes for variants known to be associated with red hair
color, two carried other variants. Neither of the two OCA2 individuals whose hair color
darkened from red after birth carried variants in MC1R. These data suggest that MC1R
may act to modify the effects of mutations in P gene that cause otherwise classical OCA2
phenotypes. Complementary to this finding, Duffy et al. noted that the P 305Trp allele acts
as a modifier of MC1R penetrance for red hair (37). Among people who were homozy-
gous carriers for the “red hair color” MC1R variants (here including also the D84E
variant), those who carried one copy of the P 305Trp were less likely to have red hair
color compared with people who carried two copies of the P 305Trp (25% vs 71%,
respectively).

This group also investigated the interaction of MC1R and OCA2 alleles on skin type
and freckling (36,37). Using a genetic marker (D15S165) tightly linked to the OCA2
locus and reported eye color, individuals were assigned to OCA2 B/B, B/b, or b/b geno-
type groups, for which greater than 97% of people with blue eyes were predicted to be
b/b. Among the b/b group, more individuals had a fair complexion compared with the
B/B or B/b groups, and this difference became further delineated after consideration for
carriage of one of the D84E, R151C, R160W, or D294H MC1R alleles (36,37). A some-
what similar association was noted for freckling, for which the b/b genotype increased
composite freckling scores among people carrying one of the D84E, R151C, R160W, or
D294H MC1R alleles, although the b/b genotype did not appear to contribute to freckling
scores among those who either carried two copies of the MC1R consensus allele (lowest
freckling scores) or two copies of one of the D84E, R151C, R160W, or D294H MC1R
alleles (highest freckling scores) (36,37).

CONCLUSIONS AND PERSPECTIVES

There is consistent epidemiological evidence that genes involved in melanogenesis
represent good candidates for explaining genetic variation in human pigmentation phe-
notypes and melanoma risk. The frequency of genetic variants involved in melanogen-
esis differs significantly by ethnicity, which may be a surrogate measure for pigmentation
phenotypes. MC1R has been consistently and strongly associated with cutaneous pig-
mentation phenotypes, as well as melanoma susceptibility. The P gene is associated with
eye color and other pigmentation phenotypes. ASIP is a likely factor contributing to
certain phenotypic traits, including hair color and skin type. Despite this initial evidence,
substantial additional research is required in a number of areas. First, molecular and
genetic epidemiological studies must be undertaken to characterize inherited genetic
variation in these candidate genes in well-characterized population samples. Second,
well-designed, adequately powered association studies must be undertaken to character-
ize the association of these genes with pigmentation phenotypes and melanoma risk. In
addition, these studies must consider interactions among these genes, as well as among
genes and UV exposures. Finally, characterization of the functional significance of
variants in these genes is required to allow an improved interpretation of epidemiologi-
cal associations, and to elucidate the underlying mechanisms that explain these associa-
tions. Despite the substantial amount of research that lies ahead, there is sufficient
evidence at this point to conclude that inherited variation in MC1R, ASIP, P gene, and
probably other genes involved in melanogenesis are causatively involved in human
pigmentation and melanoma etiology.
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Summary
The last two decades have seen spectacular advances in our understanding of the biology of mela-

noma and, in particular, the mechanisms operative in disease initiation and progression. In disease initia-
tion, the genetics of melanoma, and, in particular, the impact of genetic defects on dysregulation of the
cell cycle, are key issues in malignant transformation and a major focus of this chapter. Regarding dis-
ease progression, consideration is also given herein to the acquisition of growth factor autonomy by
neoplastic clones and to the acquisition of capabilities for invasion and metastasis from the standpoint of
cell adhesion, motility, and matrix digestion. These events have specific morphological correlates which
will be discussed briefly.
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INTRODUCTION

At current incidence rates, roughly 1 in 74 Americans will develop melanoma in their
lifetime (1). It is estimated that in 2005 there will be 55,000 new cases of invasive
melanoma and 41,000 new cases of in situ melanoma in the United States. Although the
most effective preventative measure is avoidance of sunlight, recent surveys suggest that
the population at large is not responding as intended to educational programs calling for
more effective use of sunscreens, contributing to rising melanoma incidence rates.
Clearly, therefore, a better understanding of melanoma biology is needed, along with
more effective therapeutic modalities that will flow therefrom. Advances in our under-
standing of the biology of melanoma have illuminated the nature of disease initiation and
progression. In disease initiation the genetics of melanoma, and, in particular, the impact
of genetic defects on dysregulation of the cell cycle, are key issues in the malignant
transformation of the nevomelanocyte. In disease progression, consideration is given in
this chapter to the acquisition of growth factor autonomy by neoplastic clones, and to the
acquisition of capabilities for invasion and metastasis from the standpoint of cell adhe-
sion, motility, and matrix digestion. We will also briefly discuss, where appropriate, how
these biological determinants of behavior correlate to histomorphology.

THE GENETIC BASIS OF MALIGNANT MELANOMA: CELL CYCLE
DYSREGULATION AND THE MALIGNANT PHENOTYPE

The first observation that melanoma might have a hereditary component was made by
Norris in 1820, who reported the case of a father and son with the disease (2). The
subsequent recognition by Wallace Clark and coworkers of kindreds whose members
expressed numerous abnormal nevi and an increased risk of melanoma was a signal event
in the history of clinical oncology, because it led to an intense investigative effort that
enhanced our comprehension of the biological basis of human neoplasia. Early studies
of the dysplastic nevus syndrome suggested a possible linkage to the short arm of chro-
mosome 1 (3,4). Other candidate regions were subsequently reported; in particular, most
tumor cell lines manifest deletions that implicate 9p as the possible site for an aberrant
tumor suppressor gene. More refined techniques using molecular probes to establish
conversion to homozygosity have defined 9p as the location of consistent deletions in
early melanomas; one case study demonstrated a reciprocal translocation involving 5p
and 9p with the breakpoint near 9p21, implicating 9p as the probable locus of a mela-
noma susceptibility gene. Roughly 50% of all familial melanoma kindreds have since
been shown to manifest a defect within this region (5–12). It has become clear that
genetic abnormalities inherent in melanomas consistently impact genes that encode for
cell cycle regulatory proteins, a phenomenon that results in unrestricted cell proliferation
under growth factor-deprived conditions in vitro (13). In particular, 9p21 is the location
of the CDKN2A (or p16) gene, which is frequently deleted in sporadic melanomas, as
well as in those associated with familial clustering (11,14–20). Some 8–12% of all cases
of melanoma in North America appear to be a consequence of a defect or a combination
of defects inherited in an autosomal dominant fashion, a large subset of these reflecting
germline mutations of the CDKN2A gene (21). Regarding the incidence of this mutation
in sporadic melanoma, 5 of 33 patients in one series of multiple melanoma had CDKN2A
mutations, 2 of whom were subsequently proved to have previously unknown family
histories of melanoma (22). This finding suggests that genetic testing of multiple mela-
noma patients has a role to play in promoting closer surveillance of family members.
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Fig. 1. The cell cycle, a highly ordered series of recurrent events that effect the duplication and
transmission of DNA to daughter cells, is regulated at discrete replicative “check points,” includ-
ing the gap 1 (G1) phase and the interval between mitosis and DNA synthesis (the S phase). The
external stimuli that affect the progress from the resting, or G0 phase, are communicated through
a cascade of intracellular phosphorylation events through upregulated expression of the cyclin-
dependent kinases (CDKs). CDK is the catalytic partner that acts by complexing with its regu-
latory unit, the corresponding cyclin, a process mediated by the synthesis of its substrates and
their subsequent proteolytic degradation. The D cyclins complex with and activate CDKs 4 and
6 to effect phosphorylation of the protein product of the retinoblastoma gene (pRb), which is the
essential checkpoint to prevent progression of the cell cycle in the event of sublethal genotoxic
injury. Unphosphorylated or hypophosphorylated pRb complexes with the E2F transcription
factor proteins to prevent DNA transcription. After phosphorylation, however, pRb dissociates
from E2F, allowing E2F to transcribe the responder genes and, thus, to permit passage past the
transcription check-point. The phosphorylation of pRb is controlled through the tumor suppres-
sor gene, p53, the level of which is negligible in normal dividing cells. p53 is regulated in a
reciprocal fashion by the murine double-minute 2 (MDM2) protein, which downregulates p53
expression, binds p53 protein to inactivate it, and mediates its export from the nucleus into the
cytosol for ubiquination and proteosomal degradation. p53 controls the cell cycle via transcrip-
tional upregulation of the CDK inhibitor p21; the inhibition of kinase activity prevents phospho-
rylation of pRb and, in consequence, the cell remains in G1 to allow time for DNA repair. The
INK4a gene encodes for two discrete protein products, one of which, p16INK4a, specifically
inhibits CDK4/6.

The CDKN2A (p16) gene (Fig. 1) belongs to a family of genes that encode for proteins
termed cyclin-dependent kinase (CDK) inhibitors. These are negative regulators of the
cell cycle that operate through their interaction with multiunit complexes comprising
CDKs and their activating, homologous protein partners, the cyclins (23). The CDKs
constitute a group of serine/threonine kinases that are responsible for driving the orderly
progression of the cell cycle through a series of sequential phosphorylation events
involving target proteins critical to nuclear transcription that become operative after
their activation. Key to this process are the cyclins, proteins that activate the CDKs
through other phosphorylation events. The CDK inhibitor, CDKN2A, acts at a critical
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checkpoint in the cell cycle, preventing progression from G1 to S phase. This effect is
mediated through the complexing of p16, cyclin D1/CDK4, and pRB, the protein product
of the retinoblastoma gene. The hypophosphorylated form of pRB is believed to be the
activated form (24). Hypophosphorylated pRB binds to proteins including the transcrip-
tion factor E2F, which appears to positively induce the transcription of genes whose
products are essential for the synthesis of DNA, i.e., progression to S phase. Mutations
can occur at several different basepair stations in the CDKN2 gene (25); the key to
oncogenesis is that such mutations must disable the ability of p16 to bind to CDK4/6 and,
thus, block the inhibition by p16 of the activation of cyclin D1 (26).

As mentioned, p16 mutations and deletions are seen both in familial dysplastic nevus
syndrome and in sporadic cases of melanoma and dysplastic nevi. These findings are
confirmed in cell lines derived from sporadic melanomas and may be associated with
CC TT translocations that are the hallmark of ultraviolet light (UVL)-induced
mutagenesis (19). Some melanoma cell lines that have metastatic capability lack p16
mutations, implying that cell cycle dysregulation is not an essential feature of the meta-
static phenotype (19), or, alternatively, that cell cycle dysregulation is an earlier event
that becomes redundant when the metastatic seed is established. Loss of heterozygosity
studies on sporadic dysplastic nevi show hemizygous deletions of 9p21–22 (p16) (27,28)
at one or more loci, and specific point mutations bearing the UVL fingerprint C T in
some cases (27). In contrast, no loss of heterozygosity for p16 was seen in any of 13
benign intradermal nevi studied (28). As regards the role of defects in p16 or other tumor
suppressor genes in cases of familial atypical mole–melanoma syndrome, it seems logi-
cal that a germline mutation of one allele, inherited as an autosomal dominant trait, might
lead to the eruption of dysplastic nevi in the first and second decades of life, and that
UVL-induced mutagenesis then transforms an individual dysplastic nevus into mela-
noma by inducing a defect in the tumor suppressor gene borne by the other allele. This
seems to be the probable operative mechanism in at least some cases of heredofamilial
melanoma.

There is strong evidence that melanoma manifests genetic heterogeneity even in the
setting of familial dysplastic nevus syndrome, because some patients do not manifest
abnormalities of 9p21 (10) and because cases of childhood melanoma arising in the
setting of familial dysplastic nevus syndrome only rarely express p16 mutations (29).
One potential culprit would be a mutation or deletion of CDK4 itself, such that binding
of p16 would not occur; however, such mutations are uncommon (25). One study showed
that although allelic loss at 9p21 was frequent in sporadic melanoma, being seen in 63%
of metastatic cutaneous melanomas and 32% of primary uveal tract melanomas,
homozygous deletions of the CDKN2 locus were unusual, implying that genes in the
9p21–p23 region other than p16 may be responsible for inducing melanoma in the setting
of a preexisting 9p21 mutation or deletion at one allele (17), or that the complex of p16
abnormalities included a deletion at one allele and a mutation at the other. One study has
localized a melanoma tumor suppressor gene to a small (<2 Mb) region on 11q23 (30),
whereas another group of familial melanoma patients showed linkage of a susceptibility
gene to chromosome 6p in 5 of 16 families (31). Two-locus linkage analysis in another
study suggested that a chromosome locus at 1p contributed both to melanoma and to
dysplastic nevi, whereas 9p anomalies correlated to melanoma in the absence of familial
dysplastic nevus syndrome (32). Germline mutations of CDKN2A were identified in 8%
of Swedish familial melanoma kindreds that each included at least two first-degree
relatives with melanoma and dysplastic nevus syndrome (20), although the same fami-
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lies had no abnormalities of the closely related genes CDKN2B or CDKN2C, the latter
located at 1p32 and encoding the CDK inhibitor, p18 (33). What is clear is that complex
genetic aberrations are involved in the genesis of familial dysplastic nevi and melanoma.
It would seem that different populations have different genetic bases for familial mela-
noma. The early work by Clark and his coworkers (3,4) studied, as a matter of geographic
selection, particular kindreds whose melanomas were induced, in part, by p18 defects.

It appears that phenotypic penetrance of the melanoma-predisposing gene or genes
that link to chromosome 9p is increasing; one study of 18 familial melanoma kindreds
in Australia showed a 21-fold increase in melanoma incidence and an earlier age at onset
of melanoma (21 vs 45 yr) in those born after 1959 vs those born before 1900 (34). This
provides presumptive evidence for an epigenetic factor in inducing a second allelic
deletion or mutation to generate homozygous loss of function of the implicated gene or
genes. Increasing UVL irradiation because of human habits or perhaps reflecting a
depleted ozone layer would seem a logical culprit.

It is possible to measure p16 expression immunohistochemically. In one study, it
appeared that lack of immunoreactivity to an antibody to p16 correlated highly with
aggressive biological behavior and inversely with survival (35); only 46% of primary
melanomas were immunoreactive for p16, implying that a homozygous p16 defect was
operative in over half of cases. Using immunohistochemical markers on frozen tissue,
one group noted complete loss of the p16 protein in 15% of 39 uncultured primary
melanomas, prompting the authors to suggest that inactivation of p16 was perhaps not
as common as earlier thought and that primary, uncultured melanomas should be used
instead of cell culture lines to examine early events in tumorigenesis (36).

These disparate data prompt several speculations. It is possible that differences in the
frequencies of any given mutation or deletion may reflect differences in the ethnicity of
the particular population under study, or it may be that tumor cell lines in culture manifest
genotypic alterations that are not expressed in vivo. Alternatively, perhaps genotypic
aberrancy of melanoma is plastic, evolving constantly because of interactions between
tumor, the host soil, and the immune system; and that cell lines with a metastatic capa-
bility have a more advanced profile of genetic abnormalities. Recent studies have shown
that early melanoma lesions manifest losses of 9p and 10p, whereas melanoma progres-
sion is associated with anomalies of chromosomes 6q, 18q, 1p, 11q, and 17q (18,37–41).
Loss of heterozygosity studies on lymph node metastases showed abnormalities of 6q,
11q, and 7q not detected in primary lesions, whereas the most common abnormality
involved loss of p16 expression, even though no somatic mutations were identified in the
primary or metastatic tumors studied (42). The authors held the data to constitute evi-
dence that different subclones lost different alleles of 9p during tumor progression. By
immunohistochemical means, they showed that some primary tumors and skin metas-
tases did not express p16, whereas corresponding lymph node metastases did (42), a
profile that raises several possibilities, including protein inactivation by epigenetic
mechanisms, gene inactivation, repair of genetic abnormalities during tumor progres-
sion, and clonal selection.

The RB1/p16INK4a gene products are affected not only by genetic events, but also
by epigenetic ones, such as promotor methylation. Promotor methylation causes silenc-
ing of RB1/p16INK4a in melanoma and other brain-metastasizing cell lines (43).

It is important to recognize that the p16INK4a/CDK4/pRB/E2F1 mechanism impacts
not only cell proliferation but also cell death. Normal senescence of melanocytes requires
p16 activity (44); the presence of epidermal-derived cytokines in p16-deficient
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melanoma cell lines reduces apoptosis, whereas further perturbation of p53 function
extends the lifespan of p16-deficient cells dramatically. Another epidermal-derived
cytokine, -melanocyte-stimulating hormone, acts through a cyclic adenosine mono-
phosphate (cAMP)-dependent pathway to elicit proliferative arrest and senescence in
normal human pigment-bearing melanocytes (45). Under experimental conditions
designed to promote melanogenesis, melanocytes derived from light-skinned individu-
als accumulate less melanin than do melanocytes derived from dark-skinned individuals,
and continue to proliferate for several additional division cycles. The delayed senes-
cence associated with UVL-induced melanogenesis in melanocytes from light-skinned
persons may, in part, reflect a reduced association of p16 with CDK4 (45). This mecha-
nism might explain the seemingly paradoxical epidemiological evidence that increased
UVL exposure in dark-tanning individuals is associated with a reduced risk of melanoma
(46). Because biallelic mutation of the p16 (INK4a) gene and its alternate reading frame
locus confer resistance to cellular senescence induced by the Ras gene and its down-
stream regulators, Ets1 and Ets2 (47), one can conclude that dysfunction of this gene
locus in familial dysplastic nevus syndrome simultaneously promotes upregulated cell
proliferation and delayed cell senescence.

P53, BCL-2, FAS, TELOMERASES, AND THE APOPTOTIC PATHWAYS

Although some malignant neoplasms destroy native tissue by virtue of their relatively
greater proliferation rates or via enhanced tissue lysis and invasion, others appear to
replace native tissue by virtue of enhanced cell longevity. For the most part, this can be
achieved through one or both of two mechanisms: reducing the impact of those sequences
which lead to preprogrammed cell death or avoiding the replication-limiting effects of
cell senescence. The first of these processes appears to be dominantly mediated by the
B-cell lymphoma gene, bcl-2, and more specifically by the bcl-2/bax homeostatic sys-
tem, as well as by ligation of Fas (APO/CD95) (Fig. 2). In addition to perturbation of the
apoptotic pathway sequences in melanomagenesis, it is necessary to consider the effects
of the prohibition of cell senescence by overexpression of telomerase activity.

Enhanced expression of bcl-2 has been shown in benign, dysplastic, and malignant
melanocytic proliferations (48,49). Expression of bcl-2 appears to decrease with disease
progression, with absent or focally absent expression becoming increasingly common
in metastatic deposits (50), in which the intensity of immunoreactivity is also reduced
(51). We have shown similar findings in human basal cell carcinoma and have advanced
the hypothesis that bcl-2 expression may play a role in initiating events leading to
malignant transformation by inhibiting apoptosis and, thus, promoting cellular longev-
ity with attendant enhanced risk of UVL-induced mutagenesis (52,53). The p53 tumor-
suppressor gene is particularly susceptible and has been shown to mutate in some human
melanomas. Only 13% of melanomas in one series had loss of heterozygosity at 17p, the
site of p53 (54), in contrast to 40% of cases that showed loss of heterozygosity at 9p21;

Fig. 2. (opposite page) Apoptosis, the major physiological mechanism for cell removal, affects
the death of cells that are irreparably injured or that have reached the end of their lifespan and
achieved replicative senescence. The major endogenous mechanism for apoptosis is mediated via
p53, which binds directly to DNA to recognize DNA damage, mediate cell cycle arrest (see Fig. 1),
or to promote apoptosis. In the event that DNA repair is  impossible, p53 moves the cell into
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Fig. 2. (continued from opposite page) apoptosis through the bcl-2/bax system. High expression
of the bcl-2/bcl-XL group inhibits apoptosis, whereas high expression of the complementary
members of this homodimeric protein family, bad and bax, reduce the antiapoptotic function. The
final death event, disruption of the cell structure, is mediated through the caspases. In addition
to the endogenous mechanisms mediated through p53, external triggers can affect apoptosis; in
particular, the Fas/Fas ligand system, a component of the tumor necrosis factor (TNF/TNF
ligand) family. The ligands bind to cell membrane receptors that assemble into trimeric proteins
that contain specific cytoplasmic death domains that oligomerize and activate procaspase-8 to
generate the latter’s autocatalytic activation.
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thus, a p53 defect is felt to impact only a minority of cases, but is of particular signifi-
cance in those tumors which are expressed in sun-exposed skin sites (55).

The p53 gene encodes a 53-kDa nuclear phosphoprotein that is a member of a group
of proteins that regulates the cell cycle. The p53 protein product functions both as a
suppressor of cell proliferation and, through regulation of the bcl-2/bax system and via
enhanced surface Fas expression, as a regulator of processes that lead to programmed
cell death (56,57). Wild-type p53 operates through the CDK inhibitor, p21waf1/cip1 (p21),
to arrest the cell cycle; elevated expression of wild-type p53 correlates with cell cycle
arrest via elevated p21, which acts by phosphorylating the pRB through CDK CDC2, and
preventing transition from G1 to S phase (58). Mutant-type p53 correlates with low p21
levels and cell proliferation. p53 protein detected in formalin-fixed tissue often reflects
posttranslational stabilization of long-lived mutant protein, as opposed to short-lived
wild-type protein, which normally does not accumulate to sufficient levels to permit
immunohistochemical detection. Nonmutational stabilization of p53 occurs through
complexing with cellular or viral oncoproteins, such as mdm-2 or HPV-16 E6 (59).
Although correlation between high p53 expression and molecular evidence of mutation
is not consistent, it has been postulated that secondary stabilization of wild-type p53
detectable in formalin-fixed tissue may also correlate with a loss of function.
Overexpression of wild-type p53 is inducible by UVL (60). Correlation of p53 and p21
expression in paraffin-embedded tissue would provide presumptive evidence of whether
expressed p53 protein was mutant or wild type (53). Molecular methods for detection of
mutations in p53 have an inherent limitation in that numerous mutations of p53 have
been described, and their detection by polymerase chain reaction requires application of
a variety of different primer sequences (58). As one might expect from the foregoing,
demonstration in melanomas of elevated levels of p21 has been associated with a more
favorable prognosis (61). However, high expression of p53 in the quoted study was also
associated with high expression of proliferating cell nuclear antigen (PCNA) (see page
377), implying that the cell cycle regulatory effects of p21 may be overcome by other
mechanisms. Furthermore, it appears that p21, although it expresses an inhibitory effect
on the cell cycle at high concentrations, is present at low levels in active cyclin–CDK
complexes, as well as CDK–cyclin–PCNA complexes (62,63). It seems that the relation-
ship of p21 expression to the cell cycle is an exquisitely complex one.

The ubiquitinylation of p53 with export into the cytosol leads to its elimination through
the proteosomal system. Proteosome function can itself be abrogated by specific inhibi-
tors, thus providing a potential avenue for therapeutic intervention (64).

The Fas/Fas ligand (CD95/CD95L) system represents a parallel control mechanism
to that of the bcl-2/bax system for initiation of cell-death sequences through the activa-
tion of caspases that are involved in the apoptotic process (57). Fas ligand is a member
of the tumor necrosis factor (TNF) family. Fas-mediated keratinocyte apoptosis induced
by UVL prevents the accumulation within keratinocytes of p53 mutations by deleting
those keratinocytes that bear mutant p53 (65). It would appear that interleukin (IL)-6
downregulates the expression of the Fas receptor and is associated with refractori-
ness to therapy in melanoma patients, in concert with a decrease in the percentage
of HMB-45 positive cells expressing CD95 (66). Melanomas have the capacity to pro-
duce IL-6 in an autocrine and paracrine fashion, and could theoretically abrogate their
own cell-death activation in this fashion (66). The role of CD95 and its ligand in
melanomagenesis is a controversial one. One study showed high expression of CD95,
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but not of its ligand, in most melanoma lines studied (67). Expression of C95 in those
systems was not associated with apoptosis of tumor cells, but induced expression of
CD95L resulted in apoptosis through activation of the caspase cascade (67). Interferon-
 enhances CD95 expression in melanoma cell lines and, in combination with anti-Fas

antibody, decreases bcl-2 expression in cells destined for apoptosis (68). Melanoma cells
have been shown to avoid immune surveillance via high expression of Fas ligand, through
which they induce apoptosis in attacking natural-killer T-lymphocytes (69). Elevated
levels of soluble Fas and Fas ligand may be associated with poor prognosis in advanced
melanoma (70). The expression of Fas appears to be significantly higher in primary than
in metastatic melanoma cells, whereas Fas ligand expression appears to be significantly
increased in metastases as opposed to primary tumors and also correlates with progres-
sively greater primary tumor thickness (71,72).

Although cell immortality is not a necessary prerequisite in tumorigenesis, it appears
to be essential for development of the metastatic phenotype, perhaps enabling an expan-
sion of the number of possible cell divisions needed to acquire the genetic aberrations
that characterize malignant tumors (63). Also theoretically capable of conferring a
selective survival advantage on melanoma cells over their nontransformed counterparts,
through enhanced longevity, would be an increase in the activity of telomerase, a ribo-
nucleoprotein reverse transcriptase complex responsible for telomere reconstitution that,
by delay of telomere attrition, has the capacity to immortalize cell lines (73,74). Telom-
eres enable correct mitotic segregation of sister chromatids during mitosis and facilitate
pairing of homologous chromosomes. Typically, cell lines manifest approx 60 to 80
doublings before replicative senescence. Without telomeres, chromosomes rapidly un-
dergo fusion and degradation (63). During division, the length of telomeres, 4- to 15-kb
simple DNA repeats (TTAGGG), is successively reduced. Although variable in length
in different chromosomes in the same species, telomeres are typically approx 450 nucle-
otides long in humans. It is believed that progressive shortening of telomeres, which
provide a protective DNA cap at ends of chromosomes to prevent genetic instability
(73,75), is a key mechanism in cell senescence. Telomerase activity correlates with the
malignant phenotype in neoplasms, such as those of ovary (76), cervix (75,77), breast
(78), brain (79), and stomach (80). In vitro models indicate that increased telomerase
activity, including that from ectopic sources, is associated with resistance of cells to
apoptosis (81) and to the prevention of ultimate cell senescence in fibroblast lines trans-
formed by viral oncogenes (82). Immortalized human fibroblasts containing active
telomerases continue to proliferate after many generations even if telomeres are ulti-
mately shortened, suggesting alternate protective pathways by which telomerases can
allow cell proliferation to occur (82). A clear relationship of telomerase activity to
enhanced cell cycle activity is not demonstrated in most systems (76). Senescent cells,
which manifest upregulated expression of cyclins D1 and E, cyclin E–CDK2, and cyclin
D–CDK4/6 complexes in the absence of phosphorylated pRB, may instead be impacted
by an inhibitor of cyclin activity, such as the molecule, statin (62).

Enhanced telomerase activity in human cancers does not necessarily reflect increased
transcription of telomerase genes but also may result from decreased function of the
catalytic subunit responsible for telomerase degradation (80), or from loss of a putative
telomerase suppressor gene on chromosome 5 (83). Suppression of telomerase activity
is one function of drug cytotoxicity in human cancer cell lines (74). Increased telomerase
activity has been identified in the serum of melanoma patients (84), in metastatic and
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primary melanoma cell lines, and in dysplastic nevi, with only weak increases in
telomerase activity in normal melanocytes compared with adjacent normal skin. Ab
initio, the relative overexpression of telomerase in in situ melanoma in concert with
enhanced expression of the apoptotic markers, calcium channel receptors P2X (1–3) and
P2Y (2), suggests that the role of telomerase initially may be that of overwhelming the
apoptotic defense in the early melanoma (85). An association between high telomerase
activity and early metastatic spread in melanoma has been demonstrated by others who
showed focal marked elevation of telomerase activity in otherwise banal nevi, perhaps
a factor promoting malignant progression (86). Overexpression of the heat-shock pro-
tein, Hsp90, which is essential to the integrity and stability of the telomerase complex,
has been shown on the cell surface of melanoma cells by flow cytometry, and, by
immunohistochemistry, at a higher level in melanomas and in their metastases than in
benign nevi (87). It is interesting that in the lower-order eukaryotic species studied to
date, induced abnormalities of telomeres generates giant, misshapen “monster cells,”
which are incapable of normal cell division (88) and are morphologically akin to the cells
seen in so-called senescent atypia. Telomer shortening may represent the biological
basis underlying the morphology of senescent atypia. Kerl and coworkers have de-
scribed a lesion they term the “ancient melanocytic nevus,” which has features of senes-
cent atypia mimicking melanoma in large dome-shaped nevi on the head and neck of the
elderly (89).

To further complicate the issue, it must be recognized that there are telomerase-
independent mechanisms that induce melanoma cell senescence, such as one recently
localized to the 1q42.3 region (90). In any event, the telomerase system may afford a
novel strategy for melanoma therapy in the future. For example, inducing telomerase
expression by transduction of cytotoxic T-lymphocytes with the human telomerase
reverse transcriptase gene, presumably by rendering those T-cells resistive to melanoma
cell-induced apoptosis, resulted in enhanced antitumor activity in one study (91).

ONCOGENES AND PROTO-ONCOGENES

Most oncogenes and proto-oncogenes expressed in experimental and human cancers
act through protein tyrosyl phosphorylation, an essential component of intercellular
signaling with impacts on diverse biological functions, including cell proliferation,
migration, differentiation, and death (92). Protein tyrosyl phosphorylation is controlled
by a balance between the activity of the protein tryosine phosphatases and the protein
tyrosine kinases (PTKs). Differentially expressed PTKs are considered candidates for
gene products important in the development of melanoma.

Specific PTKs are overexpressed in human melanoma lines, such as basic fibroblast
growth factor (bFGF) receptor, FGF-R4. Certain PTKs are expressed constitutively in
benign and malignant melanocytes, such as insulin-like growth factor (IGF), FGF-R1,
Her2/Neu, and FAK (92). A receptor tyrosine kinase controlling endothelial cell growth,
and thus critical for neoangiogenesis in malignant neoplasms, is the receptor for vascular
endothelial growth factor (VEGF) (93). Different subtypes of melanoma, perhaps
reflecting anatomic distribution, selectively express different oncogenes with different
impacts on cell proliferation and death. Oncogenic ras, as was demonstrated in acral
melanoma, downregulates CD95 (Fas) expression, apparently at the transcriptional level,
and, thus, contributes to resistance to Fas-mediated cell death (94).
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The oncogene profile expressed in a given tumor may impact its histomorphology, as
well as its metastatic potential. In a murine melanoma model, epithelioid cell, spindle
cell, small round cell, and anaplastic growth patterns are associated respectively with
transformation by H-ras, neu, E1a, and myc oncogenes (95). Morphological heteroge-
neity of human melanomas may thus reflect the activation of different oncogenes in
different regions of a given neoplasm. Round as opposed to spindled vertical growth
phases correlate with the metastatic phenotype in logistic regression models (96);
spindled vertical growth phase clinically portends stubborn local persistence and inva-
sion rather than widespread metastasis. Expression levels of oncogenes and their protein
products may have prognostic significance because high levels of myc expression in
acral lentiginous melanomas studied by flow cytometry appear to correlate with shorter
disease-free survival (97,98). The role of myc in melanoma progression is a complex
one, because this gene can have proapoptotic or antiapoptotic effects depending on other
genetic and epigenetic influences (99). The mechanism by which c-myc induces cell
crisis and proliferative arrest appears to depend on cooperative effects between
telomerase dysfunction and simultaneous oxidative stress (100). Inhibition of the c-myc
proto-oncogene using liposome-mediated antisense oligonucleotides promoted
apoptosis and inhibited tumor growth and metastases in one study (101), suggesting a
role for specific target liposomal therapy. In contrast, analysis of c-myc transfection in
a p53-deficient cell line suggested that c-myc itself appears to sensitize melanoma cells
to diverse apoptotic triggers (102). This could reflect the fact that p53 acts via modula-
tion of the bcl-2/bax ratio. High coexpression levels of bcl-2 and c-myc have been shown
in metastatic melanoma but not in primary tumors or nevi (103). Enhanced c-myc
expression appears to promote cell growth, but antiapoptotic bcl-2, which abrogates the
proapoptotic effects of c-myc, appears to confer a huge selective growth and survival
advantage on metastatic melanoma (103). Overexpression of c-myc binding protein in
melanoma, but not in nevi, has been shown using DNA microarray technology (104).

Comparative Genomic Hybridization
Through comparative genomic hybridization (CGH) of metaphase chromosomes,

one can map DNA sequence copy number variation throughout the entire human genome
onto a cytogenetic map (105). Through the use of arrays of genomic bacterial artificial
chromosomes clones, relative copy number can be measured at loci specified by those
clones through the hybridization of fluorochrome-labeled test and reference DNA
(106,107). Although the prior resolution limit was 10- to 20-Mb segments, the new
technology, termed “array genomic hybridization,” has resolution limited only by the
extent of genomic spacing and length of target DNA clone segments. Because each
cloned segment contains an expressed sequence tag, the location of the clonal DNA
segments on the human genome can be precisely identified. Array genomic hybridiza-
tion permits the accurate quantification of DNA copy number variations across a wide
array of genes, detects single copy deletions and duplications, and improves resolution
and sensitivity in the analysis of the tumor genome (108,109).

DNA Copy Number Changes in Primary Cutaneous Melanoma
CGH can be performed on formalin fixed, paraffin-embedded primary cutaneous

melanomas (110). The most common aberrations in one such study were losses of chro-
mosome 9p, demonstrated in 81% of melanomas, most of which were of the superficial
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spreading type (110). Other frequently affected chromosomes were 10 (63%), 6q (28%),
and 8p (22%). Gains in copy number were seen in chromosomes 7 (50%), 8q (34%), 6p
(28%), 1q (25%), 20 (13%), 17 (13%), and 2 (13%) (110). Most acral lentiginous mela-
nomas studied had only one or two amplified genes, as compared with a control set of
superficial spreading melanomas of similar thickness, in which only 2 of 15 (13%) had
one amplification each (111); at least 15 different genomic regions were amplified in
acral lentiginous tumors, attesting to their more complex genomic anomalies. The most
commonly amplified regions were at 11q13 (47%), 22q11–13 (40%), and 5p15 (20%)
(110). Many of the amplified chromosome segments contain genes implicated in mela-
noma; for example, 11q13 contains the cyclin D1 gene that is overexpressed in all cases
with the amplification and in approx 20% of melanomas without it (112). In in vitro
models, the use of antisense RNA to inhibit cyclin D1 expression in mouse melanoma
cell lines that amplify or overexpress the cyclin D1 gene leads to apoptosis and reduction
of tumor size (111). These genomic differences between acral lentiginous and other
histological melanoma subtypes appear to be expressed in a site-dependent fashion; that
is, superficial spreading or nodular melanomas of non-hair-bearing acral sites seemed to
have more genomic similarities with acral lentiginous melanomas than with their
nonacral counterparts, whereas lentigo maligna and other melanomas arising on sun-
damaged skin show more frequent losses of chromosomes 17p and 13q (55).

Genomic Instability in Spitz and Otherwise Banal Melanocytic Nevi
Unlike melanomas, which tend to have multiple chromosomal aberrations, Spitz nevi

typically express a normal chromosomal complement by CGH, with a minority showing
an increased copy number of chromosome 11p (113). Employing fluorescence in situ
hybridization probes, Bastian and coworkers determined that 12 of 102 cases (11.8%)
had at least a threefold copy number increase of chromosome 11p, the site of the HRAS
oncogene (111). The HRAS gene in two-thirds of those cases with increased copy num-
bers had oncogenic mutations, whereas only 5% of studied cases with normal 11p copy
numbers had an HRAS mutation (111). Those Spitz nevi with 11p copy number increases
were larger, more often dominantly intradermal, and had more pronounced stromal
desmoplasia with characteristic cytology, but were clearly distinctive from melanoma
in terms of their biological behavior (111). A minority of Spitz nevi are aneuploid (114),
albeit with lower DNA indices than melanoma; we regard these aneuploid Spitz nevi as
biologically unstable neoplasms, in which subsequent mutagenic “hits” have the poten-
tial to induce a lesion with invasive and/or metastatic capacity (115), and, in conse-
quence, we advise complete removal of all biopsied Spitz nevi.

Mutations in the BRAF oncogene are described in other forms of melanocytic prolif-
eration (116). Operating immediately downstream in the mitogen activated protein kinase
(MAPK) pathway, the BRAF gene is frequently mutated in melanoma (117), but, by
itself, appears insufficient to enable malignant transformation of melanocytes. BRAF
mutations in primary cutaneous melanoma correlate highly with those tumors that arise
in sun-exposed skin (118). Just as RAS genes require activation of other oncogenes or
inactivation of p53 or p16 to effect neoplastic transformation of normal cells, cells in
Spitz nevi that possess HRAS mutations may, for example, undergo senescence caused
by degenerating telomeres or have G1 arrest that prevents cell replication. Proliferation
rates in most genetically anomalous Spitz nevi are typically low, but those with the 11p
gain may have an increased risk of recurrence (111,119). Although most Spitz nevi show
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enhanced MAPK pathway activation, those with 11p copy number increases also have
increased cyclin D1 expression despite low proliferative activity (120). It would appear
that the majority of primary melanomas express multiple chromosomal aberrations,
whereas the great majority of nevi manifest a normal chromosomal complement. Benign
nevi that do manifest chromosomal aberrations most often express a restricted set of
abnormalities uncharacteristic of melanoma.

A better understanding of the oncogenes and their molecular mechanisms of action
holds the promise of novel therapies for melanoma. For example, the use of a Ras
antagonist has been shown to inhibit the growth of N-Ras-transformed human melanoma
cells in vitro and also to reverse the transformed phenotype (121). Another example
would be the generation of specific peptide vaccines designed to promote the formation
of antibodies that block growth factor–receptor interactions. Antibodies to FGF-2 that
restrict neoangiogenesis are associated with a reduced incidence of metastatic events in
animal models (see “Cell–Matrix Interactions” ) (122).

MARKERS OF CELL-PROLIFERATIVE ACTIVITY

Ki-67/MIB-1 and Proliferating Cell Nuclear Antigen
The biomechanics of cell cycle dysregulation result in higher proliferation rates in

melanoma as opposed to benign nevomelanocytes. Several markers of proliferative
activity have been used in an attempt to distinguish benign from malignant melanocytic
proliferations. MIB-1 is a monoclonal antibody that recognizes a Ki-67 epitope, but,
unlike Ki-67 antibody, which requires fresh or frozen tissue, MIB-1 antibody can be used
in formalin-fixed, paraffin-embedded material (123); high MIB-1 reactivity (defined as
immunoreactivity in >20% of tumor cells) correlates with a reduction in cause-specific
survival in thick (>4.0 mm Breslow depth) stage I melanomas. MIB-1 expression is
progressively greater from benign nevi through primary to metastatic melanomas, and
correlates with Clark level of invasion and Breslow depth (124).

Proliferating cell nuclear antigen (PCNA) is a polymerase accessory protein expressed
during the cell cycle from G1 to G2, peaking at the G1/S phase; PCNA can be detected
in formalin-fixed, paraffin-embedded tissue by a monoclonal antibody. The PCNA index,
as defined by the number of immunoreactive cells per 1000 tumor cells, was 7.2 in nevi
and 248.5 in melanoma (125). The PCNA index in one study was more efficacious than
the Breslow depth in predicting locoregional recurrence and metastasis (126). Ki-67
expression correlated more closely in one study of uveal melanoma with S phase, shorter
survival, histological type, and tumor size than did PCNA expression (127); similar
greater predictive power has been reported for Ki-67 over PCNA expression in animal
models (128). Ki-67 and PCNA expression correlate with survival (129) and/or meta-
static behavior (130).

Flow cytometric analysis showing an aneuploid DNA content is associated with a
higher risk of metastatic progression in level III and IV melanomas (131). Mitotic indi-
ces, which are a morphological reflection of the proliferation status of a melanoma,
correlate inversely with survivorship in large series (132) and have recently emerged as
a powerful prognostic indicator (133). Combinations of data elements and large sample
sizes improve prognostic power (134). The correlation of sensitive immunohistochemi-
cal markers to historically tested outcome determinates may soon permit prognostica-
tion on a personal level and with a previously impossible degree of accuracy, a practice
referred to by some authorities as “ultrastaging” (135).
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Argyrophilic Nucleolar Organizer Region
Argyrophilic nucleolar organizer regions (AgNORs) are loops of DNA that tran-

scribe ribosomal RNA. Because cells showing prominent transcription are thought to
have more AgNORs, the staining of AgNORs is a histological technique that has been
used to distinguish benign from malignant tumors. Melanomas have a higher number of
black nucleolar and extranucleolar dots than benign nevi, including Spitz nevi, and in
one study, melanomas with more than 3.62 AgNORs per cell were more likely to be
associated with aggressive disease than melanomas with fewer AgNORs (136). Although
dysplastic nevi and Spitz nevi show significantly lower AgNOR expression than mela-
nomas (137), there is no significant difference in some observers’ hands between dys-
plastic nevi and banal common acquired nevi (138). Stepwise increases in AgNORs
seem to parallel melanocytic progression from benign nevi through radial growth phase
to vertical growth phase melanoma in a fashion that corresponds to Ki-67 immunoreac-
tivity (139).

Metallopanstimulin/S27 Ribosomal Protein
Human metallopanstimulin (MPS)-1 is a 9.4-kDa multifunctional ribosomal S27

nuclear protein expressed at high levels in a wide variety of cultured proliferating cells
and neoplasms, including melanoma (140–142), but at only at low levels in nonmalig-
nant neoplasms and cell lines (140). Levels of MPS antigens circulating in the peripheral
blood stream, as detected by radioimmunoassay, correlate with more advanced stages of
prostatic carcinoma, for example, and are reduced when tumors are in remission (142).
Elevated MPS levels identify neoplasia with greater than 90% confidence in a wide array
of tumor types (143). MPS-1 protein is weakly expressed in benign nevi, in which
expression is usually confined to the more superficial type A nevomelanocytic compo-
nent; the deeper, more mature components do not manifest expression. A parallel expres-
sion gradient is observed in congenital nevi, in which superficially disposed proliferation
nodules are often positive. Reactivity of neoplastic melanocytes in melanoma is variable
throughout the lesion, unlike the aforementioned gradient expression pattern seen in
congenital or common benign acquired nevi (144).

GROWTH FACTOR INTERDEPENDENCE AND REGULATORY
PATHWAYS IN MALIGNANT MELANOMA

Normal melanocytes are subject to the cytokine-mediated growth-regulatory effects
of keratinocytes and Langerhans’ cells. In the human epidermis, a functional symbiosis
exists between keratinocytes and melanocytes, whereby the keratinocytes control the
dendritic character and growth activities of the melanocytes (145). Keratinocytes produce
IL-1 constitutively and can be stimulated to produce IL-6, IL-8, colony-stimulating
factors, and TNF-  in vitro. IL-1  inhibits neonatal tyrosinase activity, and, thus, mela-
nin synthesis, but lacks an inhibitory effect on melanocyte proliferation. Neonatal human
melanocyte proliferation is inhibited by IL-1 , TNF- , and IL-6. It has been established
through immunohistochemical means and through polymerase chain reaction studies
that normal and neoplastic melanocytes synthesize IL-1  and IL-1  in vitro (146).

In contrast to nontransformed melanocytes, melanoma cells do not require exogenous
growth factors to promote continuous growth. Melanoma cells instead become refrac-
tory to the keratinocyte-mediated regulation of their growth activities. This loss of
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regulatory dominance by keratinocytes is associated with downregulation of E-cadherin
expression (145). Transduction of E-cadherin expression in previously E-cadherin-nega-
tive melanoma cell lines results in melanoma cell adhesion to keratinocytes, and
downregulates expression of the invasion-associated adhesion receptors, melanoma cell
adhesion molecule (MCAM)/MUC-18 (see “Cell–Matrix Interactions in Melanoma
Progression”) and -3 integrin, and also induces apoptosis (145). It is believed that
autonomy from keratinocyte-derived growth factors confers a selective growth advan-
tage on neoplastic melanocytes. In particular, melanocytes harvested from common
acquired and dysplastic nevi have similar growth factor requirements, namely, for bFGF
and IGF-1. Similarly, radial growth phase melanoma cells, which lack the biological
capacity for metastasis in vivo, require bFGF and IGF-1 for sustained growth; the com-
bination of bFGF and IGF-1 has the greatest effect on growth promotion in certain
specific melanoma cell lines (147). Cells harvested from vertical growth phase mela-
noma cells or from metastatic melanoma, however, have an indefinite life-span in culture
and do not require exogenous bFGF. It appears that stepwise transformation occurs, in
that vertical growth phase melanoma cells still require exogenous IGF-1 for sustenance,
whereas metastatic melanoma cells do not. The reason for growth factor autonomy is
thought to reflect autocrine elaboration of growth factors by the melanoma cells. By
Northern blot analysis or RNA-polymerase chain reaction assays, growth factor tran-
scripts including platelet-derived growth factor (PDGF)-  and PDGF- , transforming
growth factor (TGF)-  and TGF- , bFGF, IL-1 , IL-6, and IL-8 have been detected
in vertical growth phase melanoma cell lines. Most notably, bFGF, PDGF-  and PDGF-

, TGF-  and - , and IL-1-  have been found to be constitutively enhanced in vertical
growth phase melanoma cells. Thus, vertical growth phase melanoma cells appear to
acquire the capacity for autocrine and paracrine stimulation, the latter reflecting an
ability of vertical growth phase melanoma cells to enhance and to perturb the growth of
their neoplastic and nonneoplastic neighbors (146). Similarly, melanomas appear to
have the capacity to increase receptor density for growth-promoting cytokines; whereas
epidermal growth factor receptor can be demonstrated in tissue sections in both benign
and malignant melanocytic proliferations, the expression is greater in malignant than in
benign melanocytic proliferations (148).

Certain cytokines, such as IL-6, generate a response from melanocytes that is depen-
dent on the state of disease progression. Thus, whereas bFGF stimulates melanocyte
growth at all states of progression, IL-6 inhibits growth of early-stage melanoma cells,
and different late-stage melanoma lines are either resistant to or stimulated by Il-6. A
similar bidirectional growth regulator in melanoma is TGF- . Although radial growth
phase melanoma cells are sensitive in vitro to growth inhibition by TGF- , IL-6, IL-1,
and TNF- , vertical growth phase melanoma cells are insensitive. It appears that consti-
tutive enhancement of synthesis of one cytokine in isolation does not, by itself, reflect
a metastatic phenotype, implying a “multi-hit” mechanism of neoplastic transformation.
Some of these cell culture findings can be confirmed in situ. Immunohistochemical
studies comparing nevi and thin primary melanomas to thick primary and metastatic
tumors seem to indicate that weak TNF- , TGF- , and IL-8 expression correlates with
benign nevi and early malignancy, whereas marked upregulation of expression of
TNF- , TGF- , granulocyte macrophage colony-stimulating factor (GM-CSF), stem cell
factor, and IL-6, IL-8, and IL-1  correlates with more biologically advanced (i.e., thick)
melanomas (149). Increased production of TGF- , along with resistance to its growth-
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inhibitory effects, is characteristic of metastatic melanoma cell lines (150); TGF-
appears to be a key cytokine in upregulation of -integrin expression, and plays a role
in downregulation of the immune response to melanoma. Expression of TGF-  appears
to be a marker of metastatic dissemination (149). The coexpression of both ligand and
receptor for TGF- , GM-CSF, and IL-6 suggests autocrine production of these growth
factors. Although TGF- 2 expression correlates with thick melanoma and is not seen in
benign nevi, including Spitz nevi (151), TGF- 1, which stimulates the motility of mela-
noma cells in culture in the presence of collagen type I, also requires the presence of
surface CD44 expression to have effect (see “Cell–Matrix Interactions in Melanoma
Progression”) (152).

The elaboration of IL-1 by melanoma cells may play a role in tumor invasiveness and
the acquisition of metastatic capability. IL-1  is known to enhance melanoma cell
motility, whereas blockade of IL-1 receptors has been shown to decrease the size and
number of hepatic metastases in mouse models. IL-1 upregulates the expression of man-
nose receptors in murine endothelia, a phenomenon associated with increased mela-
noma cell adhesion. Increased IL-1 levels are seen in the setting of inflammation and infection
and correlate, in murine models, with greater adhesion of melanoma cells to endothelia.

CELL–MATRIX INTERACTIONS IN MELANOMA PROGRESSION

Cell-Surface Adhesion Molecules and Their Expression in Melanoma
The expression of certain adhesion molecules on the surfaces and in the cytoplasms

of melanoma cells correlates with acquisition of the metastatic phenotype. Specific
surface glycoproteins that correlate to vertical growth phase and metastatic melanoma
include the integrins 3 (153) and 4 1, the immunoglobulins intercellular adhesion
molecule (ICAM)-1 and MCAM (MUC18 or CD146), and specific subtypes of CD44.

The integrins are a family of cell-surface adhesion molecules that coordinate cell–cell
and cell–matrix interactions. The integrins exist as transmembrane molecules that com-
prise a heterodimer of - and -subunits, of which there are currently at least 22 dis-
tinctly recognized forms (154). The integrin includes a cell-surface ligand and an
intracellular component that is in contact with the cytoskeleton. Cell surface interactions
impact cell motility, as well as adhesion and, thus, play a role in processes as diverse as
wound healing and malignant transformation (155,156). The integrins manifest differ-
ential substrate binding in the extracellular matrix. For example, 3 1 integrin binds to
collagen types I and IV. Alterations of the integrin profile attend the acquisition of the
malignant phenotype in solid tumors. Whereas 6 1 integrin is said to be expressed at
significantly higher levels in benign nevomelanocytic lesions (157), 3 1 integrin has
been shown to be upregulated in melanoma cells and correlates with increased invasive
and metastatic potential (158,159). There is a high expression level of 3 integrin in
metastatic deposits (159,160). Localization of 3 integrin in basal lamina around mela-
noma cells is demonstrable by immunoelectron microscopy (154); tumor cells may
elaborate basement membrane material to promote invasion and/or as protection from
immunocompetent cells. The 3 3 integrin has emerged as a key mediator of angiogen-
esis, and its expression on endothelia and melanocytes is a relatively specific and sen-
sitive marker of melanoma (161). Blockage of 3 integrin, the vitronectin receptor,
inhibits tumoral neoangiogenesis in mice (162,163). Treatment of melanoma cells in
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culture with v integrin antagonists has been shown to disrupt the actin cytoskeleton, to
induce molecular disassembly of cell-to-cell contacts, and to cause melanoma cells to
round up and detach from culture plate surfaces (164). By downregulating expression of
the vitronectin receptor and the laminin receptor, as well as 72-kDa collagenase activity,
retinoic acid therapy has been shown to inhibit the metastatic potential of the B16
melanoma cell line (165).

The intensity of 3 integrin expression is an independent prognostic variable that
correlates with tumor thickness, with vertical, as opposed to radial, growth phase mela-
nomas (153), with lung metastases (166), and with death (167). In contrast, 1 integrin
expression correlates with lymph node metastases (168). 3 integrin expression is absent
in benign nevi but has an expression profile in Spitz nevi that strongly resembles that of
vertical growth phase melanoma (153) and is upregulated by TGF- , which is elaborated
in an autocrine fashion by melanoma cell lines capable of metastasis (169). The expres-
sion of TGF-  also correlates with increased cell proliferation, as measured by Ki67
expression (169). There is a correlation between the expression of 3 integrin and of
matrix metalloproteinase (MMP)-9 in one human melanoma cell line (170). Because one
of the roles of metalloproteinases is basement membrane lysis, it is of interest that
specific NC1 domains of type IV collagen actually may inhibit angiogenesis, providing
an additional mechanism by which metalloproteinases, through the digestion of such
domains, could negate their antiangiogenic properties and, thus, promote tumor growth
and metastasis (171). These NC1 domains also regulate endothelial cell adhesion and
tumor migration through v 1 integrin-dependent mechanisms (171). Tumor cell
chemotaxis induced by type IV collagen appears to be dependent, at least in part, on
mechanisms involving CD47/integrin-associated protein and 3 integrin (172). It
appears that CD36 expression in melanoma cells may induce the sequestration of spe-
cific integrins into membrane microdomains to promote cell migration (173). The dis-
tinctive capacity of melanoma subclones to selectively metastasize to different organs
(174) may in part reflect the integrin profiles on the cell surfaces of those subclones.

As determined by zymography of cell lysates, the expression of integrin 3 has
been shown to correlate with the activity levels of membrane-type (MT)-1MMP and
MMP-2 in human melanoma cells (175). The import of integrin 3 expression appears
to be dependent on the morphological subtype of melanoma analyzed. In particular,
integrin 3 expression correlated to tumor thickness and recurrence in lesions of
nodular melanoma, superficial spreading melanoma, lentigo maligna melanoma, and
mucosal melanoma, but did not correlate with those parameters in lesions of acral
lentiginous melanoma (176). Furthermore, although the expression profiles of integrins
appear to fluctuate during transition from radial to vertical growth phases in the skin, in
particular by virtue of the acquisition of 3 expression, this pattern does not hold true
for uveal tract melanoma (177). It may well be that the integrin expression profile also
fluctuates during vascular ingress and egress (177).

Components of the stroma also impact cell proliferation and synthetic capacities.
Fibrillar collagen has been shown to inhibit melanoma cell proliferation by upregulating
p27kip1 expression (178). It is plausible that basement membrane material, which is
secreted by and surrounds melanoma cells before their expression of MT-1 MMP, serves
as a barrier to prevent type I collagen from contacting the cell surface and causing cell-
growth arrest. These regulatory effects appear to be mediated by interactions between



382 From Melanocytes to Melanoma

type I collagen and the collagen-binding integrin, 2 1 (179). Another way for mela-
noma cells to escape these downregulating mechanisms would be to digest type I col-
lagen or to alter surface integrin expression. The former activity would require MMP
elaboration and/or activation. Epithelioid melanoma cells from vertical growth phase
tumors generally have the most aggressive metastatic capability. One study of four uveal
tract melanoma cell lines showed that the most aggressive phenotype was associated
with an epithelioid cytomorphology that correlated not only with the highest expression
of 117-kDa MMP-2, but also with the lowest expression of integrin 1 (179). The
investigators attributed the aggressive behavior to the MMP-2 expression, and the epi-
thelioid cytomorphology to the loss of integrin 1 expression (179). With respect to

1 integrin expression, one study of 38 metastatic melanomas in 27 patients found that
those patients whose tumors had higher 1 integrin expression had significantly longer
disease-free (median 38 vs 7 mo) and overall (median 70 vs 23 mo) survival than those
patients whose tumors had low levels of 1 integrin expression (180).

The members of the CD44 family of transmembrane glycoproteins are the binding
receptors for hyaluronate, a major component of the extracellular matrix. The CD44
protein exists in standard (CD44s) and variant isomers, of which, at least 10 (CD44v1–10)
have been identified to date. When expressed at the cell surface, CD44 can mediate
binding to collagens type I and IV and fibronectin, with a potential role in tumor cell
motility and invasion (152). In mouse models, melanomas with high levels of CD44s
expression have a greater propensity for hematogenous metastases than do cell lines with
low levels (181). The expression of CD44s in human melanoma metastases has been said
to parallel that of primary neoplasms and to correlate inversely with tumor size, depth,
and level of invasion (182), whereas nevi uniformly and strongly express CD44s. In
contrast, CD44v6 expression appears to be restricted to malignant tumors. Others have
found no reliable correlation between CD44 isomer expression and neoplastic transfor-
mation (183). The CD44 molecule appears to be the binding site of the ezrin, radixin, and
moesin glycoprotein family members, thought to play a role in attachment to the cell
membrane of actin filaments involved in cell locomotion. Moesin expression is progres-
sively reduced in those melanomas showing deeper levels of invasion or metastasis, but
is intense in benign melanocytic proliferations and in situ melanomas (184). Reduced
moesin expression may play a role in reducing contact inhibition of motility.

Osteonectin (BM40 or SPARC—secreted protein, acidic, and rich in cysteine) is a cell
matrix protein involved in tissue mineralization, angiogenesis, and cell–stroma interac-
tion. Its overexpression in a group of thin primary melanomas was associated with
aggressive biological behavior as compared with a control group of biologically indolent
tumors of similar thickness (185), leading the authors to conclude that osteonectin ex-
pression correlates highly with the metastatic phenotype.

The cell-surface adhesion molecule, MCAM (MUC18/CD146), the gene for which is
located on chromosome 11q (186), appears to play a role in heterophilic interactions
between melanoma cells and endothelia and is strongly expressed in melanoma cell
lines with metastatic capability (187,188); transfection of non-MCAM-expressing,
nonmetastasizing cell lines with MCAM complementary DNA leads to acquisition of
metastatic capability (189). Expression of MCAM in melanoma cells lines is
downregulated by transfection with mutated transcription factors of the activating tran-
scription factor/cyclic adenosine monophosphate response element-binding (CREB)
protein family; the CREB protein transcription factors play a role in cell adhesion and
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the acquisition of the metastatic phenotype (190). Cells transfected with mutant CREB
protein display downregulation of the 72-kDa collagenase type IV (MMP-2), which is
involved in the lysis of basement membrane materials in the dermo–epidermal interface
and in blood vessels (190–192). Such mutant CREB protein-containing cells also mani-
fest downregulated expression of MCAM/MUC18 (192) and increased radiosensitivity,
the latter suggesting that CREB factors promote survival in human melanoma cells
(193). In addition to enhancing radioresistance, a feature that characterizes metastatic
melanoma cell lines, activating transcription factor -2 confers drug resistance to several
classes of cytoreductive agents (194).

Cell-to-cell contact appears to influence events that trigger the apoptotic pathways,
because, in a canine melanoma cell culture system, cell contact led to the expression of
p53 and p21waf1/cip1. This expression of p21waf1/cip1 did not prevent apoptosis (195),
although prolonged growth arrest without restimulation did lead to apoptosis, whereas
discontinuance of serum deprivation or release from contact inhibition caused reentry of
the growth cycle. Metastatic melanoma cells producing growth factors in an autocrine
and paracrine fashion appear to survive insults that provoke apoptosis in healthy cells.

CYTOSKELETAL COMPONENTS, INVASION,
AND THE METASTATIC PATHWAY

Cell skeleton intermediate filaments, such as actin, present not only in smooth muscle
cells but in keratinocytes (196) and in melanocytes as well, play a role in cell motility.
Typically below the detection threshold of routine histochemistry, some melanomas,
such as desmoplastic melanomas, may express cytosolic actin demonstrable in conven-
tional immunoperoxidase preparations (197). Actin filaments are arranged in configu-
rations including loose and tight bundles and branching arrays. To effect locomotion, the
cell must be able to solubilize or disassemble and then reassemble these arrays, a func-
tion that is dependent on actin-binding protein and gelsolin, a protein that enables or
effects their reassembly (198). Metastatic melanoma and the fibroblasts of the host
stromal reaction to metastatic melanoma manifest a qualitative and quantitative differ-
ence in actin filament expression. Primary melanoma cells strongly express cytoplasmic
actin filaments (199), whereas benign nevi and their stromal cells do not express -actin.
By immunohistochemistry and Western blot analysis, the bulk of -actin surrounding
metastatic melanoma can be shown to derive from myofibroblasts, a cell species perhaps
derived from fibroblasts in response to cytokine elaboration by the melanoma cells
(200). Transfection of B16 melanoma cell cultures with variant actins reduces metastatic
capability (201). Other cytoskeletal filaments also play a role in structural integrity and
presumably also in locomotion. Cotransfection of a low metastatic capability, vimentin-
expressing melanoma cell line in vitro with keratins 8 and 18 enhanced invasion of
basement membrane matrix and migration through gelatin, leading to speculation that
coexpression of vimentin and keratins results in cytoskeletal interactions at contact points
between tumor and matrix and, thus, contributes to enhanced migratory behavior (202).

Complementary to cytosolic actin filaments are the actin-binding proteins. One such
protein, -actinin, is expressed only in the superficial portions of benign nevi and super-
ficial spreading melanomas but is strongly expressed in a pandermal fashion in nodular
melanomas and their metastases (203). Lentiginous and pagetoid intraepidermal mela-
noma cells do not express actin-binding protein, whereas the nested neoplastic cells of
both benign nevi and primary melanomas do (204). Differential expression of this
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adhesion protein may play a role in the adhesive character of subpopulations of mela-
noma with differing metastatic capabilities. -Actinin is postulated to affect linkage of
actin to -1 integrins, whose expression relates to malignant potential. Metastatic cell
lines have a high ratio of -actinin to actin (205).

The degree of actin organization and the presence of vinculin-containing adhesion
plaques correlates inversely with metastatic capability of cultured cell lines in some
systems (206), although there is controversy regarding how the ability of cells to highly
organize their cytoskeleton correlates to metastatic capability. Melanoma cell lines with
high metastatic ability are those that are most effective at acutely increasing their cyto-
solic levels of F-actin and vimentin in response to agents that reduce cell attachment and
invasion of fibronectin in vitro (207). Using confocal laser microscopy, it has been
shown that melanoma cell shapes are highly plastic during transendothelial migration,
being round and having cortical F-actin expression before migration but manifesting a
pseudopod-like morphology with blebs protruding from contact surfaces during
transendothelial migration (208). These effects are promoted by TNF (208), except in
cell lines deficient in actin-binding protein, in which TNF fails to impact signal trans-
duction in cell (209). Melanoma cell lines deficient in actin-binding proteins are those
with impaired locomotion, suggesting that actin-binding protein is important for the
stabilization of cortical actin in vivo, and, thus, a prerequisite for locomotion (198). The
ability to rapidly and reversibly alter the cytoskeleton is a property of cells capable of
successfully moving through and around stromal barriers and of gaining vascular access.

MATRIX METALLOPROTEINASES

The MMPs are zinc-dependent enzymes capable of lysing components of the extra-
cellular matrix and are classified based on the substrate that they preferentially digest;
therefore, members of this family include collagenases, stromelysins, gelatinases, and
so on. The subclass of gelatinases, including MMP-2 and MMP-9, are capable of digest-
ing type IV collagen, which constitutes a major constituent of basement membrane
material. Although earlier studies showed a high correlation between expression of
MMP-2 by melanoma cells and hematogenous metastasis (210), it is now believed that
the expression of MMPs 1, 2, 3, 9, 14, 15, and 16 correlates with the metastatic phenotype
(211). The MMP system exhibits a dynamic balance with tissue inhibitors of
metalloproteinases (TIMPs). The downregulation of TIMP activity can have the same
effect as upregulation of its corresponding MMP. Some MMPs are elaborated or secreted
in an inactive state and require cofactors for their activation, such as the 72-kDa gelatinase
that is activated by MT-1 MMP and TIMP-2 in cultured melanoma cells (212). Certain
products of some MMP digestion events are capable of acting as cofactors for other
MMPs. Thus, the basement membrane that is elaborated around benign nevus cells and
early melanoma cells, but is absent in late stage melanomas, may act as a semipermeable
barrier for the accumulation of growth-promoting tissue factors, such as bFGF, until
growth factor autonomy is established by a given neoplastic clone. Expression of
MT-1 MMP is upregulated in melanoma and those tumor cells that do express MT-1
MMP manifest enhanced mobility in response to laminin-1, a basement membrane
component (213). Tumor-stromal signaling is a critical, but as yet poorly understood
factor in melanoma progression (214,215). For example, stimulation of MT-1 MMP
activity by the stromal cell-derived factor-1 , has been documented and is dependent on
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the expression by melanoma cells of the stromal cell-derived factor-1  receptor, CXCR4
(156). The expression of CXCR4 is augmented by TGF- , whereas antibodies to TGF-
inhibit CXCR4 expression and melanoma cell invasion (156). Alternatively, TGF-  may
inhibit melanoma growth by blocking the plasminogen activation system (216).

The importance of enzyme degradation in acquisition of the metastatic phenotype is
underscored by logistic regression models that highlight a relationship between type IV
collagenase, as well as cathepsins B and D, and metastatic capability (96). Cathepsin D
is expressed in the great majority of primary and metastatic melanomas and dysplastic
nevi but only in a minority of common acquired nevi and not in normal melanocytes
(217). Further, dermal nevus cells derived from congenital nevi lack the capacity to
activate MMP-2 (218).

MMPs may also play a role in angiogenesis. The MMP inhibitor, batimastat, inhibits
angiogenesis in hepatic metastases of B16F1 melanoma cell lines (219).

MMPs and their inhibitors are also involved in the initiation of the cell-death cascade.
The overexpression of TIMP-2 inhibits tumor cell growth in severe combined immuno-
deficient mice, dependent on the presence of fibrillar type I collagen in the matrix of the
infiltrated stroma, which induces melanoma cells to undergo a cell cycle arrest at the G1
to S phase transition through a mechanism that involves upregulation of the cell cycle
inhibitor, p27kip1 (220). The metalloproteinase inhibitor TIMP-3 promotes apoptosis,
further suggesting that in some cases the signal for cell death is an extracellular one
(221). The induction of TIMP-3 expression by an adenoviral vector results in stabiliza-
tion of CD95, TNF receptor, and the TNF-related apoptosis-inducing ligand receptor,
thereby sensitizing melanoma cell lines to apoptosis induced by TNF- , Fas antibody,
and TNF-related apoptosis-inducing ligand (222). These effects can be blocked by
selective and coselective caspase inhibitors, suggesting that the role of TIMP-3 in pro-
moting apoptosis is mediated through stabilization of the aforementioned cell death
receptors and the activation of the apoptotic signal cascade through caspase 8 (222).

The MMP system affords a potential therapeutic target. Topical imiquimod, for
example, which has been used successfully to treat lentigo maligna (223), has been
shown to downregulate MMP-9 activity and, thus, to inhibit angiogenesis (224).

P75 NERVE GROWTH FACTOR RECEPTOR AND BRAIN METASTASES

The p75 nerve growth factor receptor, a cysteine-rich transmembrane glycoprotein
receptor for nerve growth factor (neurotrophin), is present on the surface of neural crest-
derived cells. Highly expressed in spindle cell melanomas, p75 is thought to mediate
perineural spread of desmoplastic melanoma (225). Its stimulation by neurotrophin
enhances heparinase activity in melanoma cell lines with high metastatic potential, in a
fashion that correlates with the brain-metastasizing melanoma phenotype. Expression of
p75 appears to promote the survival of brain-metastasizing cell lines, but not normal
melanocytes, under stressed culture conditions (226).

ANGIOGENESIS AND THE METASTATIC PHENOTYPE

Vascular access is a key event in metastatic progression. VEGF, bFGF, IL-8 and
platelet-derived endothelial cell growth factor play a synergistic role in promoting
neoangiogenesis in human melanoma (227,228); opposed to these angiogenesis pro-
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moters in malignant neoplasms are antiangiogenesis agents, such as angiostatin,
endostatin, and vasculostatin, derived from the proteolytic cleavage of plasminogen,
collagen, and transthyretin (228–230). The vascular supply issue is a vital piece to the
puzzle of melanoma metastases and may partly explain, for example, why melanoma
micrometastases appear to remain dormant in a given lymph node station, perhaps for
years. When compared with clinically apparent and biologically significant macro-
metastases, it has been established that micrometastatic deposits have low proliferation
rates that correlate to hypovascularity (231). In the future, certain growth factors will
likely be proven to be essential prerequisites to the acquisition of the metastasizing
melanoma phenotype and, of these, some may emerge as possible therapeutic targets.

VEGF and ICAM-1
VEGF is a homodimeric endothelial cytokine that increases vascular permeability

(232) and promotes endothelial mitogenesis. The expression of VEGF correlates with
thick, as opposed to thin, melanoma and with the absence of regression (233). Transition
from radial to vertical growth phase melanoma is associated with the accumulation of
VEGF in tumor stroma (234). In concert with the expression of VEGF, all melanoma cell
lines tested in one in vitro study also expressed receptors for VEGF, flt-1, and KDR
(235). Dysplastic, Spitz, and blue nevi do not express VEGF (233). The Ha-Ras gene
appears to exercise some regulatory control over VEGF expression (236). Using sensi-
tive radioimmunoassay, elevated levels of soluble VEGF are demonstrable in patients
with melanoma vs normal controls, although it is not clear that survival correlates with
the level of expression (237). One study showed that 6 of 10 patients with VEGF-
expressing primary melanomas developed metastases, whereas all of four VEGF-nega-
tive primary tumors remained disease-free at 5-yr follow-up (238). Cofunctional ligands
of the VEGF receptor that inhibit VEGF binding inhibit neoangiogenesis and lung
metastases in murine melanoma cell lines (239). The morphological hallmark of mela-
noma angiogenesis is a glomeruloid pattern of microvascular proliferation typically
associated with upregulated expression in tumor endothelia of the VEGF-A receptors
KDR, FLT-1, and neuropilin-1, as well as VEGF protein, associated with stromal ex-
pression of thrombospondin-1 (240). All isoforms of VEGF-A appear to be operative in
vertical growth phase melanoma (241).

Expression of VEGF appears not to be mediated through upregulation of ICAM-1
expression by endothelia (242). The soluble form of ICAM-1 is elaborated by melanoma
cells in a fashion that correlates with tumor progression (242); melanoma-secreted
interferon-1  upregulates the shedding of ICAM-1 by endothelia and thus affords a
mechanism by which melanoma cells can enhance their angio-adhesive properties. There
appear to be other independent and distinctive pathways of tumor angiogenesis. One of
these is the tyrosine kinase with immunoglobulin-like and epidermal growth factor
homology domains, or Tie family (243). Both the Tie pathway and VEGF proved essen-
tial to tumor angiogenesis in one in vitro study (243).

Melanomas appear to be capable of producing their own lymphatic supply as well,
including in the context of tumor emboli; intratumoral lymphatics as demonstrated with
the lymphatic endothelial marker LYVE-1 correlate with poor disease-free survival
(244). Through a real-time polymerase chain reaction methodology, expression levels
of LYVE-1 were found to correlate with those of VEGF-C messenger RNA in vertical,
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as opposed to horizontal, growth phase melanoma, as well as with local recurrence and
metastatic disease (245). It appears that VEGF-C has high specificity for lymphatic
endothelium and is differentially expressed in melanoma cells harvested from lymph
node deposits (246).

Basic Fibroblast Growth Factor
bFGF is a heparin-binding polypeptide that has potent angiogenic properties. Although

not expressed in normal melanocytes but a requisite for their sustenance in culture, bFGF
is expressed early in the acquisition of the invasive melanoma phenotype (247). The
transduction of normal melanocytes by bFGF in culture systems results in the acquisition
of a transformed phenotype manifesting anchorage-independent growth in agar (248).
It appears that bFGF plays a decisive role in the acquisition of the early tumorigenic
phenotype, because the growth and migration of radial growth phase melanoma cells in
skin reconstructs and tumorigenicity in vivo occurs only after transduction of early radial
growth phase melanoma cells with a vector bearing the bFGF gene (249). Lentigo
maligna, which has a longer in situ phase than superficial spreading melanoma, also
expresses significantly less bFGF in tumor cells and manifests lower dermal microvessel
density (250). Melanoma cell lines in culture express bFGF in proportion to their meta-
static capability (251), and, when injected into nude mice, cell lines expressing the
highest levels of bFGF have the greatest angiogenic impact (252). Administration of a
liposome-based FGF peptide vaccine to mice resulted in the generation of a specific anti-
FGF antibody response, blocking neovascularization in an in vitro model and inhibiting
experimental metastases by more than 90% (122). Microvessel density is low in common
acquired nevi and increases proportionately in dysplastic nevi, primary melanoma, and
metastases in a fashion that correlates with FGF2 expression (253). The expression of
bFGF in peritumoral mast cells may suggest a role for mast cell-induced angiogenesis;
melanomas produce mast cell chemoattractant and degranulating factors (254,255).
Mast cell densities and tryptase expression correlate with FGF-2 elaboration and with
microvessel density in melanocytic tumor progression (253).

The expression of bFGF in desmoplastic melanoma has been thought to be one poten-
tial explanation for the fibroblastic stromal reaction in these tumors. When analyzing the
distribution of bFGF by immunohistochemical means, one group found nuclear and/or
cytoplasmic expression in 95% of desmoplastic melanomas vs only 31% of nonsclerosing
tumors, in which bFGF is expressed only at the advancing edge of the lesions (255).
Immunoreactivity of peritumoral and intratumoral endothelia for the same antibody was
demonstrated, supporting a role for bFGF in promoting angiogenesis in vivo. Cell cul-
ture studies provide support for a potential role for bFGF in tumoral fibrogenesis as a
function of cooperation between melanoma cells and fibroblasts in co-culture (256). The
expression of bFGF in areas of fibroplasia around dysplastic nevi and in regressed areas
of melanoma provides further support for an important role for this cytokine in tumor–
stromal interactions (247). The elaboration of bFGF by vertical growth phase melanoma
cells in vivo could explain the seeming paradox of the correlation between regression
and metastatic events, in concert with both the neoangiogenesis and the fibroplasia at the
regressed primary tumor sites. As noted on page 379, clonal autonomy in melanoma is
associated with the autocrine stimulation of melanoma cells through their acquisition of
the capacity to elaborate bFGF, a growth factor on which intra-epidermal melanocytes
are dependent for sustained growth (146).
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Laminin Expression and Extravascular Migratory Metastasis
In addition to endovascular hematogenous trafficking of melanoma cells during the

establishment of metastatic deposits, melanomas can, in animal models, grow through
the extracellular matrix by extending along the abluminal surface of endothelia through
an amorphous extracellular laminin-rich matrix (257). The source of laminin appears to
derive from endothelia after their interaction with melanoma cells (258,259); -2 laminin
is consistently and selectively expressed in an angiocentric disposition around tumor
microvessels (260) and may play a role in the promotion of tumor cell migration along
the abluminal vascular surface, a phenomenon termed extravascular migratory metas-
tasis. This laminin-rich extravascular matrix is observed in both primary and secondary
neoplasms (260).

CD40
CD40, a receptor on the surface of lymphocytes, has important functions in the immune

response and has been demonstrated in various carcinomas and melanomas, in which it
may function as a receptor for mitogenic signals. CD40 manifests variable expression
in radial and vertical growth phase components of melanoma, in which patients whose
tumors show CD40 expression have a significantly shorter disease-free survival. Patients
whose tumors express the CD40 ligand in addition to CD40 also have a shorter disease-free
survival time relative to those who do not express CD40 ligand. CD40 expression is seen
in benign melanocytic lesions, confined mainly to the superficial components along the
dermoepidermal junction and within proliferative nodules of congenital nevi (261).

CONCLUSIONS AND PERSPECTIVES

The stepwise events that lead to the neoplastic degeneration of the melanocyte follow
a specific, apparently site-dependent path, which is variable and has different possible
outcomes depending on the nature of the host genomic soil, on the microenvironment in
which the tumor arises, and on epigenetic factors that modulate the transforming events.
Our understanding of melanoma biology will lead to a better comprehension not only of
prevention, but also of treatment and of the morphological hallmarks of each step on the
path from melanocyte to metastatic seed.
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Summary
Optical imaging has become a powerful tool for visualizing and tracking, spatially and in real time,

the expression and function of individual genes and proteins, and biological processes at large. In this
chapter, we review recent advances in optical imaging techniques, discuss optical imaging-based bio-
logical and biomedical studies in live cells and organisms, and present examples for the application of
optical imaging in the context of molecular investigations of melanoma and its precursor lesions.

Key Words: Melanoma; optical imaging; applications.

FUNDAMENTALS OF OPTICAL IMAGING

Since the building of the first practical microscopes by Anton Van Leeuwenhoek in
the 17th century, optical imaging has undergone steady advances, but in the past two
decades, the field has taken major leaps. The development of bioluminescent reporters,
new fluorescent probes, and digital imaging workstations that integrate optics, electron-
ics, and software have opened avenues for real-time, functional imaging of mammalian
development, the neurosciences, gene therapy, and animal models of human biology and
disease.

Fluorescent Probes
Molecular cloning of the jellyfish Aequorea victoria-derived green fluorescent pro-

tein (GFP) (1) and its first use as a marker for gene expression (2), initiated, in a major
fashion, the application of optical imaging to biological systems (3). Furthermore, sub-
sequent engineering of mutant GFPs, collectively termed Aequora fluorescent proteins
(AFPs), has provided the means to visualize and record gene expression and protein
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localization in complex biological processes, both in vitro and in vivo. Although the
development of AFPs is an ongoing process, currently available fluorescent proteins
that have different spectral characteristics, and photostable organic dyes, which do not
disintegrate on exposure to light, provide the basis for multicolor, multiparameter
analyses (4).

A major challenge for optical imaging, particularly when used for in vivo studies, is
the scattering of light caused by tissue autofluorescence, and the presence of light-
absorbing biological molecules, such as hemoglobin. Performing optical imaging analy-
ses in the near-infrared (NIR) spectrum helps to minimize some of these technical
obstacles, and therefore, NIR probes are best suited for imaging live organisms and
tissue samples. Water-soluble NIR and far-red emitting cyanine dyes, such as Cy3, Cy5,
and Cy7 can easily be conjugated to DNA, RNA, proteins, peptides, and antibodies.
Furthermore, semiconductor quantum dots, which are hydrophilic, bioconjugatable zinc
sulfide-coated cadmium selenide nanocrystals, have recently been introduced as fluo-
rescent probes (5,6). Compared with organic dyes, quantum dots are brighter, more
stable, and more resistant to photobleaching (the irreversible destruction of a fluorophore
under illumination), and thus, they will significantly broaden the range of optical imag-
ing applications.

Imaging Systems for Basic Research and Clinical Investigation
Optical imaging techniques exploit different physical parameters of light to allow

the capture of images derived from fluorescent or bioluminescent reporters, or from the
absorption, emission, and scattering effects of biological structures. In fluorescence
microscopy, light from an external source excites a fluorophore, the core portion of a
molecule that is responsible for absorbing and re-emitting photons, and thereupon, that
energy is nearly instantaneously emitted at a lower magnitude (longer wavelength). The
most commonly used fluorescence microscope is an epi-fluorescence microscope in
which excitation light, generated from a mercury or xenon lamp, or a laser, illuminates
the object, and fluorescence emission is viewed through the same objective lens used for
excitation (Fig. 1). The weaker emission light, back-scattering from the object, is sepa-
rated from the excitation light through a fluorescence filter cube and focused into a
charged-coupled device camera that produces images by converting light photons into
electrons according to the intensity of incoming energy.

Because a fluorescence-labeled object glows brightly and obscures the captured image
above and below the focus plane, standard epi-fluorescence microscopes have limits
with respect to the extent of optical resolution. Confocal and multiphoton microscopy
(7) overcome these problems. Confocal microscopes enhance resolution by blocking
out-of-focus light from above or below the imaging plane through spatial filtering,
whereas multiphoton microscopes limit excitation to the focal volume, minimizing
photobleaching and photodamage. To further minimize phototoxicity, multiphoton
microscopes can be adapted for second harmonic imaging. With this technique, highly
polarizable, ordered biological structures, such as collagen, produce strong second har-
monic signals on illumination with intense laser light (8).

For bioluminescence imaging (BLI), which has become the presently most widely
used technique for in vivo imaging (9), cells are tagged in vitro with a reporter gene, such
as luciferase, a light-generating enzyme that catalyzes the oxidation of substrate in the
presence of adenosine triphosphate. Although BLI produces somewhat diffuse two-
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Fig. 1. Inverted epi-fluorescence microscope system. Optical imaging systems, which are ver-
satile, can be equipped with mercury or xenon lamps for standard illumination, mixed gas or
pulsed lasers for specialized applications, filter wheels or acousto-optic tunable filters for ultrafast
multichannel imaging, and charged-coupled device cameras or photomultiplier tubes for sensi-
tive detection.

dimensional images that are pseudocolored based on intensity, future systems may
facilitate the imaging of animals from multiple angles, yielding three-dimensional or
even tomographic information.

Fluorescence molecular tomography has the ability to three-dimensionally localize
and quantify fluorescent probes in a living animal (10). In this approach, a single light
beam is directed into tissue, and both the excitation and emission light are detected at
multiple points of the tissue boundary. Measurements are tomographically combined to
yield quantitative maps of fluorochrome distributions. A similar approach, diffuse optical
tomography (DOT), produces two-dimensional optical slices of tissue after intrinsic and
extrinsic absorption and scattering of NIR light. Although images obtained with DOT
have less spatial resolution than those acquired with fluorescence molecular tomogra-
phy, DOT technology is currently assessed in the clinic for early detection of breast
cancer (11).

Of the different optical imaging systems reviewed here, optical coherence tomogra-
phy (OCT) has made the furthest inroads into the clinic, generating in situ images for
diagnosis of retinal, intravascular, gastrointestinal, and esophageal diseases (12). Simi-
lar to ultrasound imaging, but using light rather than sound waves, an optical beam
emitted by a low-coherence-length light source is scanned across the tissue, and light
reflected or back-scattered from inside the tissue is measured by correlation with light
that has traveled a known reference path. Because OCT penetrates tissues to acquire
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cross-sectional or en face images on the micron scale, the resulting data sets yield images
with resolutions approaching that of conventional histology.

OPTIMAL IMAGING IN NEUROBIOLOGY, IMMUNOLOGY, AND CANCER

In this section, we present examples of how single molecules, protein interactions,
cell motility and migration, and complex pathophysiological events can be characterized
in individual cells or in complex live organisms, both spatially and temporally.

Multimodal Imaging of Neuron Development
Although the glycine receptor has been indicated to represent the major inhibitory

neurotransmitter receptor in the adult spinal cord, past studies have precluded observa-
tion of the receptor’s dynamics in the synaptic cleft. Quantum dot labeling of the glycine
receptor in the neuronal membrane of live cells has enabled observation of the receptor’s
lateral dynamics among extrasynaptic and synaptic domains, and silver-intensified
quantum dot-based electron microscopy images demonstrated that labeled receptors can
access the synaptic core (13). Advances in neural development have also been docu-
mented via transgenic mice that express AFPs in motor neurons. During mammalian
development, axon branches of several motor neurons coinnervate the same muscle
fiber, yet all but one are eliminated in a competitive process with unknown mechanisms.
Laser scanning confocal microscopy of two or more fluorescently labeled neurons with
multiple neuromuscular junctions suggests that at each coinnervated junction where
competition exists the same neuron overpowers its competitor (14). Furthermore, the
winning neuronal competitor has a more powerful neurotransmission (15). Thus, fluores-
cence imaging has established that neuronal identity determines the outcome at each
synaptic competition and that this process occurs as a result of differences in relative
axonal activity.

Optical Imaging in Immunology and Cancer
Intravital optical imaging combined with two-photon laser microscopy has started to

redefine the classical model of lymphocyte trafficking deep inside lymphoid structures.
To initiate an immune response, antigen-presenting dendritic cells (DCs) must contact
T-cells within the complex lymph node microenvironment, and classical models suggest
that T-cells are attracted to DCs by pervasive chemokine gradients. However, unlike the
behavior expected of T-cells following graded chemotactic paths, fluorescently labeled
naive T-cells in surgically exposed lymph nodes of an anesthetized mouse migrate
independently and randomly in all three dimensions (16). Based on the data from these
fluorescence imaging studies, it has become evident that the mechanism by which DCs
solicit T-cell interaction is not through chemokine gradients but rather by increasing
their surface area with numerous fine dendritic processes (17). Furthermore, intravital
two-photon and second harmonic imaging have most recently been employed to study
tumor dynamics, such as migration, intravasation, and host immune infiltration (18).

Despite the application of intravital imaging in pharmacokinetics studies, it still
requires a surgical procedure that yields a window to molecular events in a restricted
locality. In vivo BLI, on the other hand, confers the ability to detect tumor stasis and
necrosis noninvasively, such that the timing and dosage of immunotherapy, chemo-
therapy, or gene therapy can be investigated before clinical trials (19). For example, the
luciferase gene incorporated into an adenoviral vector containing a therapeutic trans-
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gene was used to monitor gene expression after intratumoral injection of brain tumors
(20). The sensitivity of BLI also makes it a useful tool for detecting relapse. In addition
to monitoring tumor growth and gene transfer, BLI has been used to track the localization
of bacterial infection (21) and to characterize early events in hematopoietic stem cell
reconstitution (22).

The p53–Mdm2 negative feedback loop, wherein p53 transcriptionally activates
Mdm-2, and Mdm-2, in turn, targets p53 for degradation, is modulated in response to
DNA damage. Past studies suggested that p53 and Mdm-2 undergo dampened oscilla-
tions after DNA damage, and the greater the DNA damage, the stronger the amplitude
of the average response. By tracking p53 and Mdm2 protein conjugated to AFPs, Lahav
et al. demonstrated by way of optical imaging that the number of pulses, but not their
amplitude, is dependent on the extent of irradiation-induced damage (23). Similarly,
epidermal growth factor-loaded quantum dots and fluorescent-labeled erbB/HER recep-
tors were followed through ligand binding, receptor activation, endocytic uptake, and
endosomal trafficking to provide new insights into receptor specificity and endosomal
transport patterns in live cells (24).

Increasingly, intramolecular and intermolecular events are investigated by fluores-
cence resonance energy transfer (FRET), wherein energy is transferred from a fluores-
cence donor to a fluorescence acceptor, given that the two fluorochromes are in proximity
of less than 80 Å. FRET is recorded by determining the ratio of acceptor to donor
fluorescence, or by measuring lifetime rather than intensity of a fluorescent signal trans-
fer through fluorescence lifetime microscopy (25). Although FRET is predominantly
used to visualize molecular interactions and conformations, it has also been employed
in molecular beacons that dynamically trace the movement of messenger RNA in live
cells (26).

APPLICATIONS OF OPTICAL IMAGING TO MELANOMA

Because light interacts with molecular probes and subcellular structures in different
ways, optical imaging techniques have the potential to detect subtle molecular and
structural differences in the composition of tissues. Nowhere are these properties more
applicable than in the research and detection of melanoma, in which visualization of
tumor composition, growth, and regression is integral in animal models; histological
staging and gene expression studies are most often conducted with ex vivo tissue sec-
tions; and early diagnosis typically hinges on the identification of suspicious lesions on
the surface of the body.

Monitoring Angiogenesis, Growth, and Metastasis
in Human Melanoma Xenografts

The first fluorescent melanoma bone and organ metastasis models were developed
through establishment of stable GFP expression transductants of the murine B16 mela-
noma and LOX human melanoma cell lines (27). Lung, pleural membrane, liver, kidney,
adrenal gland, lymph node, and skeletal metastases were observed after tail vein or
intradermal injection of transduced cells, many of which could not be detected by bright-
field microscopy. Furthermore, when red fluorescent protein-expressing tumors were
grown in GFP-expressing transgenic mice, host angiogenic and DCs could be distin-
guished from B16 tumor cells in live tissue (28).
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Melanomas and their interspersing vasculature can also be visualized through fluo-
rochrome-conjugated antibodies and fluorescence reflectance imaging (29). Advanced-
stage melanomas are very vascular and produce high levels of basic fibroblast growth
factor (bFGF) and fibroblast growth factor receptor (FGFR)-1, but when human mela-
nomas grown as subcutaneous tumors in nude mice are exposed to antisense bFGF and
FGFR-1 constructs, tumor growth and angiogenesis are blocked (30). To determine
whether bFGF/FGFR-1 signaling occurs between melanoma cells, endothelial cells, or
bidirectionally, antisense constructs containing the human tyrosinase promoter to spe-
cifically inhibit expression of bFGF and FGFR-1 in the melanoma cells were
intratumorally injected into human melanoma xenografts, and tumor growth and vascu-
lature were noninvasively imaged with Cy7-S100 and Cy5-CD31 antibodies, respec-
tively (31). Dual-color in vivo fluorescence images obtained over a 2-wk period of
antisense treatment (Fig. 2A), and simultaneous imaging of targeted tumors injected
with the fluorescent apoptosis marker, acridine orange, indicated that tumors were
regressing as a result of a massive onset of apoptosis. Subsequent ex vivo immunofluo-
rescent images of tissue sections, probed for bFGF, FGFR-1, and vascular endothelial
growth factor, confirmed that the treated tumors were not expressing bFGF or its recep-
tor, and implied that the tumors failed to upregulate expression of another angiogenic
molecule, such as vascular endothelial growth factor, to circumvent bFGF and FGFR-
1 antisense treatments.

Optical Imaging of Gene Expression in Nevus
and Melanoma Tissue Specimens

Much effort has been focused on characterizing the genes that govern the progression
from atypical nevi to metastatic melanoma, but imaging methods are seldom used.
Optical imaging analysis of formalin-fixed, paraffin-embedded and snap-frozen nevus
and melanoma tissue sections yields several benefits over standard immunohistochem-
istry or in situ hybridization: tissue pigmentation does not interfere with visualization of
fluorescent or spectral signals; multiple proteins or cellular structures can be clearly
localized and colocalized in the same tissue section with spectrally separated probes; and
intensity-based analysis of a fluorescent signal in spatially segmented digital images
provides an objective means for comparing gene expression in multiple specimens.
Spectral imaging of tissue sections illustrates these properties because it enables the
determination of the presence or absence of spectrally distinct signals through the acqui-

Fig. 2. (A) (opposite page) Noninvasive optical imaging of melanoma xenografts. Human mela-
noma cells, grown as subcutaneous tumors in nude mice, were injected intratumorally with a
pREP7 plasmid (a), or a pREP7 plasmid containing human basic fibroblast growth factor or
fibroblast growth factor receptor-1 full-length antisense-oriented complimentary DNA (b).
Images, captured by illuminating mice placed under a charged-coupled device camera with
appropriate filters, were collected after intratumoral injection of a Cy5-conjugated antibody
that binds to the endothelial cell marker CD31 (pseudocolored red) and a Cy7-conjugted antibody
that recognizes S100 antigen expressed on melanoma cells (pseudocolored green). (B)
Quantitative determination of gene expression in melanoma-positive lymph nodes. Two adjacent
tissue sections from a metastatic melanoma-positive lymph node were probed with a Cy7-con-
jugated antibody to the T-cell marker, CD3 (a), pseudocolored yellow; and a Cy5-labeled S100
antibody (b) pseudocolored red; to visualize T-cells and melanoma cells. Average gray-scale
values, represented by arbitrary units of fluorescence (c), reflect the relative levels of antibody
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Fig. 2. (A) (continued from opposite page) hybridization and fluorescence in the tissue sections.
(C) Colocalization of the Hsc70-interacting protein, Hip, and the chemokine receptor, CXCR2,
in melanoma tissue sections. A tissue section from a melanoma (a) was counterstained with
fluorescent 4',6-diamidino-2-phenylindole (DAPI) (b) pseudocolored blue; and an adjacent tissue
section was triple-stained with fluorescent DAPI (pseudocolored blue), a Cy3-conjugated CXCR2
antibody (pseudocolored green), and a Cy5-labeled Hip antibody (pseudocolored red). Images
were captured in the respective channels for DAPI, Cy3, and Cy5. Areas of colocalization of Hip
and CXCR2 are pseudocolored orange. (Please see color insert following p. 430.)



406 From Melanocytes to Melanoma

sition of a high-resolution spectrum, intensity as a function of wavelength, at each pixel
in an image (32). In a study involving microscopic spectral imaging of atypical nevus
sections probed with antibodies to signal transducer and activator of transcription (STAT)
proteins, it was found that systemic low-dose interferon-  treatment inactivates the
transcription factors STAT1 and STAT3 (33). To further investigate the proteins involved
in STAT signal transduction, immunofluorescence images of upstream regulators and
downstream targets of STAT3 established gene expression and cellular localization
profiles in atypical nevi obtained before and after low-dose interferon-  treatment.
Software designed to determine cell boundaries and quantitate the average fluorescent
signal on a cell-by-cell basis (Fig. 2B) suggested that STAT inactivation does not occur
via upregulation or downregulation of the proteins involved in STAT signaling (34).
Similarly, fluorochrome-labeled antibodies and oligonucleotides were used to visualize
expression of novel candidate genes in melanoma that were identified by gene expres-
sion profiling techniques, such as Serial Analysis of Gene Expression (35) and
microarrays (Fig. 2C) (36).

In Situ Spectral Imaging of Atypical Nevi and Melanomas
Digital photography and standard dermoscopy are the two optical methods that are

most often used to monitor clinically suspicious changes in atypical nevi. For patients
who have a large number of atypical nevi, Dysplastic Nevus Syndrome, or a clinical
history of sporadic or familial melanoma, it would be of great benefit to have an auto-
mated, noninvasive means to identify high-risk nevocytic lesions. OCT has been used
in ophthalmology to diagnose retinal diseases, such as glaucoma and macular degenera-
tion, but, to date, its feasibility in melanoma detection has not been investigated. In vivo
confocal scanning laser microscopy images of pigmented lesions allow recognition of
melanocytes, which contain melanin for endogenous contrast, with a resolution
approaching histological detail (37).

Unlike optical methods that monitor the histology of lesions, macroscopic spectral
imaging has been shown to have the ability to identify melanoma in situ present in
contiguous association with atypical nevi in patients with a clinical history of melanoma,
by spectrally identifying areas of interest based on their interaction with light at various
wavelengths (38). Using light that spans the visible to NIR regions of the spectrum,
information that may or may not be available to the naked eye is collected from various
depths of the lesion present on the skin. If, in the near future, this information can serve
as the basis for building spectral signatures for histological stages of melanoma devel-
opment, spectral imaging may become an invaluable tool in the clinical setting for
automated detection of early-stage melanoma.

CONCLUSIONS AND PERSPECTIVES

Examples of recent advances in optical imaging, reviewed in this chapter, illustrate
their growing range of applications in biology and medicine. Availability of biolumines-
cent reporters and the continuous development of new fluorescent probes and digital
imaging workstations that integrate optics, electronics, and software have opened
avenues for real-time, functional imaging of mammalian development, the neuro-
sciences, gene therapy, and animal models of human biology and disease. In the case of
melanoma, optical imaging devices are expected to help detect the disease before it
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becomes visible to the naked eye, and to provide important insights into the spatiotem-
poral expression and function of genes regulating melanoma cell proliferation, adhesion,
angiogenesis, and metastasis.
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 Summary
Biochemical, molecular biological, and genetic studies suggest carcinogenesis results in progressive

release from growth regulation and apoptosis surveillance, and increasing likelihood of metastasis. In
melanoma, this progression is reflected in histopathological stages, including radial growth phase, verti-
cal growth phase, and metastasis. Understanding melanoma progression is complicated by the difficulty
of distinguishing these stages at a molecular level. In addition, the complexity of cancer cell behavior
involving altered stromal interactions, angiogenesis, resistance to drugs and immune surveillance, and
metastasis to various tissues, makes it difficult to directly or quantitatively connect functional responses
to mutations or regulatory events. More precise ways are needed to delineate molecular phenotypes in a
manner that is quantifiable and directly related to mutation or underlying signaling status. One approach
that shows great promise is proteomic profiling, in which new methods for sensitive and reproducible
identification and quantification of thousands of different proteins in cells are being applied to analyze
molecular changes in melanoma.

Key Words: 2D-PAGE; mass spectrometry; hepatoma-derived growth factor; shotgun proteomics.

INTRODUCTION

The proteomics revolution is driven by the success of genome sequencing endeavors,
the development of new methods for ionizing peptides and proteins, and the availability
of new mass spectrometers capable of high-throughput protein analysis. Two approaches
to protein profiling are “top-down,” which analyzes intact proteins in complex mixtures,
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and “bottom-up,” which involves proteolytic digestion of the proteins and reconstruc-
tion of protein profiles from analysis of the peptides. Protein identification in either
approach depends on fragmentation of the analytes in the mass spectrometer, generating
sequencing spectra (MS/MS); the data from the MS/MS spectra are input into protein
sequence database search programs that allow identification of peptides or proteins.
Although few proteomics studies have been carried out in melanoma, emerging studies
suggest that this approach can be useful for understanding disease progression in this
cancer type.

A method often used for proteomics profiling is a top-down approach, involving
separation of proteins by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
followed by excision of protein spots for in-gel digestion and protein identification by
peptide mass spectrometry (MS). Interest in using 2D-PAGE to profile protein expres-
sion was stimulated in 1996 when Matthias Mann’s laboratory combined these
approaches with a search program that could use MS information to identify proteins
from protein databases (1). This application depends on high-sensitivity MS, using
various types of ionization methods that “volatilize” peptides (2). Typical methods used
for peptides and proteins involve electrospray ionization (ESI) or matrix-assisted laser
desorption ionization (MALDI), the importance of which was recognized by the 2002
Nobel Prize in chemistry going to developers John Fenn and Koichi Tanaka. Rapid
improvement in analytical methods in recent years now allows analysis of very complex
samples containing thousands of proteins. New methodological improvements and stud-
ies applying these methods to cancer are appearing almost daily. Here we address some
of the major methodologies and their capabilities and limitations, and provide references
to recent reviews or studies evaluating the methods.

Analytical MS Methods Underlying the Proteomics Revolution
A confusing array of mass spectrometers is used in proteomics applications (3). The

most commonly used MS instruments are based on the following four types of mass
analyzers:

1. Time-of-flight (TOF) instruments that accelerate ions then measure the time they take to
traverse a field-free flight tube.

2. Quadrupole instruments that analyze a stream of ions in a quadrupole field, scanning
through the mass range in small, discrete windows to produce a mass spectrum.

3. Three-dimensional (3D) ion trap instruments that trap ions in a 3D field then scan the
masses by sequentially destabilizing small mass ranges of ions.

4. Ion cyclotron resonance (ICR) instruments that use a large magnet to trap ions as with
3D ion traps, but have very high mass accuracy and can fragment proteins.

Often, these analyzers are combined to produce hybrid instruments, such as the QqTOF
configuration that combines a quadrupole and a TOF; or tandem instruments, such as the
TOF–TOF. These combinations provide unique analytical capabilities or increased mass
accuracy of the MS/MS spectra. New linear ion trap mass spectrometers are emerging
as popular instruments for high throughput bottom-up proteomics, because of their fast
scanning rates, which enable more rapid data collection; and their larger trapping field,
enabling a working sensitivity at less than 250 attomoles of peptide when combined with
a nanoscale chromatography system.

Two types of MS data are used to identify proteins, peptide masses or peptide sequences,
and several analytical methods have been developed to obtain these data (4). In experi-
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ments involving recovery of proteins from gel pieces by in-gel digestion, peptide mass
“fingerprinting” is often carried out using a MALDI-TOF MS. The low recovery of
peptides from in-gel digests (typically 25–40% sequence coverage is obtained) (5) and
overlap of masses between highly homologous proteins produces ambiguity in some
cases. Despite the limits, this approach is able to identify most prokaryotic proteins and
up to 80% of higher eukaryotic proteins from in-gel digests if a sequenced genome is
available and the protein is homogeneous. Peptide sequencing is a more reliable method
for protein identification, and can identify related protein homologs when the protein is
not in a database (6). Peptide sequencing can be carried out using MALDI interfaced with
TOF–TOF, ion trap, or QqTOF detectors, or by ESI interfaced with several types of MS
instruments. High sensitivity in ESI systems is often achieved using low-flow capillary
chromatography systems with microionspray or nanospray ionization sources (7). Pro-
tein digests of simple composition may be applied via a nanospray tip, delivering sample
to the MS by electrically assisted evaporation or analyzed on a reverse-phase column
directly coupled to the MS. Sequence information is reported by fragmenting peptides
at peptide bonds by introducing energy, either by collisional or resonance activation,
producing fragment ions of varying sizes differing by the mass of constituent amino
acids (8). The resulting spectra are often referred to as MS/MS data, because, histori-
cally, such spectra were produced in tandem MS instruments.

Computer Search Programs for MS/MS Data
Obviously critical to successful protein identification are computer search programs

that match peptide mass and/or MS/MS data to protein sequences within databases (9).
Five commonly used search programs are website accessible and allow analysis of
single peptide fingerprints or MS/MS files; some allow analysis of moderately sized data sets.
These include: Mascot (www.matrixscience.com), PeptideSearch (www.mann.embl-
heidelberg.de/Services/PeptideSearch/), MSTag (prospector.ucsf.edu/htmlucsf/mstag.htm),
Profound (prowl.rockefeller.edu/cgi-bin/Profound), and OMSSA (pubchem.ncbi.nlm.
nih.gov/omssa). MSTag and related programs at the University of California at San
Francisco are particularly useful, providing a wide range of tools for MS data analysis.
Database search engines available from MS vendors include: Sequest (ThermoElectron),
ProID (Applied Biosystems), MassLynx (Waters), and SpectrumMill (Agilent). Recent
reviews have discussed these and other software applications for proteomics, including
those that are open source, free to academic researchers by licensing, or commercially
available (9,10).

2D GEL ELECTROPHORESIS

The attractiveness of 2D-PAGE for proteomic profiling is its integrated view of
expression levels from staining intensities and posttranslational modifications from pI
or size separations (11,12). The use of immobilized pH gradient gels has improved
reproducibility and capacity over previously used tube gels (13). Gels are dehydrated
onto a plastic backing to produce a “dry strip” that is then rehydrated with the sample for
isoelectric focusing (IEF). Spreading the proteins throughout the strip at the beginning
reduces much of the aggregation that plagues IEF methods, enabling 0.1 to 1 mg of
protein to be loaded without loss of resolution, depending on the sample. The dry strip
technology is limited to analysis of proteins that can be absorbed into the gel during
rehydration or can remain in the strip during equilibration with sodium dodecyl sulfate
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(SDS) before 2D SDS-PAGE. Thus, both large and small proteins, as well as insoluble
proteins, are underrepresented. Despite these limitations, a survey of the high to mod-
erate abundance proteins can still be used to monitor the signaling status of cells, e.g.,
through altered expression and/or posttranslational modifications of proteins that con-
trol cell morphology, protein synthesis, and protein stability.

Silver staining allows detection of some proteins at nanogram levels, or approx 50,000
copies/cell for proteins from mammalian cells (approx 0.1 nM cellular concentration).
For larger proteins, the sensitivity is lower. However, the highest sensitivity silver stain-
ing methods interfere with subsequent MS analysis. Fluorescent dyes are often used
instead; a common fluorescent stain is SyproRuby, but newer stains that show lower
background staining of low-abundance proteins (e.g., Deep Purple) or less saturation
with more abundant proteins (C-16F) provide reasonable alternatives (14). Higher pro-
tein loadings can be achieved using IEF strips with narrow overlapping isoelectrc point
(pI) ranges. In an example analyzing the proteome of Escherichia coli (15), which has
4288 predicted open reading frames (16), a wide pI range strip revealed 2364 spots
representing approx 1691 gene products, whereas multiple narrow range pI strips
revealed 4950 spots representing approx 3535 gene products. The detection limit was
estimated to be a few copies of protein per E. coli cell. In contrast, proteomic profiling
of higher eukaryotes is more difficult, because of the greater complexity and larger
dynamic range of protein expression. Protein extracts can be prefractionated and con-
centrated before analysis to enhance sensitivity, although this greatly increases data
collection and analysis effort.

Few studies attempt to identify all the proteins observed by 2D-PAGE, and the majority
of proteins on 2D gels do not change significantly, even under conditions of large
experimental perturbation. Therefore, most experimentalists focus on protein “spots”
that change in intensity. Comparison of proteins can be complicated by slight shifts in
protein mobility caused by variations between gels that are not reproducible, so that gel
images cannot be superimposed directly. Efficient comparison between multiple gels
requires computer-aided image analysis (17,18), and several commercial programs are
available to “warp” gel images to enable overlay and comparison. These programs are
not entirely satisfactory, but image analysis is an area of active development, and steady
improvements have been made during past years.

Characterizing Gel Quality and Quantification in 2D-PAGE Studies
In comparative studies, reproducibility is often not addressed adequately. When 2D-

PAGE is properly carried out on a cell lysate, the image should have more than 1800
spots that can be distinguished and quantified by the program (as in Fig. 1). To determine
significant differences, changes should be observed on at least three gels representing
different experimental repeats. It is typical for investigators to report only the intensity
differences that are targeted in a study. However, an assessment of the similarity between
the replicate gels also should be reported. For example, in Fig. 2, the reproducibility of
the spots in corresponding areas of two replicate gels is shown. Even in replicate gels of
the same sample, variation between some spots can be extreme in certain regions of the
gel because of staining variations, requiring spot changes to be assessed against
unchanging “landmark” spots in the surrounding region.

A promising method to deal with nonreproducibility is the use of different fluorescent
chromophores to derivatize proteins in different samples to be compared, followed by
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Fig. 1. Analysis of melanoma cell lines by 2D-PAGE. Cell lines, culture methods, and 2D gel
analysis details are described in Bernard et al. (25). A pI 4–7 dry strip was rehydrated with 100

g of cell extract for the first dimension (acidic on the left of the final gel) and 12% SDS-PAGE
was used for the second dimension. Gels were silver stained. Analysis of this gel yielded more
than 1800 features.

sample mixing and 2D gel separation (DIGE technology) (19). Mobility changes of one
sample compared with another are identified by overlapping the images at different
emission wavelengths. The use of fluorescent stains requires sensitive fluorescence
detectors, sophisticated image analysis, and robotic excision, requiring a significant
infrastructure commitment. Furthermore, this approach poses significant problems in
sensitivity, because gel-to-gel variation is high, primarily because of background stain-
ing (signal-to-noise issue), and log ratio distributions are not normal and are biased (20).
More sensitive chromophores with higher signal-to-background ratios would increase
the attractiveness of this approach.

Despite methodological limitations, relatively low-abundance signaling proteins have
been identified by 2D-PAGE. In an early study of proteins phosphorylated in response
to platelet-derived growth factor treatment of fibroblasts, proteins identified included
calmodulin kinase; the guanidine nucleotide-binding protein, G  phospholipase C;
tyrosine phosphatase PTP-2; Rac b; ERK1; and AKT (21). Our lab identified several
targets of mitogen-activated protein kinase signaling in human cells, including covalently
modified proteins and signaling pathway components (22).
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2D Gel Studies of Melanoma
Several studies have been published in the last 2 yr investigating melanoma cell

types by proteomics. In studies using gels surveying about 1000 proteins, Sinha and
coworkers (23) identified several high-abundance proteins that changed when mela-
noma cell lines were treated with various chemotherapy compounds, including proteins
involved in drug detoxification, as well as protein chaperones. Craven and coworkers
(24) examined protein responses accompanying interferon- -induced proliferation in
two melanoma cell lines (MM418, MeWo), surveying approx 1500 proteins. Induced by
interferon-  treatment, were a number of gene products previously identified as type I
interferon-responsive (tryptophanyl tRNA synthetase, leucine aminopeptidase, ubiquitin
cross-reactive protein, gelsolin, far upstream element-binding protein 2, and human
polynucleotide phosphorylase), as well as proteins not previously known to be regulated
by this signaling pathway (cathepsin B, proteasomal activator 28a, and a-SNAP). Most
of these candidates changed in a similar manner between the two cell lines, although a
large difference in basal level of cathepsin B between the two lines suggested a possible
role in modulating the response to interferon-  treatment.

Our lab examined 12 melanoma cell lines representing radial growth phase (RGP),
vertical growth phase (VGP), and metastatic stages against two primary melanocyte cell
lines, in an effort to identify markers for stages of melanoma progression. Eight protein
spots (summarized in Table 1) showed consistent increased or decreased intensities in

Fig. 2. Correlation of features between two replicate gels of the same cell line (SBCL2) run on
different days. Gels were aligned and peak area was determined for 120 features from an area
in the upper right hand area of 2D-PAGE gels run as described in Fig. 1. The intensity is given
in arbitrary units on the x and y axes, for the two samples. The parameters for the best-fit line are
shown. Note that some features show significant variation; this delineates the range of values
that a difference must exceed to be considered significant when comparing gels from differ-
ent cell lines.
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Table 1
Eight Proteins Identified in 2D-PAGE That Correlate With Progression Stages in Melanoma

Protein NCBI no. Comments

Hepatoma-derived growth factor gi4758516 Low in melanocytes
Nucleophosmin gi6307090 Low in melanocytes
Cathepsin D/spot a P07339 High in melanocytes
Cathepsin D/spot b High in melanocytes; low in Met;

variable in RGP and VGP
Quinolinate phosphoribosyl-transferase Q15274 High in melanocytes and RGP
Trp-tRNA synthetase P23381 High in melanocytes
Glutathione-S-transferase- P78417 Not seen in melanocytes;

high in RGP;
variable in VGP and Met

14-3-3- Q9UN99 Increased in VGP

As described in ref. 25.
NCBI, National Center for Biotechnology Information; RGP, radial growth phase; VGP, vertical

growth phase.

a manner correlating with tumorigenicity and metastatic potential of the cell lines (25).
Identification of these spots by MS revealed four that had been associated with mela-
noma or other cancers. When examined by 2D-PAGE followed by Western blotting,
three proteins each appeared as multiple spots, of which, one or two varied in intensity
but others were constant, indicating that changes in covalent modification, not expres-
sion, were correlated with melanoma. It is likely that such changes do not reflect primary
control of gene expression, but, rather, represent alterations in the balance between
cellular signaling pathways. This type of change is not an ideal candidate for a biomarker,
because a significant amount of follow-up work is necessary to identify the altered
regulatory processes, which may be quite subtle.

Among the potential markers, hepatoma-derived growth factor (HDGF) showed con-
sistent increased expression in all melanoma lines compared with melanocytes. HDGF
is a protein of unknown function, first discovered as a factor from conditioned media of
hepatoma cells with mitogenic activity toward endothelial cells. It localizes to nuclei as
well as extracellular pools, and its mitogenic activity has been shown to depend on a
nuclear translocation signal sequence. In histochemical analysis of human melanoma
biopsies, melanocytes and normal nevi showed very low immunoreactivity for HDGF,
consistent with the low expression of HDGF in primary melanocyte cell culture. Atypi-
cal melanocytes sometimes showed higher reactivity, although expression was variable.
However, advanced tumors showed intense immunoreactivity, greater than that of
surrounding cells. Furthermore, the percentage of cells expressing high levels of HDGF
increased with tumor malignancy, with lower percentages of cells expressing high
HDGF in RGP melanomas, and higher percentages in VGP or metastatic tumors. This
HDGF expression in cell lines recapitulates the expression pattern in tumors, suggesting
that this may be a useful diagnostic marker for early stage melanoma with a potential
functional role in cancer progression.

We also examined whether overall expression patterns reflected the progression
stages. Most striking was the large range of protein changes between different lines.
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Fig. 3. Principle component analysis of 11 cell lines. Gels were aligned and intensities of features
determined. The principle component analysis module of Melanie 2 was used to characterize the
variability, and the first two components accounted for 83% of the variability. The number in
parentheses by each cell line is the doubling time for that cell line. The symbol represents whether
the cell line assumed to be an epithelial or spindle morphology in culture.

Pairwise comparisons between cells showed changes ranging between a handful of spot
changes to as many as 200 changes, and, overall, approximately one-third of gel spots
showed large variations between cell lines. Similar numbers of genes showed changes
in messenger RNA expression between cell lines when monitored with Affymetrix
microarrays. In contrast, published proteomics analyses often show very few changes
between different cell lines. Surprisingly, there was no correlation between the protein
phenotype and classifications of the cell lines into RGP, VGP, and metastatic stages
(RGP, no tumors when injected into nude mice; VGP, tumors when injected into nude
mice; metastatic, lung tumors when injected into a tail vein). A weak correlation was
observed between the protein phenotypes and cell morphology and growth rates of the
cell lines (Fig. 3). In fact, a pair of VGP and metastatic cell lines isolated from the same
patient showed a shift along the same axis, but inversely to what one might expect, in that
the metastatic cells grew more slowly.



Chapter 22 / Proteomics of Melanoma 417

Importantly, the observed protein changes were not completely random, in that spots
varying between two cell types were more likely to vary in at least one other pairwise
comparison involving other cell lines. Highly malignant cells may evolve by successive
cycles of molecular diversification as a result of genetic instability, with consequent
accumulation of genetic changes; only a few of these may be relevant to disease progres-
sion, although they may be relevant to the specific behavior of a given cell line or
differences between tumors that may be overlooked. Thus, the wide range of protein
differences between the cell lines may reflect genetic instability; however, our data
suggest that genetic instability leads to altered expression of a limited subset of proteins.
The remaining protein changes may represent events involved in other aspects of cell
behavior, for example, survival in cell culture.

In support of the lack of correlation of the 2D-PAGE expression pattern with progres-
sion states, the two cell lines that showed the most similar 2D gel patterns were WM793,
isolated from a primary melanoma with relatively low metastatic potential when injected
in a mouse tail vein, and 1205Lu, isolated from a mouse lung metastasis produced after
injection of WM793 cells. 1205Lu was highly metastatic in the tail vein assay, indicating
metastatic conversion had occurred in comparison to the parent WM793 line. This result
is consistent with other studies on sequential selection of malignant or metastatic vari-
ants in animals (26). It has been suggested that an inherent limitation in studying prop-
erties of metastatic cells is that it is preceded by a transient and unstable state that limits
the ability of cells to colonize a remote site. In this model, a critical event in solid tumor
formation involves changes in shed cells that allow colonization of new sites followed
by proliferation (27). Thus, the motile “shedding” phenotype may be transient and early
metastatic cells may be slow growing. Cells expressing melanocyte markers are observed
in circulating blood of melanoma patients, supporting this model. Thus, critical shifts
may involve changes in invasive potential and ability to survive the suspended state in
the blood or lymph, as well as being capable of extravasation and tissue colonization
(28). On the other hand, early metastases often appear in sentinel lymph nodes, suggest-
ing that, initially, shed cells move through the lymph system.

ACTIVITY-BASED PROTEOMIC PROFILING

In addition to determining changes in protein expression, methods for surveying
changes in enzymatic activities are also emerging. Of particular interest in cancer biol-
ogy is extracellular protease activity, which is important in invasion and cell–matrix
interactions. A recent study used chemical inhibitors to target classes of serine hydrolase
enzymes in human breast and melanoma cell lines (29), separating the proteins by SDS-
PAGE and using a fluorescent form of the inhibitor to allow detection of the active
enzymes in the original sample. A set of proteases, lipases, and esterases were identified
that distinguished breast from melanoma cancer cell lines. The activities of these enzymes
were mostly downregulated in the most invasive lines. Activities of secreted enzymes
that were upregulated included urokinase, a protease with known involvement in tumor
progression, and a previously uncharacterized hydrolase. Although limited in sensitivity
by the gel-based method in this study, activity profiling shows promise of improved
sensitivity and resolution when using liquid chromatography/MS (30). Other broad-
spectrum inhibitor probes are available for other enzyme classes, such as hydroxamate
inhibitors of zinc-dependent hydrolases, including metalloproteases and histone
deacetylases (31).
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SURFACE-ENHANCED LASER DESORPTION IONIZATION
AS A METHOD FOR PROFILING CLINICAL SAMPLES

In search of better clinical assays for cancer, many investigators have turned their
attention to proteomic profiling of serum or other body fluids, using methods that are less
labor intensive than 2D-PAGE. One approach that has gained much attention is a new
top-down profiling technology, using partially selective matrices that bind a subset of the
analytes in the sample surface-enhanced laser desorption ionization (SELDI), thus, sim-
plifying the sample to enhance analyte detection (32). Combined with TOF MS detec-
tion, SELDI provides profiles of intact proteins in serum primarily in the low mass range
(3000–20,000 Dalton). Machine learning algorithms have been used to identify combi-
nations of peaks that may serve as molecular markers of cancer prognosis or responses
to therapy. A serious problem with SELDI is that differences in sample handling between
controls and patient samples can generate artifactual differences (33), therefore, studies
should be carefully designed to control for that possibility, including collection and
processing of serum in an identical manner, carrying out analyses on samples that have
not been repeatedly frozen and thawed, and interleaving control and experimental
samples for the MS analyses (because MALDI ionization methods are highly variable
from day to day). Furthermore, although there are now a few studies that indicate that
it is possible to distinguish serum from late stage metastatic cancer vs controls, the
limited dynamic range of this approach may be inadequate to detect changes in very early
stage tumors.

 Many groups are exploring this approach in clinical settings with other bodily fluids
than serum. For example, a recent SELDI study reported two markers for uveal mela-
noma (4543 and 6853 Dalton) in 89% of aqueous humoral samples from patient eyes
(34). This study demonstrates another problem with SELDI proteomics, in that the
analytes were not identified. In general, MS instruments commonly used in these studies
are not able to fragment the analytes of interest to identify them. Samples can be analyzed
by high-resolution instrumentation with the ability to fragment large analytes, but often
the ion of interest is not observed in the second MS instrument. Most investigators resort
to purification to homogeneity, which is a difficult undertaking. The small size of the
marker candidates suggests that these are likely proteolytic fragments, and, indeed, that
has been the case in most cases identified to date. This then begs the question of whether
the physiologically relevant change is in the detected protein or in protease or protease
inhibitors in serum or at the tumor. For translation of a SELDI assay into the clinic,
sample preparation becomes critical to control artifactual proteolysis in samples.

To survey larger proteins in complex mixtures and achieve higher dynamic range, a
few researchers are now using top-down methods with high-resolution ICR MS instru-
ments. This technique directly couples multidimensional chromatography, capillary
electrophoresis, or free-flow electrophoresis to the ICR, which is capable of fragmenting
the very large protein analytes (35). This approach has demonstrated very complex
posttranslational patterns on histones (36), providing a method to study combinatorial
signaling between different regulatory sites. To date, these studies have focused on
proteins that are easily ionized; in general, top-down approaches using MS detection of
the intact proteins suffers from the fact that proteins often are hard to ionize. Even when
using an MS capable of fragmentation, our understanding of gas-phase fragmentation of
large analytes is poor, making identification difficult. Before top-down MS is a routine
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profiling approach for complex samples, new methods for fractionating and ionizing
proteins and new computational and informatics tools for analysis of the complex data
sets are needed.

An interesting application of SELDI to analysis of archival samples has recently been
published (37). Rapid Romanowsky-stained cytocentrifuged specimens from fine-needle
aspirates of metastatic malignant melanoma (with both known cutaneous primary and
unknown primary sites), clear cell sarcoma, and renal cell carcinoma each had a unique
MS spectrum when examined using the SELDI technology. These preliminary findings
suggest a substantial potential for SELDI applications to specific pathological diagnoses.
In addition, combination of laser capture microdissection (34,35) with SELDI or other
proteomics approaches may be particularly powerful in pathology. Another approach
similar to SELDI is the direct scanning of a tissue section in a MALDI source (38,39).
Both laser capture microdissection and tissue scanning will be important in making the
transition from studies with cell lines to understanding tumor biology. However, both of
these approaches are subject to the same limitations described for SELDI, and careful
experimental design will be required to exploit these methods in analysis of disease.

ARRAY-BASED PROTEOMICS ASSAYS

Protein array technologies are another approach under development for high-through-
put proteomic screening. In one type of array, sets of predicted open reading frames are
immobilized at high density onto slides, allowing screening for protein interactions,
activities, modifications, and regulation (40). Zhu et al. (41) constructed a protein array
containing more than 5800 individually cloned, overexpressed, and purified yeast pro-
teins. By probing this array with calmodulin or various phosphatidylinositides, 33 new
and 6 known calmodulin binding proteins were found, and 150 proteins were identified
as phosphatidylinositide-binding proteins, 52 of which were previously uncharacterized.
Likewise, substrates for protein kinases were screened (42) using a protein array contain-
ing nearly all known protein kinases in yeast (119 of 122). Thus, protein microarrays
show promise in screens for protein function and association, and for mapping pathways
and elucidating biochemical activities of individual components in signaling pathways.
Current limitations reflect quality of expressed protein targets and representation of
relevant posttranslational modifications and splice variants, as well as the fact that most
eukaryotic proteins require unique conditions to ensure proper folding and enzyme
activity.

Another array approach under development for protein profiling is analogous to DNA
microarrays, using antibody or aptamer probes covalently bound to surfaces, for direct
or sandwich binding assays of proteins in complex mixtures (43). Protein array technolo-
gies are more difficult than DNA arrays, because of fundamental differences between
oligonucleotide and protein chemistries. Oligonucleotide analytes are chemically simi-
lar and stable, simplifying sample preparation and providing specific binding of analytes
to targets. The oligonucleotide targets are stable on surfaces and can be polymerized on
the target using inexpensive technology developed for printers. In contrast, proteins vary
in solubility and stability, complicating sample preparation. Antibody arrays are easiest
to produce, but antibodies are generally unstable on surfaces. Recent works with
hydrogels show promise for providing an appropriate platform (44). Some targeted
arrays have been developed for specific proteins, such as antibody arrays for cytokines
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(45), but it is not yet clear whether protein chip-based arrays can provide the necessary
global information on splicing and posttranslational modifications required for full
proteome profiling.

BOTTOM-UP OR “SHOTGUN” PROTEOMICS

A different approach, referred to as bottom-up or shotgun proteomics, or multidimen-
sional protein identification technology (MudPIT), is now under development in many
labs. Bottom-up or shotgun proteomics uses solution proteolysis of a complex sample,
such as a soluble cell extract or a membrane fraction, followed by multidimensional
chromatographic separation of the peptides, which are then sequenced by MS. By cou-
pling the last chromatographic step to a mass spectrometer (LC/MS), thousands of
peptide MS/MS spectra can be collected in a few hours. An early paper using this
technique identified more than 1400 proteins from Saccharomyces cerevisiae (46), rep-
resenting 25% of the open reading frames; this and other studies by several labs indicate
that this is an extremely powerful method for identifying a large number of proteins from
complex mixtures.

The first critical issue in bottom-up proteomic profiling is the magnitude of the
analytical problem, especially for mammalian cells. A typical MudPIT analysis identifies
800 to 1700 proteins, similar to the number of proteins typically surveyed using
2D-PAGE, and provides sufficient analytical power to analyze a bacterial proteome.
However, a mammalian cell proteome likely has more than 12,000 expressed open
reading frames (not counting splice variants or posttranslational modifications) (47). As
in 2D-PAGE, the large dynamic range of protein expression in higher eukaryotes inter-
feres with detection of lower abundance proteins by MudPIT. In MudPIT, this interfer-
ence is caused by resampling of the most abundant peptides and also by sampling of
fragments of those peptides produced artifactually during the analysis (this refers to ions
produced during the MS scans, not during the MS/MS scans). To minimize repetitive
collection of data on the most abundant peptides, the MS instrument is set to ignore
sequenced ions for a given time after the initial detection (referred to as dynamic exclu-
sion); nevertheless, resampling rates are still high. Simplification of the sample can be
used to reduce complexity down to less than 1000 proteins, at which the MudPIT method
provides adequate sampling. For example, using sampling statistics, we estimate that the
soluble extract from human K562 erythroleukemia cells has approx 6500 proteins present
at a detection range of 50,000 copies/cell or greater (>0.1 M). When the extract is
subfractionated to produce a sample with fewer than 1000 proteins, there is high sam-
pling of the less abundant proteins, and more than 85% of the proteins have two or more
peptides identified.

However, the time required for complete mammalian cell profiling becomes prohibi-
tive with fractionation levels needed to achieve sampling rates sufficient to detect low-
abundance proteins. Each protein fraction generates many peptide fractions, and each
peptide fraction requires several greater than 2-h chromatographic runs for optimal
peptide capture. Thus, a MudPIT experiment on a single protein fraction from gel exclu-
sion chromatography required 9 d for data collection using the 3D ion trap MS instru-
ment most commonly used in MudPIT experiments, and detection of more than 5000
proteins in a soluble mammalian cell extract fractionated by gel filtration required 85 d
(48). At this rate, we estimate a full cell profile with compartmental subfractionation
would require approx 2 yr using 3D ion trap instruments, a formidable undertaking, even
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with multiplexing. Fortunately, new linear ion trap MS instruments provide significantly
increased scan rates, as well as higher sensitivity, reducing times required to adequately
sample a mammalian proteome to approx 80 d (49). Although still challenging, this is
a reasonable time-scale, and detailed studies of specific cell compartments, such as the
plasma membrane, are now very feasible.

Another issue for shotgun proteomics is that low sequence coverage is obtained for
all but the most abundant proteins. This is caused by low sampling of less-abundant
proteins, as well as limitations in what can be observed by MudPIT protocols. The
average mammalian protein is approx 53 kDa and yields approx 50 tryptic peptides, of
which approx 33 are experimentally observable because many peptides fail to bind
chromatography resins and some peptides fragment poorly or are weakly ionizable. In
the analysis of the 5000 proteins from a soluble human cell extract (48) described above,
the peptides identified represented less than 11% of potentially observable peptides
expected from proteins in the sample. These sampling constraints cause low reproduc-
ibility in identifying low abundance proteins. In addition, this also lowers the probability
of observing covalently modified peptides. This is a serious limitation of proteomics,
and much work is currently directed at overcoming it, in particular regarding phospho-
rylation (50). Many investigators attempt to enrich phosphopeptides or phosphoproteins
chromatographically before MS analysis. Alternatively, new mass spectrometers are
able to detect specific fragmentations in the gas phase that are diagnostic of a
phosphopeptide, thus ensuring that the MS/MS spectrum of that ion is taken during an
analysis, despite its low intensity compared with other ions.

Another critical issue in bottom-up proteomics is validation of peptide assignments.
Scoring methods of search programs (e.g., Sequest, Mascot) are poor at distinguishing
correct from incorrect sequence assignments, leading to high false-positive and false-
negative rates (48,51). Typically, less than half of potentially identifiable MS/MS spec-
tra are identified with high confidence. The last 2 yr have seen extensive research in
improving the method of scoring the search results. In addition, alternative methods for
validating sequence assignments use peptide properties other than the fragmentation
pattern, such as exact mass measurements (52), probability of proteolytic cleavages
generating the sequence, and consistency of peptide sequence with observed chromato-
graphic properties. Using an information fusion approach, combining several low dis-
crimination methods based on both peptide chemical properties and the scoring of the
MS/MS spectra greatly improves sensitivity and accuracy, and provides a significant
increase in capture of peptide sequences from a data set (48). In combination with the
research on new scoring methods, it is likely that a good method of extracting maximum
information from the MS data sets will emerge in the next year.

Comparing Bottom-Up Proteomic Analyses
The most common application of proteomic profiling is to compare different samples,

requiring quantitative assessment of the relative or absolute changes in different pro-
teins. Top-down proteomics enables straightforward quantification. In bottom-up
proteomics, many peptides are generated for each protein, but because of variable ion-
ization efficiencies, the ion intensities of peptides from a single protein may vary by
greater than 1000-fold. When peptide sampling is low, different peptides may be detected
in each experiment, increasing the difficulty of absolute quantification of low abundance
proteins. One solution is use stable isotopic and/or mass tag labeling of peptides; two
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samples to be compared are labeled with different isotopic moieties, the samples are
mixed and analyzed, and the relative quantification is determined from the ratio of
intensities between the differentially labeled peaks (for example, ref. 53). However, the
proteins detected by isotope-labeling methods in recent publications are so far within
the abundance range observable by 2D-PAGE (54). This is most likely caused by kinetic
limitations of the labeling reactions when components are subfemtomole and by the fact
that both ions must be sampled to quantify the change reliably. A recent study shows that
the error frequency in this approach can be substantial (55). In vivo labeling has also been
used, but is not practical in many cases (clinical samples, for example). Another serious
limitation of the isotope-labeling methods is that comparisons must be made pairwise,
and studies comparing results between many samples or between different labs would
be difficult.

Label-free quantification methods would represent a useful solution to these prob-
lems, and recently, two label-free methods involving comparison of peptide ion intensi-
ties or counting spectra have been proposed. Spectral counting is based on the fact that
resampling is proportional to protein concentration (56) and is particularly useful when
large changes in protein expression occur. Comparison of ion intensities requires pro-
grams that connect the MS/MS data to the ion intensity of the parent. Because the mass
spectrometer is collecting information about the ion intensity before it carries out MS/
MS, and ion intensity is related to peptide concentration, a peak area can be calculated
as a function of elution from the chromatographic column used during the MS analysis.
Preliminary experiments from several labs show that both methods are feasible (57,58),
although their dynamic range and robustness are not yet clear. In our experience, com-
bining both label-free quantification methods yields results comparable to published
studies using stable isotope-labeling methods, thus, equivalent results can be obtained
with either 2D gels or the shotgun approach. This should improve as new linear traps
provide the increased sampling rates allowing improved sensitivity of label-free
approaches.

BIOINFORMATICS IS THE NEXT CHALLENGE TO THIS FIELD

The instrument and computational advances in the last 2 yr now allow high-coverage
proteomic profiling. The next big challenge is to integrate the information into higher-
order systems views of the samples (10,59). This presents significant challenges. For
example, display of proteomics data is complicated by variations in splicing and post-
translational modifications. Simple green/red heat maps, such as those used to display
microarray data sets, cannot fully represent the complexity of protein variations. Chal-
lenges common to proteomics and microarray studies are that analyses of protein or
messenger RNA expression changes of gene products must be mapped to higher-order
pathways or regulatory networks. More facile methods to achieve this will be needed to
shift the focus of the experiment from marker discovery to more fundamental under-
standing of cell phenotypes. Because of the complexity of signaling, protein expression
changes do not automatically convert to an understanding of effects on cellular regula-
tory networks. Better bioinformatics tools, surveys with pharmacological inhibitors and
activators, and responses to varying expression of signaling components and modulators
will be required to expand the “alphabet” of signaling rules. Cancer research will shift
from an emphasis on linear responses to signaling pathways toward responses that
involve measurement and analysis of combinatorial signaling patterns.
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CONCLUSIONS AND PERSPECTIVES

Recent MS instrument and methodology improvements have been applied in
biomarker discovery and in cell phenotyping; however, these methods have yet to have
a significant impact in understanding disease processes. In part, this is because of limited
profiling capabilities of the current approaches and naiveté regarding the complexity of
the problems. However, the great need for increased analytical power in clinical settings
is providing impetus for a large investment in this technology, and promising results are
beginning to appear in the literature. The new linear ion traps are expected to greatly
enhance the usefulness of proteomics, but many careful and controlled studies, and
education of investigators in the complex issues in systems biology will be required for
proteomics to become a mature field. However, even at this early stage, proteomics will
likely play an important role in providing a better understanding of melanoma tumor
biology and a solid biochemical underpinning for targeting signaling pathways in anti-
cancer therapy.
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Summary
Melanomas usually progress from an in situ growth to a radial growth phase in which they expand

into a vertical growth phase that is associated with an increased risk of metastasis. In general, the process
of metastasis occurs in an orderly fashion from the primary site to the regional sentinel lymph nodes
before systemic dissemination. Occasionally, early blood-borne metastasis may occur. The role of selec-
tive sentinel lymphadenectomy is to provide accurate staging at the initial diagnosis of primary invasive
melanoma, 1 mm or greater in depth; because the staging result is often accurate, the morbidity is re-
duced and the cost is less. Melanoma may spread to almost all organs. Autopsy reports have shown
widespread dissemination with predominance to lymph nodes and lungs. The survival is dismal with
visceral metastasis. Early diagnosis of melanoma through education and surveillance should be encour-
aged. Because treatments for metastatic cancer are still limited, it is imperative for oncologists to detect
and resect an early cancer as soon as possible. Multifaceted aspects of micrometastasis, including prolif-
eration and differentiation of various clones from the primary tumor, the acquisition of adhesion mol-
ecules, the process of angiogenesis, and host interaction with the microscopic tumor may shed new lights
on the biology and mechanism of early metastasis. Molecular and genetic tools may be used to dissect the
mechanisms of lymphatic and hematogenous routes of metastasis. Understanding such mechanisms may
help us to develop therapeutic strategies to prevent the process of micrometastasis.
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INTRODUCTION

The incidence of malignant melanoma is still increasing rapidly, with 1 of 75 Ameri-
cans being diagnosed with melanoma annually, but the overall mortality rate has risen
only slightly. This trend indicates that most of the melanoma being diagnosed is of the
thin level that can be treated effectively by surgical excision (1). Both clinical and
histological features have been used to predict the prognosis of primary melanoma (2).
In stage I melanoma, the Clark model is about 89% accurate in predicting survival based
on tumor progression (3). Melanomas usually progress from an in situ growth to a radial
growth phase in which they expand into a vertical growth phase that is associated with
increased risk of metastasis. Breslow tumor thickness, as measured from the stratum
granulosum of the epidermis to the deepest depth of the tumor, is considered the best
predictor of clinical outcome (4). The survival rate drops to single digits when metastasis
is found beyond the regional lymph nodes, especially in visceral sites (5).

PATTERNS OF MELANOMA METASTASIS
IN THE PRE-SENTINEL LYMPH NODE ERA

Nodal status is the most important predictor of clinical outcome in melanoma (5,6).
It is known that the number of positive lymph nodes greater than four signifies a poor
prognosis (5). These studies of the pre-sentinel lymph node (SLN) era strongly suggest
that, in general, tumor progression in a primary site resulted in metastasis to regional
nodes at first and then to distant sites. Thus, the premise of treatment for melanoma
rested on the eradication of the primary tumor and the nodal disease. Oftentimes, a
regional lymph node dissection was performed to make sure that all of the lymph nodes
were harvested to stage the patient. Further, such lymph nodes would harbor microscopic
disease, thus, their removal could potentially prevent systemic metastasis.

In the pre-SLN era, based on multiple clinical collative retrospective studies, it has
been noted that regional nodal basins are the most common sites of metastasis. Patients
with primary lesions ranging from 0.76- to 1.5-mm thick may develop nodal recurrence
25% of the time within 3 yr. When the Breslow thickness increases to 1.5–4 mm, the
percentage of nodal metastasis increases to 60% within 3 yr. On the other hand, systemic
metastases are less common but their incidence is also correlated with the thickness of
the primary tumor. Patients with primary lesions from 1.5- to 4-mm thick may develop
systemic metastasis 15% of the time within 5 yr of the diagnosis (7). These retrospective
studies indicate that, in general, during the early phase of melanoma proliferation, the
pattern of metastasis to the regional nodal basin is the predominant pattern, but a minor-
ity of the patients will develop systemic disease. Often, the tumor progresses in an
orderly fashion from the primary lesion to the regional nodal basin and later to systemic
metastasis. This is the reason why most patients who experience recurrence in the nodal
basin after lymphadenectomy may result in 5-yr survival rates between 20 and 50% (7).
This implies that between 20 and 50% of patients are “cured” by removing the lymph
nodes. On the other hand, patients with thin melanoma may develop recurrence, indicat-
ing early dissemination of the disease in a minority of patients (approx 4.8%) (8). The
phenomenon of dormancy may exist in melanoma, as shown by a very late metastasis of
more than 10 yr. However, such late metastasis was relatively rare, in 168 patients (2.8%)
from a large series of 7104 patients (9). During dormancy, whether the cancer cells are
quiescent or the host exerts a suppressive effect on the cancer cells is not known.



Chapter 23 / Melanoma Metastasis 431

Table 1
Autopsy Reports of 216 Melanoma Patients

Showing That Lymph Nodes and Lungs
Are the Most Frequent Sites of Involvement

Lymph nodes 73.6%
Lung 71.3%
Liver 58.3%
Brain 54.6%
Adrenals 46.8%
Gastrointestinal 43.5%
Skin 10.6%

Adapted from refs. 10 and 12.

Detailed patterns of metastasis both from clinical studies and autopsy reports have
been described (10). Melanoma may metastasize to almost all organs; hence the nick-
name of “syphilis” of cancer. For patterns of dissemination, autopsy results represent the
most accurate distribution of metastasis. In a series of 216 melanoma patients, Patel et
al. (12) found that the lymph nodes and lungs are the most frequent sites of involvement
(Table 1). Further, melanoma may be found in multiple organs (Table 2), indicating that
in late stages of the disease, dissemination may be widespread. Based on the autopsy
reports (11,12), clinical and histological features do not predict patterns of metastasis.
However, when melanoma disseminates widely, the survival is usually short. On the
other hand, when dissemination is limited, the survival is longer. Indeed, isolated metas-
tasis may potentially be resected, resulting in a better survival (13). Patients with mul-
tiple metastasis usually do quite poorly (7). The unanswered question is whether the
melanoma is pluripotential to multiple sites or whether multiple clones are present from
the primary site with each clone directed to certain specific organs as in the “seed and
soil” hypothesis proposed by Paget (14,15).

PATTERNS OF MELANOMA METASTASIS IN THE SLN ERA

SLNs are the first nodes in the regional nodal basin that cancer cells metastasize to
from a primary site. The validation of the SLN concept in human solid cancer is defi-
nitely a turning point in the management of human solid cancer and, in particular, for
melanoma. The rapid adoption of this technique by surgical oncologists at large has
quickly made the debate of whether an elective lymph node dissection should be done
vs watchful observation, when the primary invasive melanoma is at least 1 mm or greater
in depth, irrelevant. Although the therapeutic role of selective sentinel lymphadenec-
tomy (SSL) to harvest the SLNs in melanoma has not been determined, and the conclu-
sions will come forth after the completion of the Multicenter Sentinel Lymphadenectomy
Trial by Morton et al. (16), the practical significance is that it is being applied widely as
a staging procedure so that a negative SLN can spare a patient a radical regional lymph
node dissection and the associated morbidity of such a procedure (17).

The relationship between Breslow thickness and the sentinel node status is linearly
correlated (18). Because of the accuracy of SSL as a staging method, the 6th edition of
the American Joint Committee on Cancer for melanoma has been revised with incorpo-
ration of the SLN status (19). Melanoma progression can be further defined in terms of
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primary melanoma proliferation, metastasis to the SLNs or distant sites, progression
from SLNs to non-SLNs, and progression from SLNs or non-SLNs to systemic sites (20).
Thus, based on the literature on the pre-SLN and the SLN era, metastatic melanoma cells
are generated as a result of proliferation (Fig. 1). Early metastasis occurs mostly in the
regional SLN and metastasis to SLN is a poor prognostic factor with respect to disease-
free and overall survival (Fig. 2) (21). In general, the paradigm of metastasis for mela-
noma is characterized by initial proliferation and metastasis to SLNs then to non-SLNs
before systemic metastasis. Occasionally, it is possible for the cancer cells to spread via
the systemic circulation to distant sites from the primary site, SLN(s) or non-SLN(s).

Table 2
Patterns of Metastasis of Melanoma

in Different Organs Based on Autopsy Reports of 216 Cases

Respiratory Lungs 71.3%
Upper respiratory tract 7.9%

Gastrointestinal Liver 58.3%
Oral cavity/esophagus 9.3%
Stomach 22.7%
Peritoneum 42.6%
Pancreas 37.5%
Small bowel 35.6%
Spleen 30.6%
Colon 28.2%
Biliary tract 8.8%

Cardiovascular Heart 47.2%
Pericardium 24.1%
Major vessels 6.0%

Endocrine Adrenal 35.6%
Thyroid 25.5%
Parathyroid, pituitary 16.2%

CNS Brain 49.1%
Meninges 24.1%
Medulla, pons 12.9%

Urinary tract Kidney, left 34.7%
Kidney, right 31.9%
Lower urinary tract 13.0%

Bone Vertebrae 41.2%
Other bones 33.3%

Genital system Ovaries or testes
Left 13.2%
Right 10.2%

Lymph nodes Neck 42.0%
Thorax 55.5%
Abdominal 56.0%
Pelvic 37.0%
Others 32.4%

Soft tissue, muscle Skin 68.0%

Adapted from refs. 10 and 12.
CNS, central nervous system.
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Fig. 1. Paradigm of metastasis for melanoma starts as a local growth, and proliferation results in
more aggressive clones to metastasize to sentinel lymph nodes (SLNs) and subsequently to non-
SLNs before systemic metastasis. Occasionally, either from the primary site, SLNs, or non-
SLNs, tumor cells may spread via systemic circulation to distant sites. Thus, based on the literature
on the pre-SLN and the SLN era, melanoma metastatic cells are generated as a result of prolif-
eration. (Reprinted with permission from Leong, ref. 50.)

Thus, it is important to define the patterns of metastasis of melanoma with respect to the
incubator hypothesis vs the marker hypothesis (22). In the SLN era, both retrospective
and prospective studies indicate that most likely in most cases, in melanoma, the incu-
bator hypothesis may describe the situation more appropriately than the marker hypoth-
esis (22). Although it has been argued that upstaging by SSL may result in a “lead time”
basis, recent studies with longer follow-up suggest that the SLN status is indeed a strong
and reliable prognostic indicator (21). Therefore, prospective and long-term follow-up
of these patients is essential to further define the biology of nodal micrometastasis. The
unresolved issue is when is the critical point of that progression when the cancer can be
arrested before metastasis either to the SLNs or to systemic sites. An attempt has been
made to define the tumor burden by S-classification to predict the clinical outcome of
the disease (23). Even when only the SLNs are involved, can the removal of the positive
SLNs render the patient cured? Recent studies by Kretschmer et al. have shown that
melanoma patients with lymphatic metastasis may benefit from sentinel lymphadenec-
tomy and early excision of their nodal disease (24).

IMPLICATIONS OF INCUBATOR VS MARKER HYPOTHESIS

The clinical implication is that, with the incubator hypothesis there is a definite
window of opportunity during which, when the primary tumor or the metastasis in the
locoregional basin is being removed, the patient is rendered free of disease. If indeed
the incubator hypothesis is correct, then the removal of the involved SLNs or the regional
lymph nodes may result in the cure of patients at the stage when metastatic cells are only
captured within the SLNs or regional lymph nodes. Therefore, in patients with positive
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SLNs, at least a subgroup of these patients may be cured, provided that melanomas in
these patients have not yet initiated the process of blood-borne metastasis. On the other
hand, with the marker hypothesis, the removal of the SLNs or regional lymph nodes
being positive will not result in a cure of the patients, because the positive SLNs or
regional lymph nodes only serve as a marker that the patient has systemic metastasis.
Current clinical and histological risk factors are not able to pinpoint such subgroups of
patients. Molecular markers are being developed to further define such subgroups.
Therefore, in the future, if the molecular markers can segregate the patients whose
pattern of metastasis is that of the incubator type vs those patients whose pattern is that
of the marker type, then adjuvant therapy, even if it is toxic, will become more appro-
priate to treat those patients known to have the marker pattern of metastasis.

Thin melanomas are usually curable when treated only with wide local excision (1).
To date, surgical resection of early melanoma is of vital importance to control the spread
of melanoma and achieve a greater benefit of survival. It is critical for all melanoma
surgeons to keep a computerized database so that patients undergoing SSL can be fol-
lowed in a prospective fashion. Each point of follow-up, as shown in Fig. 3, is a yardstick
in its correlation with molecular markers of the tumor. The extensive genetic profiles
being obtained by microarray technology may be correlated with the clinical outcome
to bring out the genes responsible for such clinical manifestations (25,26). Thus, further
prognostic markers and therapeutic innovations may be developed. Early diagnosis of
melanoma through education and surveillance should be encouraged (27). The challenge
in the future would be to determine the mechanisms of metastasis via the lymphatic
system vs the circulatory system on a molecular and genetic level, to subgroup patients

Fig. 3. Importance of follow-up of melanoma patients undergoing selective sentinel lymphadenec-
tomy. It is important to establish the patterns of metastasis for primary melanoma. Clinical
characteristics and outcome of patients may be correlated with the histological features and
molecular markers of the primary tumor and sentinel lymph nodes to define high-risk subgroups
to be accrued for adjuvant clinical trials.
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according to incubator vs marker hypothesis. Such information will be critical to select
high-risk patients for adjuvant therapy.

The crucial question is whether melanoma spreads through the lymphatic system first,
then from the lymphatic system to the systemic system, thereby involving the distant
organs; vs the other possibility that melanoma at the onset spreads by a vascular route
to the bloodstream and thereby distant sites. In general, based on clinical observations,
both in carcinomas and in melanoma, the lymph node predicts the outcome of the patients.
On the other hand, mesenchymal tumors, such as sarcomas, in general, spread through
the blood stream rather than the lymphatic system. In this sense, melanomas and carci-
nomas behave similarly. Of course, a minority of melanoma patients may manifest
locoregional and systemic metastasis simultaneously.

MOLECULAR DETECTION OF MELANOMA METASTASIS

Molecular staging using the polymerase chain reaction (PCR) technique to detect the
tyrosinase gene messenger (m)RNA has been shown to increase detection of submicro-
scopic disease in SLNs (28). Obviously, the advantage of PCR determination is that it
examines the entire lymph node being processed via mRNA detection, thus, sampling
errors may be eliminated. PCR has enhanced our ability to detect even several cells in
the SLNs, and accuracy may be increased by using multiple markers. Because usually
a few SLNs are involved, the cost would be much reduced, as compared with application
of this technique to multiple lymph nodes from elective lymph node dissection.

A major breakthrough has been made in the development of assessing specific mRNA
markers in archival paraffin-embedded specimens. Not only can this technique be
employed to study gene expression of micrometastasis in SLNs more precisely, with
microscopic guidance to the sections containing micrometastasis, but also the patients’
clinical outcome is also readily available. Thus, the biological significance of the gene
markers can be assessed with respect to the clinical outcome (29). Further, in archival
specimens with hemotoxylin and eosin-negative SLNs, subgroups can be differentiated
using a multigene reverse transcription (RT)-PCR assay to correlate with the clinical
outcome (22,30).

Using paraffin-embedded tissues, the immunohistochemistry (IHC)-negative group
can be further subgrouped. Both SLN- and PCR-negative patients enjoy survivals
approaching nearly 100%, indicating that melanoma with no metastasis to the SLN(s)
can potentially be cured. Patients who are SLN-negative but PCR-positive have a sig-
nificant recurrence rate compared with the SLN-negative and PCR-negative group. In
the report by Morton et al. (22), when paraffin-embedded SLNs from 162 IHC-negative
patients were further studied using multimarker RT-PCR, 41 (25%) showed positive
signals; 5-yr rates of recurrence were 40, 63, and 78% when SLNs expressed 1, 2, and

 melanoma markers, respectively, vs only 4% for PCR-negative SLNs (p  0.001). This
difference suggests that the IHC method fails to detect 25% of SLN micrometastasis.
Thus, PCR is not only more sensitive than IHC in the detection of micrometastasis in
SLNs, but is also clinically significant for recurrence. This is consistent with the high
cure rate of patients with early invasive primary melanoma. Prospective clinical follow-
up of patients will further define the validity of molecular staging.

In view of the recent finding that melanoma patients with PCR positivity in the lymph
node have a worse prognosis than PCR-negative patients, it is possible that early dis-
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semination of microscopic cells via the circulatory system may occur (22). Although
attempts have been made to detect melanoma cells in the circulation by RT-PCR, the
specificity has yet to be optimized (31–33).

EVIDENCE FOR EARLY MELANOMA METASTASIS THROUGH
THE LYMPHATIC SYSTEM

Recent advances in the biology of chemokine receptors have shed light on the mecha-
nism of melanoma metastasis through the lymphatic system. Chemokine receptors have
been found on dendritic cells, Langerhans’ cells, T-cells, and natural-killer cells, which
migrate from the skin to the draining lymph node in response to these chemokines (34–40).
It has been hypothesized that the role of chemokines is to recruit solid tumor cells to
draining lymph nodes (41). One chemokine of interest is cc-ligand-21/secondary lym-
phoid tissue chemokine (CCL21/SLC), which has been shown to recruit CCR7(+) naive
T-cells, natural-killer cells, memory T-cells, and dendritic cells (34–46). CCL21/SLC is
constitutively expressed in the high endothelial venules of lymph nodes, Peyer’s patches,
thymus, spleen, and mucosal tissue (38,47). CCL21/SLC produced by high endothelial
venules cells recruits CCR7 cells to draining lymph nodes (36,40,42,43,46,47) which,
when stimulated by antigen, become activated and express CCL21/SLC. This expres-
sion results in the activation of CCR7(+) immune cells (38,40,45). Melanoma cells have
been found to express CCR7, which may be selectively recruited to the SLNs. The
metastatic cells may downregulate the production of CCL21/SLC in the SLNs, resulting
in a decreased recruitment of T-cells into the SLNs as a possible mechanism of immu-
nosuppression (48). Further, CCR7 expression was assessed in primary melanomas by
IHC and quantitative real-time RT-PCR and shown to be significantly (p < 0.02) corre-
lated to Breslow thickness by quantitative real-time RT-PCR. The studies also demon-
strated that SLN produced significant levels of CCL21 when SLN was negative for
tumor cells; however, in the presence of tumor metastasis, the levels of CCL21 were
significantly reduced. In the assessment of 55 SLNs from melanoma patients by quan-
titative real-time RT-PCR, Takeuchi et al. (48) demonstrated that CCL21 mRNA ex-
pression level was significantly (p = 0.008) higher in pathologically melanoma-negative
SLNs than in melanoma-positive SLNs. This supported the hypothesis that a subset of
melanoma cells can use the CCR7–CCL21 axis system to home to SLN. The study also
indicated that the reduction of CCL21 may be a significant indicator of immunoregulation
in the SLN, affecting not only tumor cells, but also dendritic cell and T-cell recruitment.
The chemokine ligand receptor interaction is an important finding to be pursued, to
further delineate its role and mechanism in downregulating the immune response in
melanoma SLNs.

Recently, a novel molecular marker for cutaneous melanoma metastasis and survival
was shown to be related to the ability of the melanoma to spread through the lymphatic
system to the regional lymph nodes. Using double immunolabeling for the novel
lymphatic endothelial marker, LYVE-1, and for the paravascular marker, CD31, tumor
samples were obtained from clinical and histological closely matched cases of primary
melanomas with early lymph node metastasis and nonmetastatic melanoma. The inci-
dence of intratumoral lymphatics was significantly higher in metastatic melanomas
and correlated with poor disease-free survival. These results reveal tumor lymphangio-
genesis as a novel prognosticator for the risk of lymph node metastasis in cutaneous
melanoma (49).
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CONCLUSIONS AND PERSPECTIVES

Melanomas usually progress from an in situ growth to a radial growth phase from
which they expand into a vertical growth phase that is associated with an increased risk
of metastasis. In general, the process of metastasis occurs in an orderly fashion from
the primary site to the regional sentinel lymph nodes before systemic dissemination. The
role of SSL is to provide accurate staging at the initial diagnosis of primary invasive
melanoma, 1 mm or greater in depth (50), because the staging result is often accurate,
the morbidity is reduced, and the cost is less. Because treatments for metastatic cancer
are still limited, it is imperative for oncologists to detect and resect cancers as soon as
possible.

In the future, molecular markers will further define the subgroups, and thereby pin-
point the subgroups of patients that will require either only SSL or complete lymph node
dissection to cure their metastatic disease. Multifaceted aspects of micrometastasis,
including proliferation and differentiation of various clones from the primary tumor, the
acquisition of adhesion molecules, the process of angiogenesis, and host interaction with
the microscopic tumor may shed new light on the biology and mechanism of early
metastasis (15). Molecular and genetic tools may be used to dissect the mechanisms of
lymphatic and hematogenous routes of metastasis. Understanding such mechanisms
may help us to develop therapeutic strategies to prevent the process of micrometastasis.
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Color Plate 1, Fig. 2. Field cells in acral melanoma detected by fluorescence in situ hybridization.
Single basal melanocytes with amplifications of cyclin D1 highlighted by arrowheads. (See discussion
in Chapter 11 on p. 203.)

Color Plate 1, Fig. 6. RB is required to suppress apoptosis in normal melanocytes. (A) Nonpigmented
hair shaft of TAT-Cre-treated RBLoxP/LoxP hair follicles compared with pigmented RBLoxP/+ hair shaft.
(See complete caption in Chapter 13 on p. 234 and discussion on pp. 233–234.)



Color Plate 2, Fig. 7. RB is highly abundant in melanoma cells relative to normal melanocytes. (A)
Western blot showing expression of RB in normal melanocytes (NM) vs melanoma cell strains from
different tumors (1–8). (See complete caption in Chapter 13 on p. 235 and discussion on pp. 234–235.)

Color Plate 2, Fig. 4. Structural model of the leucine to proline substitution at position 65 of p16 (from
ref. 72). The model shows that the proline amino acid (indicated in orange), differently from the leucine (behind
the proline), no longer makes hydrogen atoms available to the surface of the protein, possibly affecting the
ability of this protein to complex or bind with its ligand. (See discussion in Chapter 18 on p. 338.)



Color Plate 3, Fig. 2. (A) Noninvasive optical imaging of melanoma xenografts. (See complete
caption in Chapter 21 on pp. 404–405 and discussion on p. 404, 406.)



Color Plate 4, Fig. 2. Detection of melanoma inhibitory activity (MIA) by immunohistochemistry.
(See complete caption in Chapter 26 on p. 477 and discussion on p. 476.)

Color Plate 4, Fig. 1. Diagrammatic representation of vasculogenesis, angiogenesis, and photomicroscopy
of tumor cell vasculogenic mimicry. (See complete caption in Chapter 30on p. 535 and discussion on p. 534.)
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Summary
Melanoma is relatively uncommon compared with nonmelanoma skin cancers, but it causes a vast

majority of skin-cancer deaths. Sunlight exposure, particularly intermittent sun exposure early in life, is
a well-established risk factor for melanoma. Because only a fraction of those exposed to sunlight ever
developed melanoma, genetic susceptibility has long been suspected to be an etiological factor in sun-
light-induced melanoma. For example, people who have a strong family history of dysplastic nevus syn-
drome have an increased risk of melanoma. The extremely high frequency and early onset of melanomas
in patients with xeroderma pigmentosum (XP), a rare autosomal-recessive disease of mutated DNA repair
genes that confer hypersensitivity to ultraviolet light, suggest that DNA repair is involved in the etiology
of melanoma. Until recently, not enough population-based data were available to support the idea that
DNA repair plays a role in the etiology of sporadic melanoma, but recent studies suggest that patients
with sporadic melanoma, particularly those with sunlight-sensitive skin, have a low DNA repair capacity
(DRC). This theory was also supported by studies showing that patients with melanomas on sun-exposed
skin had a lower DRC than did patients with melanomas on unexposed skin. Furthermore, studies found
that the risk of melanoma increased as DRC decreased. Taken together, these new data suggest that
reduced DRC contributes to genetic susceptibility to sunlight-induced sporadic melanoma in the general
population. More studies are needed to validate that DRC is a marker for genetic susceptibility to mela-
noma. With advances in high-throughput technology, individuals at increased risk for melanoma could
be screened for functional variants of DNA repair genes, leading to primary prevention of sunlight-
induced melanoma in the general population.

Key Words: Biomarker; DNA repair; genetic susceptibility; genotype; molecular epidemiology;
phenotype; skin cancers.
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EPIDEMIOLOGY OF MELANOMA

Melanoma is relatively uncommon compared with nonmelanoma skin cancers
(NMSC), but it is the most lethal cancer of the skin, causing the vast majority of skin
cancer-related deaths. Since the 1970s, a melanoma “epidemic” has been occurring in
the United States (1,2) and in other parts of the industrialized world, including Australia,
New Zealand, and southern Europe (3,4). The incidence rate of melanoma has increased
by approx 3 to 7% per year since the 1970s, although it has leveled off lately. In 2004,
an estimated 7910 people died of melanoma and 55,000 new melanoma cases were
diagnosed in the United States (5). It is predicted that the incidence rate of melanoma will
continue to increase as the concentration of stratospheric ozone continues to decrease
(6,7) and as people spend more time doing sunlight-related recreational activities, such
as sunbathing (8).

SUNLIGHT EXPOSURE AND MELANOMA

Sunlight exposure, particularly intermittent sun exposure early in life, as opposed to
cumulative sun exposure, is a well-established risk factor for melanoma development in
humans (9–11). Increased sensitivity to the acute effects of sunlight exposure—erythema
and sunburns—is also a risk factor for developing melanoma (12,13). For example,
children immigrating to Australia, where ambient ultraviolet (UV) light exposure is the
highest in the world, have an increased risk of melanoma compared with those who
stayed in their original countries, and the risk increases with age and in those with light
skin color, who freckle, sunburn easily, and are unable to tan (14,15). These data suggest
that sunlight plays a very important role in the etiology of melanoma. Risk of melanoma
is also associated with recreational sunlight exposure and exposure to artificial sunlight
or UV radiation (UVR) (16,17). Other minor risk factors are related to occupations
(18,19), diet (20,21), and hormones (22,23), although reported results have been contra-
dictory (24).

UV light induces melanocytes to proliferate in both exposed and shielded areas of the
skin (25). Fibroblasts and lymphocytes from melanoma patients are more sensitive to
genetic damage induced by UVR than are cells from the controls (26). Several molecular
mechanisms of UV light-induced carcinogenesis have been postulated, including alter-
ations in growth factors, mutations of tumor suppressor genes, and immune suppression
(27). However, unlike NMSC, in which the incidence is clearly related to solar radiation
exposure, the incidence of melanoma is much less dependent on sunlight exposure (17).
Furthermore, some melanomas occur on unexposed body sites and some melanoma
patients have a strong family history of melanoma and premalignant lesions, such as
inherited cutaneous moles or nevi that are not directly related to sun exposure (28).
Therefore, the exact role of UV light in the etiology of melanoma warrants further
investigation.

GENETIC FACTORS IN MELANOMA

Epidemiological studies found that a high frequency of common nevi in childhood is
also associated with an increased risk of melanoma (29,30). In familial atypical multiple-
mole melanoma syndrome, inherited cutaneous moles or nevi appear to be the precursors
of malignant lesions (31,32). The relative risk of developing melanoma is greater than
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300-fold for people whose relatives have melanoma and greater than 85-fold in those
whose relatives have dysplastic nevi (33). Several high-penetrance melanoma
susceptibility genes, including p16/MTS1/CDKN2A/p14ARF and CDK4, have been
cloned and mapped to the human chromosomes 9p and 12q respectively, in familial
melanoma patients (34–38), but hereditary melanoma cases account for only about 10%
of all melanomas (39).

Therefore, some low-penetrance melanoma susceptibility genes exist, whose poly-
morphisms or variants appear to modify the risk associated with sunlight exposure.
However, to date, no published study has been large enough to provide solid evidence
for an association between variants of these low-penetrance genes and risk of melanoma.
One of these genes is the melanocortin 1 receptor (MC1R) gene, whose variants are
associated with red hair and fair skin and have been shown to be risk factors for mela-
noma (40,41). However, later studies have produced mixed results (42–44). Two poly-
morphisms of CDKN2A (C500G and C540T) were found to be associated with an
increased risk of developing melanoma (45,46), but a later study did not confirm these
findings (47). A newly identified functional epidermal growth factor was found to be
associated with an increased risk of risk of developing melanoma (48), but a later study
could not replicate these findings, instead observing that this factor play a role in mela-
noma progression (49). The results from one study on polymorphisms of the GSTM1,
GSTT1, CYP2D6, and VDR genes were inconclusive (50).

Because benign, atypical, and dysplastic nevi are also independent predictors of
sporadic melanomas (51–53), with about 40% of patients with sporadic melanoma having
dysplastic nevi compared with 7% of the general population (52), additional host
susceptibility factors other than the known susceptibility genes may play a role in the
etiology of sporadic melanoma in the general population. The high frequency and early
onset of melanoma in patients with xeroderma pigmentosum (XP)—a rare autosomal
recessive disease of mutated DNA repair genes that confers hypersensitivity to UV light
and has an incidence rate of 1 in 250,000 in the United States (54)—suggest that geneti-
cally determined DNA repair capacity (DRC) may be involved in the pathogenesis of
human melanoma.

UV LIGHT-INDUCED DNA DAMAGE IN MELANOMA ETIOLOGY

UV light induces DNA damage, also called photoproducts, which are usually thought
of as bulky lesions involving more than one nucleotide in the skin; UV light also pro-
duces free radicals that cause oxidative damage to DNA, resulting in oxidative stress in
the cells (55). Several glutathione-S-transferase (GST) isoenzymes encoded by the GST
supergene family, which includes the GSTM, GSTT, and GSTP gene families, catalyze
the conjugation of reduced glutathiones with a wide range of carcinogenic electrophiles
and oxidized DNA (56,57). Therefore, it is biologically plausible that a deficiency in
these isoenzymes contributes to the risk of UV light-induced melanoma. Studies of
polymorphisms in the GST supergene family have shown that individuals who carry the
null GSTM1 or GSTT1 alleles and who have light skin (and thus are prone to photoprod-
uct formation after exposure to sunlight) have a higher risk of developing multiple basal
cell carcinomas (BCCs) than do controls (58,59). Immunohistochemistry showed that
the human GSTM1 protein is present in normal skin, nevi, and melanocytes (60), and that
individuals who have the GSTM1-null genotype tend to have an increased risk of devel-



444 From Melanocytes to Melanoma

oping melanoma (61). GSTM1 may also be involved in the DNA repair associated with
drug resistance (56,62). Therefore, to understand the extent to which the GSTM1-null
and GSTT1-null genotypes contribute to the risk of developing melanoma, studies that
evaluate both GST genotypes and DRC are needed to determine the genotypes’ indi-
vidual and combined roles in the etiology of melanoma (50).

NUCLEOTIDE EXCISION REPAIR IN MELANOMA ETIOLOGY

The role of DNA repair in human skin carcinogenesis was first demonstrated in XP
patients (63,64), in whom there was a defect in the repair system for UV light-induced
DNA damage coupled with a 2000-fold increased frequency of having sunlight-induced
skin cancers compared with the general population (54). Malignant skin neoplasms are
present in 70% of patients with XP and appear at a median age of 8 yr, which is 50 yr
younger than in the general US, non-Hispanic, white population (65). Unrepaired UV
light-induced damage in DNA undergoing replication leads to mutation fixation (66), as
seen in the mutations frequently found in the ras and p53 genes (often C T or CC TT,
the so-called UV signature mutations) of skin tumors on sun-exposed body sites of both
XP patients (67,68) and persons with sporadic skin cancers (69,70).

UV light-induced DNA damage is effectively removed by the nucleotide excision
repair (NER) pathway, which involves at least 20 genes (71). XP is genetically hetero-
geneous, and mutations in seven genes (XPA through XPG) are known to cause this
disease. All seven XP gene products are involved in NER, which removes a wide variety
of DNA damages by incision on both sides of the lesion (71). An in vitro NER system
for UV light-induced damage can be reconstituted with the proteins XPA, replication
protein A, XPC–HR23B complex, transcription factor II H (containing XPD),
XPF–ERCC1 complex, XPG, and damage DNA-binding protein (72). A number of
NER genes are so-called core factors that participate in NER activities; any functional
mutation in these genes will lead to NER abnormalities and therefore susceptibility to
cancers, including skin cancer in XP patients.

One study found a nonsignificant difference in DRC between patients with hereditary
dysplastic nevi and healthy controls (73). Other studies with fibroblast and lympho-
blastoid cell lines derived from patients with and without melanoma and dysplastic nevi
suggested that patients with familial melanoma had abnormal sensitivity to sunlight
(74) and a defect in the repair of UV light-induced DNA damage (75). These relatively
small studies suggest that inherited DRC plays a role in the pathogenesis of sporadic
melanoma.

DRC Phenotype and Risk of Skin Cancers
XP provides an excellent disease model with which to study the etiology of skin

cancers. Kraemer et al. published the first comprehensive estimation of the risk of
developing neoplasms in 726 XP patients from 41 countries from 1874 to 1982. Com-
pared with the general population, XP patients younger than 20 yr had an estimated 2000-
fold increased risk of having BCCs and squamous cell carcinoma (SCC) of the skin,
cutaneous melanoma, and other cancers involving UV light exposure (76). However,
until recently, the role of DRC in sunlight-induced skin cancers in the general population
was largely unknown.
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BASAL CELL CARCINOMAS

Because the incidence of BCC, compared with SCC, is less dependent on exposure
to sunlight (17), genetic factors are more likely to play a role in the etiology of BCC than
of SCC. Furthermore, an extraordinarily high incidence rate of BCC among XP patients
suggests that abnormal DRC plays a role (77). Therefore, BCC serves as an excellent
disease model for studying the role of DRC and gene–environment interactions in skin
cancer. In the 1990s, investigators began to design laboratory assays that would allow
the role of DRC in the etiology of BCC to be studied in the general population.

The first hospital-based, case–control study of skin cancer and DRC was the Balti-
more Study, which was conducted between 1987 and 1990 (78). To increase the study’s
efficiency for testing genetic susceptibility, investigators enrolled subjects between 20
and 60 yr of age because genetically determined cancer risk is characterized by an early
onset of cancer, as seen in XP patients. Patients with BCC and selected controls free of
known hereditary skin diseases and cancers were frequency matched by age. This kind
of study design allowed the investigators to control for confounding by age and other
genetic factors. Blood samples were drawn from the subjects, and the lymphocytes were
cryopreserved and later assayed in batches. This approach was designed to avoid experi-
mental variation in the assays caused by differences in daily laboratory procedures. The
DRC was measured by a newly developed host cell reactivation (HCR) assay (79), with
the plasmids harboring the chloramphenicol acetyltransferase reporter gene. The plas-
mids were damaged by an incident dose of 254 nm of UVR (700 J/m2; 30 J/m2 produces
one pyrimidine dimer per plasmid) before transfection. Preliminary data from 88 pa-
tients with BCC and 135 cancer-free controls suggested that the distribution of DRCs
among subjects was approximately normal, with a fivefold variation between individu-
als; however, the DRC decreased significantly as age increased (78). DRCs below the
upper 30th percentile of the controls were associated with a greater than twofold in-
creased risk for BCCs. This risk was even higher in subgroups with lighter skin (>three-
fold); six or more severe sunburns in a lifetime (>fourfold); and moderate or severe
actinic elastosis (>fourfold), who had low DRC but not in those subgroups with high
DRC (80). Furthermore, the number of skin tumors among patients with BCCs signifi-
cantly increased as the DRC decreased, after adjustment for age (81). The inverse rela-
tionship between DRC and risk of BCCs is consistent with the notion that the underlying
mechanism for sunlight-induced BCC is defective DRC.

The results of the Baltimore Study were not confirmed by a later population-based,
case–control study of NMSC (including BCC and SCC) in Western Australia (82). This
study used the same HCR–DRC assay as that used in the Baltimore Study, but with a
lower dose of UVR (254 nm, 350 J/m2) to damage the plasmids. The investigators
performed the assays on T-lymphocytes isolated from 86 skin cancer cases (76 BCCs and
25 SCCs) and 87 healthy controls between the ages of 44 and 68 yr. They found no
evidence for a difference in DRC between the cases and controls.

Differences between the Baltimore Study and the Australian Study, including differ-
ent BCC patient sample sizes, different age ranges of the subjects, and, more impor-
tantly, different degrees of ambient sunlight exposure, may account for the observed
discrepancies. For example, the incidence of BCCs was not sunlight dependent but the
incidence of SCC was in Maryland fishermen (83); in Australia, both BCC and SCC
were sunlight dependent, but the incidence of SCCs was more sunlight-dependent than
that of BCCs, and the incidence of melanoma was the least sunlight-dependent (17).
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These incidence data suggest that the BCCs in Maryland may be more genetically
determined, with a low threshold of sunlight exposure, whereas BCC in Australia may
be more sunlight related, because saturated sunlight exposure could have overcome even
a proficient DRC. However, this hypothesis needs to be further tested.

In 1999, D’Errico et al. (84) investigated the role of DRC in 49 patients with BCC and
68 cancer-free controls in Italy. This study used the same HCR–DRC assay as that used
in the Baltimore and Australian studies. The authors found a statistically significant age-
related decline in DRC observed among controls from 20 to 70 yr of age but not among
BCC cases. They also found significant differences in DRC between the cases and
controls. These findings are similar to those of the Baltimore Study (78,80). More inter-
estingly, the authors of the Italian study also found that tobacco smoking may enhance
DRC among older patients, a finding that was later confirmed by a larger study (85).

Using the same HCR assay, Dybdahl et al. (86) studied DRC among patients with
psoriasis in Denmark; they were investigating the importance of DRC in chemically
induced skin cancer. They observed a significantly lower DRC among 20 psoriasis
patients with skin cancer than among 20 psoriasis patients without skin cancer. Individu-
als who had a low DRC had a greater than sixfold increased risk of skin cancer compared
with individuals with high DRC. The lower the level of DRC, the earlier the patients had
their first skin tumor. Interestingly, they found no difference in DRC between 20 BCC
patients without psoriasis and 20 healthy controls.

More recently, Matta et al. (87) conducted a larger study of 288 NMSC patients (78%
had BCC) and 177 cancer-free controls in Puerto Rico. They measured DRC using a
modified HCR assay with a luciferase reporter gene instead of a chloramphenicol
acetyltransferase reporter gene. The authors found a clear age-related decline in DRC
among the controls; the patients had a 42% reduction in DRC compared with the con-
trols, and this difference contributed to a nearly fourfold increased risk of skin cancer.
The number of tumors increased as DRC decreased. These findings further confirmed
the findings from the Baltimore Study (78,81,88).

MELANOMA

The link between the occurrence of melanoma and defective DRC is supported by
analyses of skin cancers in XP patients, but is less obvious in the general population
because of a lack of data from population-based studies. Kraemer et al. (76) analyzed
published reports of 132 XP patients and found that 22% of these patients had melanoma.
The frequency of melanomas was increased greater than 1000-fold in patients with XP
who were younger than 20 yr compared with the general population. These findings
suggest that sunlight exposure and poor DRC cause melanoma in patients with XP. Until
recently, there was a lack of evidence showing that defective DRC leads to an increased
risk of developing melanoma in the general population.

An Italian Hospital-Based, Case–Control Study. Landi et al. (89) conducted a
molecular epidemiological study on DRC and melanoma in Italy between 1994 and
1999. This study included 183 patients with melanoma and 179 control subjects who
were recruited from the Dermatology Unit of the Bufalini Hospital in Cesena, Italy.
Approximately 85% of the melanoma patients were from the Northern Marche and
Southern Romagna areas, and approx 55% of the control subjects were spouses or close
friends of the case patients. The majority of subjects had no occupational sun exposure
but did have prolonged recreational (intermittent) sun exposure. The final analysis
included 132 patients with melanoma and 145 control subjects whose DRC was tested
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by the HCR assay (17); the plasmids were damaged by one 254-nm dose of UVR
(350 J/m2).

The investigators found that overall melanoma risk and DRC were not associated in
this Italian population. Among cases with dysplastic nevi, DRC was not associated with
known risk factors for melanoma (except for recreational lifetime sun exposure) includ-
ing age; the color of the hair, eyes, and skin; and skin response to sunlight exposure; nor
was between DRC associated with melanoma characteristics. DRC decreased with
increasing age among control subjects without dysplastic nevi or with few nevi, but
increased with increasing age among control subjects with dysplastic nevi or with many
nevi. These findings suggest that the effect of dysplastic nevi on risk of melanoma is
independent of DRC. In other words, dysplastic nevi and DRC may have different
genetic implications and play different roles in the etiology of melanoma. Low DRC was
a risk factor only in subjects who had a low tanning ability. Individuals with a low
tanning ability and a low DRC had a greater than eightfold increased risk of melanoma
compared with subjects with a high or medium tanning ability and a high DRC. This
finding suggests low DRC may have played a role in the development of sunlight-
induced melanoma in this Italian population.

An American Hospital-Based, Case–Control Study. Between 1994 and 2001, we
conducted a molecular epidemiological study on DRC and melanoma in Texas (90),
where exposure to ambient sunlight is much higher than in Northern Italy. This study is
perhaps the largest case–control study of its kind to date; 312 melanoma patients were
recruited at The University of Texas M. D. Anderson Cancer Center in Houston, TX, and
324 cancer-free subjects were selected from genetically unrelated clinic visitors (83%)
and spouses (17%). The melanoma patients and cancer-free controls were frequency
matched by age ( 5 yr) and sex; all subjects were non-Hispanic whites who resided in
Texas. DRC was measured by the HCR assay (17), with the plasmids damaged by an
incident dose of 800 J/m2 of UVR. The results revealed that an increased risk for mela-
noma was associated with having naturally blonde or red hair (>twofold) compared with
black or brown hair; blue eye color (>1.5-fold) compared with other eye colors; fair or
light brown skin (>3.5-fold) compared with dark skin; poor or low tanning ability
(nearly twofold) compared with good or high tanning ability; and more than one
sunburn (>twofold) compared with zero or one sunburn throughout life. These find-
ings suggest that sunlight exposure played a role in the etiology of melanomas in this
study population.

Overall, the melanoma patients in our study had a significant reduction in mean DRC
(by 19%) compared with cancer-free controls. Low DRC was associated with a nearly
twofold increased risk of melanoma. Notably, female patients had significantly lower
DRC than did male patients, and this sex-related difference was not observed among the
controls. This sex difference in patients with cancer was also observed in our previous
studies on BCC and lung cancer (78,85). Among the patients only, the subgroups that
tended to have low DRC were those with blonde or red hair, blue eyes, fair skin, and poor
tanning ability, but the differences were not statistically significant. These data suggest
that low DRC is the underlying molecular mechanism for these known risk factors, as
well as for the genetic susceptibility that contributes to the risk of UV light-induced
melanoma.

When the control subjects’ DRC values were divided into tertiles (i.e., efficient,
medium, and poor), a dose–response relationship was observed between increased risk
and decreased DRC in an unconditional logistic model after adjustment for age, sex, hair
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color, eye color, skin color, tanning ability after prolonged sun exposure, lifetime sun-
burns with blisters, freckling after sun exposure as a child, and presence of moles and
dysplastic nevi. These findings provide evidence that low DRC is an independent risk
factor for melanoma and may play a role in the etiology of sporadic melanoma. Not only
are these results consistent with the results of previous studies of XP patients, in which
defective DRC was associated with sunlight-induced skin cancers, including melanoma;
but also they are consistent with results of earlier studies of NMSC, in which reduced
DRC was shown to be associated with increased risk of BCC in the general population.

Modification of DRC Phenotype by Genotypes of DNA Repair Genes
Phenotypic studies have revealed that DRC varies among individuals up to fivefold

and may be modulated by genetic and environmental factors (81,85,91). Because the
DRC phenotype assay is labor intensive, costly, and potentially influenced by environ-
mental factors, there is a need to identify genotypes that are correlated with DRC and
amenable to high-throughput analysis. The advantage of genotypic assays is that the
assays are not affected by environmental factors. In our pilot studies of 102 cancer-free
subjects, we performed the chloramphenicol acetyltransferase and luciferase HCR–DRC
assays and genotyped for four variants of the XPC and XPD genes (XPC PAT+ in intron
9 and XPD 156Arg, 312Asn, and 751Gln) (91,92).

Based on the DRC data generated by the chloramphenicol acetyltransferase assay, we
found that individuals with the XPC PAT+/+ genotype, but not the heterozygotes (PAT–/+),
had statistically significantly lower DRC than those with wild-type homozygotes (PAT–/–).
Similarly, XPD homozygotes, but not XPD heterozygotes, were consistently correlated
with lower DRC than were wild-type homozygotes, but none of the differences was
statistically significant. These results suggest that these variant alleles have a recessive
effect on DRC phenotype. Because relatively few individuals were homozygous for the
XPC and XPD variant alleles compared with other genotypes, we combined individuals
with these variant homozygotes into one group. Based on the data generated by the
luciferase assays, which appeared to improve precision and reduce variation in the
measurements, the group with one or more XP variant homozygous genotypes (n = 45)
had a significantly lower DRC than did the other genotype group (n = 57); more inter-
estingly, the DRC measured by the luciferase assay decreased as the number of variant
homozygous genotypes increased (91).

These phenotype and genotype correlation data suggest that DRC for NER is modu-
lated by genetic polymorphisms of NER genes, such as XPC and XPD. Furthermore,
each variant NER allele or genotype may partially contribute to the NER phenotype and,
thus, to genetic susceptibility to cancer. Therefore, a combination of several variant
genotypes of the NER genes that determine the DRC phenotype should be identifiable.
In molecular epidemiology studies of the association between DRC and genetic suscep-
tibility to cancer, a large number of samples need to be evaluated for the DRC phenotype.
Further investigations are needed to identify a DNA repair pathway genotype that pre-
dicts the DRC phenotype and that can then be used for population-based studies, even-
tually leading to mass screening for individuals at risk.

DNA REPAIR GENE POLYMORPHISMS IN MELANOMA ETIOLOGY

Recent completion of the Human Genome Project has provided timely information on
sequence variations of known DNA repair genes. In their pioneer work to identify the
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molecular basis for variations in DRC, Mohrenweiser and colleagues resequenced 37
DNA repair genes in 164 biologically unrelated individuals and identified 127 amino
acid-substitution variants resulting from single-nucleotide polymorphisms (93,94). The
single-nucleotide polymorphism databases on DNA repair genes will be a huge resource
for future molecular epidemiology studies on the DNA repair gene genotype and phe-
notype correlation and their associations with cancer risk. The findings of Mohrenweiser
et al. have stimulated a large number of studies that contribute to our understanding of
the role of variants of DNA repair genes in individual susceptibility to cancer (95).
However, relatively few studies on melanoma and DNA repair gene polymorphisms
have been conducted to date.

The first United Kingdom case–control study on melanoma and DNA repair gene
polymorphisms was reported by Winsey et al. (96). They investigated the association
between polymorphisms of five DNA repair genes (XRCC1, ERCC1, XPD, XPF, and
XRCC3) and the risk for developing melanoma in 125 patients with melanoma and 211
cancer-free controls. Except for XRCC3, none of the variants selected was associated
with an increased risk of melanoma. XRCC3 is involved in double-strand break repair
and the variant is a T-allele in exon 7 (position 18067 and codon 241 [Thr241Met]) of
XRCC3, and was found to be associated with an approximately twofold increased risk
of developing melanoma (96). However, this finding was not confirmed in our larger
study of 305 patients with melanoma and 319 non-Hispanic white controls in Texas (97)
or in subsequent studies on NMSC in Denmark (98). A later study investigated the role
of polymorphisms in exon 4 of ERCC1 (G A) and exons 6 (A C), 22 (C T), and 23
(A C) of XPD in 56 patients with melanoma and 66 cancer-free controls (99). Although
this study was small, the XPD exon 22 (C T) and 23 (A C) polymorphisms appeared
to be associated with an increased risk of melanoma. In a more recent study, an Italian
research group investigated the genetic basis for reduced DRC in melanoma and
genotyped the XPD Asp312Asn (exon 10) and Lys751Gln (exon 23) polymorphisms
(100). Although the Italian researchers did not observe an association between these
XPD polymorphisms and increased melanoma risk in 176 cases and 177 cancer-free
controls, they found an increased risk for melanoma among subgroups of older subjects
(>50 yr), subjects without dysplastic nevi, and subjects with low tanning ability. These
findings provide further support for a role of inherited low DRC in sunlight-induced,
sporadic melanoma in the general population.

CONCLUSIONS AND PERSPECTIVES
Emerging data, both from laboratory and population studies, suggest that variations

in NER capacity phenotype and polymorphisms in NER genes are potential risk factors
for sporadic melanoma and that polymorphisms in NER genes contribute to variations in
DRC phenotype in the general population. A combined NER pathway genotype could
be identified that may predict the NER phenotype and risk of melanoma better than any
single genotype; therefore, this combined pathway genotype may serve as a better tool
for studying interactions between genetic factors and sunlight exposure in the etiology
of sporadic melanoma. More studies are needed to further validate DRC as a marker for
genetic susceptibility to melanoma and to search for genetic variants that could better
predict DRC phenotype and risk of melanoma. With advances in high-throughput tech-
nology, individuals at increased risk for melanoma could be screened for several func-
tional variants of DNA repair genes, leading to primary prevention of sunlight-induced
melanoma in the general population.
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Summary
Survival from melanoma varies greatly depending on the characteristics of the subject and the tumor.

The purpose of this chapter is to summarize the factors associated with melanoma metastasis and poor
survival. The risk factors are presented according to the staging system developed by the American Joint
Committee on Cancer (AJCC). There are four distinct stages of cutaneous melanoma, with different risk
factors for each stage, although the factors for stages I and II are often combined.

Although many risk factors for melanoma have been established for over 30 yr, new risk factors are
being identified as larger population-based studies are being conducted and more research is done in the
area of biomarkers. The sections on biological markers as predictors of survival are presented as only an
introduction into this area. Much research still needs to be done to determine which biomarkers prove to
be consistent predictors of melanoma survival. Continued identification of prognostic factors will aid in
the improvement of prognosis and subsequent treatment of melanoma.

Key Words: Melanoma; survival; risk factors; staging; biomarkers.

INTRODUCTION

Survival from melanoma is highly variable. Studies have shown that 10-yr survival
can range from 95% to less than 30% (1), depending on the characteristics of the subject
and the tumor at the time of diagnosis. To better understand the prognosis for survival
from primary melanoma, the American Joint Committee on Cancer (AJCC) has devel-
oped a staging system for primary melanoma (2). This system has evolved over the last
10 yr as more studies on larger populations are conducted on melanoma patients (1,3).

The current staging system was implemented in 2002 and consists of four stages (1,4).
Stages I and II can both be described as localized disease. Stage III consists of disease
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Fig. 1. Survival curve by American Joint Committee on Cancer (AJCC) stage for melanoma
patients. (Reprinted with permission from ref. 1.)

that has spread to regional sites and stage IV consists of tumors that have spread to
distant sites. Differences in survival by stage of cancer diagnosis have clearly been
established (Fig. 1).

The current staging system also incorporates the advancement of lymphatic mapping
and sentinel lymph node biopsy through the definition of a clinical stage and a pathologi-
cal stage (1). This change is particularly apparent in stage III melanoma in which the
clinical staging, based solely on clinical and/or radiological assessment of the regional
lymph nodes, has no subgrouping. However, with the technological advancement of
lymphatic mapping, patients can be staged using both pathological information on both
the primary tumor and the regional lymph nodes. Patients previously determined to be
clinically node negative are now subgrouped according to their nodal status. An analysis
by Balch et al. showed that there were statistically significant differences in 5 and 10-yr
survival rates between clinically and pathologically staged patients for all T stages
except for T4b (tissue thickness >4.0 mm, with ulceration) (1). The decreases in 5-yr
survival rates for the significant results between clinically and pathologically staged
disease ranged from 15 to 30%.

The AJCC staging system for melanoma provides a consistent nomenclature for
physicians and researchers. Furthermore, the risk factors for disease-free survival and
overall survival differ by stage. For these reasons, the prognostic risk factors in this
chapter will be discussed within each melanoma stage.

PROGNOSTIC FACTORS FOR STAGE I AND STAGE II MELANOMA

Stage I and stage II melanoma are characterized as localized disease. The prognosis
for disease diagnosed at these stages is generally good. As Fig. 1 shows, the overall
survival for subjects diagnosed at either of these two stages is much better than for stages
III or IV (1). However, there is definite variation in the prognosis within these stages.
Fig. 2 displays the overall survival for subcategories of localized disease. The differ-
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Fig. 2. Survival curve for American Joint Committee on Cancer (AJCC) stage I and II melanoma
patients. (Reprinted with permission from ref. 1.)

ences in survival are multifactorial and include tumor thickness, ulceration, Clark level
of invasion, mitotic rate, gender, age, anatomical site of the tumor, and other factors. The
following sections discuss these factors in detail in their recognized order of importance.

Tumor Thickness
Tumor thickness is one of three factors used by the AJCC melanoma staging system

to stage localized melanoma. Tumor thickness has been identified as the most important
prognostic risk factor for localized tumors (1,4–9). A study of 13,581 melanoma patients
found tumor thickness to be the more important predictor of melanoma survival (4). This
finding has been duplicated in numerous other studies (5–9).

Some discussion does exist over the ideal categorization of tumor thickness. The
categories currently used by the AJCC staging system are less than or equal to 1.00 mm,
1.01 to 2.00 mm, 2.01 to 4.00 mm, and greater than 4.00 mm (1). Breslow first identified
the differences in survival by tumor thickness proposing a categorization of six catego-
ries in 1970 (5). More recent studies have used fewer categories and/or different cutoff
points (1,2,9,10). However, all have reached the same conclusion: thinner tumors have
better survival than thicker tumors and survival correlates with thickness in a trend-like
fashion. This last point is best demonstrated in Fig. 3. Therefore, the current cutoff
system is used for its simplicity (even integer categories), its statistical validity, and its
compatibility with current thresholds in clinical decision making (1,4). Figure 4 displays
the overall survival curve of localized melanoma using the current categorization.

Tumor Ulceration
Ulcerated melanomas have consistently shown worse survival than nonulcerated

tumors (4,6,8,10–15). The reason for this worsened prognosis is thought to be that
tumors with histological ulceration tend to invade the epidermis rather than displace
normal cells (9). Ulceration is more common in men (26%) than women (20%) (9).
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Tumor ulceration has been shown to be a significant predictor of poor survival in
multifactorial regression models and in one analysis was shown to be the second most
important predictor of overall survival, behind tumor thickness (Table 1). However,
tumor thickness and ulceration are closely correlated. Balch et al. found that the thinner
the tumor the lower the prevalence of ulceration (4). Analysis of the AJCC database

Fig. 3. Observed vs predicted 10-yr mortality rates for American Joint Committee on Cancer
stage I and II melanoma patients. *T, measured tumor thickness in millimeters; f(t), 10-yr mela-
noma-specific mortality rates. (Reprinted with permission from ref. 4.)

Fig. 4. Survival curve for American Joint Committee on Cancer stage I and II melanoma patients
stratified by thickness and ulceration. Note: Group (2) includes patients with ulceration or level
IV/V (i.e., TNM classification T1b). (Reprinted with permission from ref. 4.)
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found that 6% of thin tumors (<1 mm) were ulcerated, whereas 63% of thick tumors
(>4 mm) were ulcerated.

The most recent staging version of the AJCC system includes tumor ulceration as one
of three factors in the staging system (1). Ulcerated tumors are placed in the same
category as thicker tumors with no ulceration. For example, a 1.0–2.0-mm tumor with
ulceration is categorized the same as a 2.01 to 4.0 mm tumor without ulceration. This
result is displayed graphically in Fig. 4, showing the similar survival between thinner
tumors with ulceration and thicker tumors with no ulceration. Figure 2 displays the
combination of these categories into five substages of stage I and stage II melanoma.

Clark Level of Invasion
Clark level of invasion is the third prognostic factor to be included in the most recent

AJCC staging system for melanoma for stage I and II (1). The higher the level of inva-
sion, the worse the prognosis is for melanoma cases. However, this finding has not been
as consistent as tumor thickness has been for disease prognosis. In a review by Vollmer,
the author found that in 54 studies conducted before 1988, tumor thickness was a more
significant factor than level of invasion in 42 of the studies (16). Furthermore, only 8 of
48 studies found level of invasion to be statistically significant.

When looking only at thin tumors (<1.0 mm), level of invasion has been found to be
a significant prognostic factor. An analysis of the AJCC melanoma database found that
Clark level was a more important prognostic factor for thin melanomas than ulceration
(4). In the substaging of stage I melanoma, Clark level is only incorporated into stages
IA and IB (Fig. 2). Table 2 shows that level is the most important predictor among thin
melanomas but becomes less important as the tumors get thicker, although it does remain
significant for tumors of all thickness categories.

Tumor Mitotic Rate
Tumor mitotic rate (TMR) has recently been identified as an independent predictor

of survival. A study from the Sydney Melanoma Unit (SMU) of 3661 subjects, defining
TMR as the number of mitoses/mm2 in the dermal area of the tumor in which mitoses
were seen, found that mitotic index was second only to tumor thickness when predicting
patient survival (17). This finding was limited to a certain categorization of TMR (0,
1–4, 5–10, and >11 mitoses/mm2). However, when recategorized to three different

Table 1
Predictors of Survival

for AJCC Stage I and II Melanoma Patients

Variable 2 p value

Thickness 244.3 < 0.0001
Ulceration 189.5 < 0.0001
Age 45.6 < 0.0001
Site 41.0 < 0.0001
Level 32.7 < 0.0001
Sex 15.1 0.001

Reprinted with permission from ref. 4.
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Table 2
2 Values (p Values) for Predictors of Survival

for AJCC Stage I and II Melanoma Patients: Stratified by Tumor Thickness Category

Tumor
thickness Ulceration Level Age Site Sex

1.00 mm 17.239 24.778 12.563 6.940 5.506
(n = 5299)  (<0.0001)  (<0.0001) (0.0004) (0.0084) (0.0189)

1.01–2.00 mm 57.215 6.656 11.613 24.085  2.668
(n = 3943) (<0.0001) (0.0099) (0.0007) (<0.0001) (0.1024)

2.01–4.00 mm 62.291 4.451 12.529 12.342 3.165
(n = 2959)  (<0.0001) (0.0349) (0.0004) (0.0004) (0.0752)

>4.00 mm 47.246 4.065 8.745 2.547 2.875
(n = 1380) (<0.0001) (0.0438) (0.0031) (0.1106) (0.0951)

Reprinted with permission from ref. 4.

Fig. 5. Survival curve by tumor mitotic rate for localized cutaneous melanoma. (Reprinted with
permission from ref. 17.)

categories (0–1, 2–4, >5 mitoses/mm2), TMR was still a highly significant independent
predictor of overall survival. These results support evidence that has shown that a mitotic
index of greater than 5 is associated with poorer survival (18). The univariate survival
curves for TMR subdivided into four categories are shown in Fig. 5. A recent study by
Francken et al. confirmed that TMR is an independent predictor of survival, even after
controlling for stage of disease (19).
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Age
Older subjects have worse survival than younger subjects (4,20,21). This finding may

be expected because older patients tend to present with thicker tumors. However, in
multivariate analyses of the University of Alabama at Birmingham (UAB)–SMU data-
base, age has been found to be an independent predictor of survival (9). Age was found
to be a significant independent predictor within each of the thickness categories for stage
I and II tumors (Table 2). Balch et al. found consistently decreasing 5-yr and 10-yr
survival rates for melanoma subjects as they age in 10-yr increments (4). Although age
has been found to be an independent predictor, it has also been shown that increasing age
is associated with increased tumor thickness, increased prevalence of ulcerated tumors,
an increased prevalence of tumors on the head and neck, and a higher proportion of male
subjects (22).

Anatomic Site of the Primary Tumor
The anatomic location of the primary tumor has also consistently been found to be a

significant predictor of melanoma survival (4,8,9,20,23,24). Although melanoma can
occur anywhere, the site is generally categorized into extremities (including the arms,
legs, hands, and feet) and nonextremities (usually consisting of the head and neck or
trunk area). Analyses of the UAB–SMU database found that extremity tumors had
significantly (p < 0.0001) better survival than nonextremity tumors (9). Several other
studies have duplicated this finding (4,8,20,23,24).

Interestingly, in the UAB–SMU data set, there was no difference in survival between
lower extremities and upper extremities, but tumors located on the hands and feet had
worse prognosis than tumors on the arms and legs (9). However, this finding is not
consistent, because Wells et al. found no difference in survival for tumors on the hands
and feet after controlling for tumor thickness (25).

Women are more likely to have tumors located on the extremities, whereas men are
more likely to have tumors on their head and neck or trunk area (9). However, when six
specific tumor locations (back, chest, arm, leg, foot, and hand) were compared in the
UAB–SMU database, women had better survival than men for all locations (9).

Gender
As expected from the differences between men and women for specific sites, women

tend to have better overall survival than men (4,9,20). In addition to having more tumors
located on the extremities, tumors in female patients are thinner and less likely to be
ulcerated (9). In the overall analysis of 13,581 patients in the AJCC melanoma database,
gender was a significant predictor of survival in a multifactorial Cox model (4). How-
ever, when the analysis was stratified by thickness, gender was only a significant inde-
pendent predictor for tumors less than 1.0 mm in diameter (Table 2).

Other Pathological Variables
Research on prognostic factors for melanoma outcomes has been rather extensive and

includes many variables for which the results are not as consistent as those already
discussed.  These factors will be mentioned here, in brief. Although some research does
exist for each of these factors, no conclusive evidence currently exists in the literature.

Lymphocyte infiltration is one factor with inconsistent findings. Infiltration of the
melanoma by lymphocytes is believed to represent a more vigorous host response to the
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tumor. Analyses of the UAB–SMU database found that tumor thickness and lymphocyte
infiltration were inversely correlated, i.e., thinner tumors had more infiltration, thicker
tumors had less infiltration (9). However, tumor infiltration was no longer significant
once tumor thickness was controlled for in a multivariate model. However, other inves-
tigators have found tumor infiltration to be an independent predictor of melanoma
survival (26–28).

As with lymphocyte infiltration, the role of tumor vascularity and microvessel density
is, as yet, undetermined, and the findings of recent research are inconsistent. Srivastava
found that increased vascular density was associated with poor prognosis (29,30). Simi-
larly, Kashani-Sabat et al. found that tumor vascularity (categorized as absent, sparse,
moderate, and prominent) was the most important predictor of overall survival in a
multivariate analysis (31). However, these findings have not been duplicated in other
research (32–34).

Microsatellites have been defined as “discrete nests of melanoma cells, greater than
0.05 mm in diameter, noncontiguous, and clearly separated from the main body of the
tumor by normal reticular dermal collagen or subcutaneous fat (35).” Leon et al. and
Kelly et al., in separate studies, have shown that microsatellites are associated with
clinically worse outcomes (35,36). However, the number of studies on microsatellites is
limited, and more research is needed before its importance in melanoma prognosis can
be determined.

Although tumor regression has been found to be an independent prognostic factor in
a few studies (26,37), other studies found no difference in survival between subjects
exhibiting regression and those who do not exhibit regression (9,38,39).

The growth pattern of stage I and II tumors has been studied to some extent. The four
growth patterns are superficial spreading melanoma, lentigo maligna melanoma (LMM),
nodular melanoma, and acral lentiginous melanoma. Analyses of the UAB–SMU data-
base showed that growth pattern was a significant prognostic indicator in a univariate
analysis, but not in the multivariate analysis (9). When grouped according to tumor
thickness, superficial spreading melanoma and nodular melanoma had similar 10-yr
survival rates, whereas LMM had the best survival rates and acral lentiginous melanoma
had the worst survival rates (9). LMM patients tend to have thinner lesions, although
Garbe et al. found that even LMM patients with thicker tumors (>3.0 mm) had 80%
survival at 10 yr (40).

Desmoplastic neurotropic melanoma is a rare variant of malignant melanoma,
accounting for approx 1% of all cases (41,42). These tumors tend to invade locally
around the peripheral nerves, especially in the head and neck area. Carlson et al. con-
ducted a literature review and found an overall survival rate of 60%, a local recurrence
rate of 50%, and distant metastases at a rate of 25% (41). Among the thickest desmoplas-
tic neurotropic melanoma (>4.0 mm), Carlson et al. found a survival rate of 72%, much
higher than found in thicker, conventional melanomas.

Molecular Variables
Much of the current research in melanoma focuses on the molecular markers of

melanoma tumors and their use as predictors of survival. The literature on molecular
markers is quite extensive, although relatively new. This section serves as only a brief
summary of the factors most often mentioned in the literature. A tabular summary of
these factors is provided (Table 3).
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Table 3
 Summary of Literature on Molecular Variables as Predictors of Melanoma Survival

Stage Variables Authors

I and II P53 Gelsleichter et al. (45) (1995); Yamamoto et al. (46) (1995);
Weiss et al. (54) (1995); Saenz-Santamaria et al. (55)
(1995); Kanter-Lewensohn et al. (43) (1997); Hieken et al.
(56) (1999); Kaleem et al. (44) (2000)

P16 Reed et al. (51) (1995); Talve et al. (50) (1997); Straume et al.
(53) (1997); Sparrow et al. (49) (1998); Funk et al. (48)
(1998); Grover et al. (52) (1998); Piepkorn et al. (47) (2000)

B1 and B3 integrins Hieken et al. (57) (1995); Natali et al. (61) (1997); Hieken
et al. (56) (1999); VanBelle et al. (58) (1999); Vihinen
et al. (59) (2000); Kageshita et al. (60) (2000)

CD44 Schaider et al. (63) (1998); Karjalainen et al. (62) (2000)
CEACAM1 Thies et al. (64) (2002)

S-100 Bonfrer et al. (65) (1998); Kaskel et al. (66) (1999); Garbe
et al. (68) (2003)

MIA Bosserhoff et al. (67) (2001); Garbe et al. (68) (2003)
Metallothioneins Weinlich et al. (69) (2003)

MART-1/Tyrosinase Mellado et al. (71) (1996); Farthmann et al. (70) (1998);
Garbe et al. (68) (2003)

III S-100 Kaskel et al. (66) (1999); Garbe et al. (68) (2003)
MIA Garbe et al. (68) (2003)

MART-1/Tyrosinase Mellado et al. (71) (1996); Garbe et al. (68) (2003);
Palmieri et al. (76) (2003)

B1 integrins Vihinen et al. (59) (2000)

Several tumor suppressor genes have been studied in relation to melanoma. Expres-
sions of the p53 gene and the p16 gene have both been shown to correlate with melanoma
progression (43–53). Although one study has shown that overexpression of p53 in thick
tumors (>3 mm) was associated with metastasis and death (43), other reports have not
supported this finding (54–56). The data on p16 is somewhat more consistent. Several
studies have shown a correlation between loss of p16 expression and advanced stages of
melanoma progression (49–53).

Integrins are glycoproteins that play a role in the cell–cell and cell–extracellular
matrix interactions. B1 and B3 integrins have been found to be markers of poor prognosis
in primary melanoma (56–61). Both markers have been shown to positively correlate
with worse prognoses in primary melanoma for both overall survival and disease-free
survival (56,61). The role of integrins as a prognostic factor needs to be studied more exten-
sively before it can be used as a prognostic indicator of melanoma progression.

CD44 is another cell adhesion molecule that has been studied in relation to melanoma.
Again, the literature, although limited, is contradictory. Karjalainen et al. found that
reduced expression of CD44 led to poorer prognosis on melanoma patients (62), whereas
Schaider et al. found no correlation between CD44 expression and melanoma progres-
sion (63).

CEACAM1, another cell adhesion molecule, has evidence in one study that it is a
significant, independent predictor of metastatic disease. Thies et al., in a multivariate
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analysis of 40 subjects, found that CEACAM1 was superior to tumor thickness in its
predictive value (64).

A series of proteins have also been studied as risk factors for melanoma progression.
Melanoma inhibitory activity (MIA) and S-100B are two proteins that have been studied
in relation to melanoma. Although both MIA and S-100B levels have been shown to be
better predictors for stage IV melanoma (65–67), Garbe et al. did conclude that MIA and
S-100B have clinical prognostic significance for stage II cases (68).

Metallothioneins (MTs), proteins with a high affinity for heavy metal ions, have been
shown to be associated with melanoma progression and survival. Weinlich et al. found
that overexpression of MTs in tumor cells was a significant and independent predictor
of disease progression and reduced survival compared with MT-negative tumors (69).

Melanoma antigen recognized by T-cells-1 and tyrosinase are both recognized as
markers that occur in circulating melanoma cells. New methods to detect these genes,
particularly reverse transcription-polymerase chain reaction (RT-PCR) are allowing
researchers to quantify the prognostic abilities of these molecular markers. Although the
exact prognostic abilities of these markers is inconclusive at this point (68,70,71),
research continues in this area as technology continues to improve.

Summary of Stage I and Stage II Melanomas
In summary, tumor thickness, which was identified as a major risk factor for patient

survival more than 30 yr ago (5), remains the most important predictor of disease pro-
gression today. Other factors, such as tumor ulceration, level of invasion, site of primary
tumor, mitotic rate, and age do still play an important role in assessing the risk for disease
progression. The research on other factors is more inconsistent, but may still play an
important role in the prognosis of melanoma survival. The newest area of research
focuses on the molecular markers and although still inconsistent, offers promising ven-
ues for the detection of new prognostic factors that will aid in the improvement of
prognosis and subsequent treatment for localized melanoma.

PROGNOSTIC FACTORS FOR STAGE III MELANOMA

Stage III melanoma is considered to be regionalized disease. This category encom-
passes tumors found in either the regional lymph nodes or intralymphatic metastases
manifesting as either satellite or in-transit metastases. Survival rates are worse than those
for stage I and II melanomas, with overall 5-yr survival rates approx 50% (Fig. 1).
However, within the stage III category, there is a range of 5-yr survival from approx 25
to 70% depending on the subject and tumor characteristics (1). Prognostic factors for
stage III tumors are fewer than that for stage I and II tumors and also not as closely
associated with the characteristics of the primary tumor. Again, these factors will be
discussed in their currently accepted order of importance for prediction of survival.

Number of Nodes
The number of nodes involved has been found to be the most important predictor of

survival for stage III melanoma (4,10,72–74). Table 4 displays the results of the multi-
factorial Cox regression analysis of the AJCC database. Among 1151 subjects with stage
III disease, number of metastatic nodes was the most important predictor of overall
survival (4). A univariate survival analysis of the AJCC database showed that survival
decreases as the number of positive nodes increases (p < 0.0001) (4).
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Using this same data set, researchers were able to determine that the categorization
of the number of nodes that best predicted survival was one node, two or three nodes, and
four or more nodes (4). This categorization has been incorporated into a subcategorization
of stage III disease: N1, N2, and N3. These separate N categories form the basis for the
subdivision of stage III disease into stage IIIA, IIIB, and IIIC. Figure 6 displays the
difference in survival for the three subcategories of stage III melanoma (1). Tumor
burden and ulceration are the two other factors included in the subcategorization of stage
III disease.

Tumor Burden
Tumor burden is the distinction between microscopic (or clinically occult) tumors vs

macroscopic (or clinically apparent) tumors. Multivariate analysis has shown that tumor
burden is the second most important predictor of tumor survival (Table 4). Table 5

Table 4
Predictors of Survival for AJCC Stage III Melanoma Patients

Variable 2 p Value

Number of metastatic nodes 57.616 <0.0001
Tumor burden 40.301 <0.0001
Ulceration 23.282 <0.0001
Site 17.843 0.0001
Age 13.369 0.0003
Thickness 1.964 0.1611
Level 0.219 0.6396
Sex 0.006 0.9407

Reprinted with permission from ref. 4.

Fig. 6. Survival curve for American Joint Committee on Cancer stage III melanoma patients.
(Reprinted with permission from ref. 1.)
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displays the decreasing 5-yr survival of stage III patients as the number of positive nodes
increases. When stratified by tumor burden, Balch et al. found that, for each nodal
category, microscopic nodes had improved survival compared with the macroscopic
nodes, and this improvement was statistically significant for all but one category (4).
Table 5 displays the importance of tumor burden in the prediction of survival and why
it is included in the subcategorization of stage III disease.

Ulceration of Primary Tumor
Tumor ulceration is the one factor that is included in the categorization of both stage

I and II disease, as well as stage III disease. In the analysis of the AJCC database,
ulceration was the only primary tumor characteristic that was a significant predictor of
survival in the multivariate model (Table 4). Similar to the stratification done by Balch
et al. for tumor burden, the number of nodes was stratified by the presence or absence
of ulceration. The results of this analysis showed that those patients with ulcerated
primary tumors had significantly worse survival than those without ulceration for all
numbers of positive nodes, except when the number of nodes was greater than three and
microscopic tumors were involved (Table 5) (9).

As mentioned previously, ulceration is the third factor used in the staging of stage III
tumors. Microscopic tumors with one to three nodes and ulceration were found to have
worse survival than these same tumors without ulceration. Similarly, macroscopic tumors
of 1 to 3 nodes and ulceration have worse survival than similar tumors without ulceration.

Other Factors
Primary tumor site and subject age were also found to be significant prognostic factors

in the multivariate analysis of the AJCC database (Table 4). As with the earlier stage
disease, stage III tumors on the extremities fared better than those on the head and neck or
trunk area (4). This finding was also supported by analysis of the UAB–SMU database (9).

Increasing age was correlated with worse survival in the AJCC database. And al-
though no overall difference was found for gender, Balch et al. found that the age effect
was more pronounced in men than women (4). When stratified by gender, the difference
in survival by age ( 50 vs >50) was much more disparate among men (p = 0.0006) than
among women (p = 0.02) (9).

Although tumor thickness is not as important a factor in predicting survival for stage
III tumors as it is for stage I and II, it has been found to be a prognostic factor in a
univariate analysis. Thinner tumors have been shown to have better overall survival than
thicker tumors (9).

Molecular Variables
The research investigating molecular variables as prognostic factors for stage III

disease is not as extensive as it is for stage I and II. However, several factors have been
investigated as prognostic variables for stage III disease. This section will serve as a brief
discussion of those factors (Table 3).

One of the more comprehensive studies of molecular markers was done by Garbe et al.
on 296 subjects, 129 of which were stage III (the remaining were stage II) (68). Although
the analyses were not stratified for the different stages, the authors did find that the
proteins S-100B and MIA were significantly associated with increased risk of develop-
ing metastases. The finding of S-100B as a prognostic factor is supported in an earlier
study by Kaskel et al. (75).
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Fig. 7. Survival curve by site of metastasis for American Joint Committee on Cancer stage IV
melanoma patients. (Reprinted with permission from ref. 4.)

In a study from 1996, Mellado et al. found that stage II and III patients who were
RT-PCR-positive for tyrosinase did significantly worse than RT-PCR-negative patients
for both disease-free survival and death (71). Later research has not supported this
finding. Garbe et al. did not find RT-PCR to be a significant predictor of increased
recurrence-free survival time (68). Similarly, in a study of stage I to III subjects, Palmieri
et al. found that RT-PCR was significant as a univariate predictor but did not remain
significant in a multivariate model (76). In contrast to its role for early stage tumors, B1
integrin is positively correlated with longer disease-free and overall survival in patients
with metastatic tumors (59).

PROGNOSTIC FACTORS FOR STAGE IV MELANOMA

Stage IV melanoma is considered metastatic disease that has spread to distant sites.
The overall survival for late-stage disease is much lower than that for the other stages
(Fig. 1), with median survival from time of diagnosis ranging from 6 to 8 mo (9) and 5-yr
survival rates less than 10% (9,77–79). As with other stages, several factors have been
identified that differentiate the prognosis associated with stage IV disease.

Site of Distant Metastasis
The site to which the tumor has metastasized is one of the important predictors of

survival for stage IV disease (9,77–80). Using data from the AJCC database, stage IV sub-
jects were subdivided by site using the following categorization: metastasis in the skin,
subcutaneous tissue, or distant lymph nodes; metastasis to the lung; and metastasis
to visceral sites other than lung. The survival curves for these three groups are shown in
Fig. 7. Survival differences were significant between the nonvisceral sites and the lung
metastasis (p < 0.0003) and the other visceral sites (p < 0.0001). The differences
between the lung metastasis and the other visceral sites were only significant up to year 1
(p < 0.0001) (4).
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Number of Metastatic Sites
The number of metastatic sites involved has been found to be a significant predictor

of survival. Subjects with only one site involved have a significantly better outcome than
those with two or more sites involved (p < 0.0001). Similarly, subjects with two sites
involved fare better than those with three or more sites involved (p = 0.03) (81). The
median survival time for the subjects in the UAB–SMU database ranged from 7 mo for
those with one site involved, to 4 mo for two sites, and 2 mo for three or more sites.

Serum Lactic Dehydrogenase
Elevated levels of serum lactic dehydrogenase (LDH) have been associated with

worse survival among stage IV subjects (77,81,82). Multiple studies have demonstrated
elevated LDH as an independent risk factor for decreased survival. Sirott et al. found
decreased survival time in patients with elevated LDH levels when compared with
patients with normal LDH levels (median survival of 3 mo vs 11 mo) (82), whereas
Manola et al., found median survival times of 6.6 mo and 12.4 mo for abnormal vs normal
LDH (79).

Other Variables
Gender has had mixed results as a prognostic factor for stage IV disease. A few studies

have shown that women had better survival than men (10,71,80), although others did not
reach this same result (9,78). Age has not been found to be a prognostic indicator of
survival among stage IV patients (9,77). Duration of disease-free survival has been
found in at least one study to be predictive of improved survival (77). Barth et al. found
that subjects who had experienced at least 72 mo of disease remission fared significantly
better than subjects with a remission time of less than 72 mo. However, Balch et al. did
not find a correlation between disease-free survival and worse prognosis (9).

Performance status has been found by several researchers to positively correlate with
prognosis, i.e., the worse the performance score, the worse the prognosis (78–80). A
multivariate analysis by Manola et al. showed that an Eastern Cooperative Oncology
Group performance score of 1 or greater was independently associated with worse sur-
vival (hazard ratio, 1.49; 95% confidence interval, 1.3–1.7) (79). Using a different
performance score, the Southwest Oncology Group also found performance score to be
highly predictive of worse survival (80).

CONCLUSIONS AND PERSPECTIVES

This review provides a comprehensive list of those factors that have been well studied
as prognostic factors for melanoma survival. It also includes brief descriptions of more
recently studied factors and also considers some factors for which the evidence is still
controversial. As the data has shown, the overall survival from melanoma is highly
variable.

Not only do these factors differentiate survival between different stages, the research
has shown that, within stages, subjects can have very different outcomes depending on
the combinations of several different factors. As the stage of disease progresses, it
becomes apparent that individual factors (such as age and gender) become less impor-
tant. Also, for the later stages of disease, the characteristics of the primary tumor become
less important.
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The importance of discussing these factors is twofold. First, it provides a basis for the
AJCC staging system that leads to a consistency of diagnosis for physicians. Second, it
provides physicians with a way of predicting disease outcome in their subjects and
subsequently deciding the proper treatment protocol. Investigation of newer markers as
independent prognostic factors, as well as their possible interaction with existing factors,
will further enhance the prognostic abilities of physicians, and therefore potentially lead
to even more focused treatment regimens that will eventually lead to improved survival
among all stages of melanoma subjects.
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Summary
Despite its ambiguous name, the protein melanoma inhibitory activity (MIA) was identified as a key

molecule involved in the progression and metastasis of malignant melanomas. In this review, we update
current knowledge on MIA with a focus on its role in early development of malignant melanoma. A
search for autocrine growth-regulatory factors secreted by melanoma cells identified MIA, which was
purified in 1989 and cloned in 1994. Subsequent analyses of nonneoplastic tissues revealed specific
expression of MIA in cartilage. In neoplastic tissues, MIA expression was detected in malignant melano-
mas and chondrosarcomas. In melanoma cells, the regulation of MIA expression is controlled at the level
of messenger RNA transcription by defined transcription factors. Probably, the same transcription fac-
tors regulating MIA expression also have an impact on the expression of other melanoma-associated
molecules. Evidence obtained from in vitro and in vivo experiments indicated that MIA plays an impor-
tant functional role in melanoma metastasis and invasion. Determination of the three-dimensional struc-
ture in solution identified MIA as the first member of a novel family of secreted extracellular proteins
adopting an SH3 domain-like fold. These findings suggest specific protein–protein interactions with
components of the extracellular matrix and possibly epitopes on cellular surfaces. The exact mechanisms
of these interactions are unknown but certainly attract further investigations. A number of studies from
different laboratories evaluated MIA as a highly specific and sensitive prognostic marker, clinically use-
ful for follow-up and therapy monitoring of patients with malignant melanomas.

Key Words: Malignant melanoma; MIA; invasion; metastasis; serum marker; transcriptional
regulation.
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INTRODUCTION

Regulation of tumor progression is influenced by a complex network of inhibiting and
stimulating factors produced both by tumor cells and by the local environment. By
characterizing autocrine growth-regulatory factors in malignant melanoma, the mela-
noma inhibitory activity (MIA) protein was identified within a growth-inhibiting activ-
ity purified from the tissue culture supernatant of the human melanoma cell line, HTZ-19d
(1,2). Initially, MIA was thought to act as a tumor suppressor, because when purified and
added to melanoma cells in vitro, MIA caused alterations in cell morphology, cell round-
ing, detachment from tissue culture plastic, and growth inhibition (3,4). Based on partial
peptide sequences obtained by Edman degradation, a complementary (c)DNA fragment
was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) and used
as a probe to isolate the fully encoding cDNA (3).

Cloning of MIA
The first human MIA cDNA sequence was obtained by screening a cDNA library of

the human melanoma cell line HTZ-19d, and was verified by cDNA and genomic clones
obtained from different sources. Until today, no mutations in the MIA sequence have
been detected. MIA mRNA was identified independently by a differential display
approach comparing differentiated and dedifferentiated chondrocytes in vitro. Because
dedifferentiation was accelerated by retinoic acid in this study, MIA was also referred
to as CD-RAP (cartilage-derived retinoic acid-sensitive protein) (5). Subsequent studies
of murine embryos and murine adult tissues demonstrated cartilage-specific mRNA
expression patterns (6).

Both human and murine genomic MIA sequences were determined and deposited in
the gene bank (X84707, X97965). The MIA locus was mapped as a single-copy gene to
human chromosome 19q13.32-13.33 (7) and murine chromosome 7 (6,8). The gene
consists of four exons and the exon–intron structure is highly conserved, because it was
also found in all other species that have been analyzed so far, even in pufferfish
(Tetraodon).

Expression Pattern of MIA
Analysis of normal skin and skin-derived melanocytic tumors by semiquantitative

RT-PCR did not reveal significant MIA mRNA levels in normal skin and melanocytes,
but revealed moderate levels in some benign melanocytic nevi and very high levels in
all primary and metastatic malignant melanomas (Fig. 1) (3,9). Subsequent studies
confirmed specific expression patterns of MIA mRNA and protein in malignant mela-
nomas and the absence of MIA mRNA expression in benign melanocytes cultured from
normal skin biopsies (10–12). The expression pattern data obtained by RT-PCR studies
were supported by in situ hybridization and coincided with protein expression visualized
by immunohistochemistry (Fig. 2).

The finding that MIA is already expressed in some nevi led to the hypothesis that
upregulation of MIA is an early process in melanoma initiation. However, the regulation
of expression in nevi is not strictly regulated because some nevi also present as negative
for MIA.

In summary, these results indicate that expression of MIA in nonneoplastic tissues is
limited to cartilage. However, under pathological circumstances, high expression levels
occur in melanomas and in chondrosarcomas.
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Fig. 1. Melanoma inhibitory activity (MIA) messenger RNA expression in nevi and melanoma.
MIA complementary DNA was amplified by reverse transcriptase-polymerase chain reaction
(PCR). Strong expression was detected in malignant melanoma, weak expression in some of the
nevi. As a control, -actin (to verify RNA integrity), tyrosinase, and pMel (to verify melanocytic
origin) were amplified. The PCR products were separated on 1.5% agarose gels, stained with
ethidium bromide, and visualized under ultraviolet light.

Fig. 2. Detection of melanoma inhibitory activity (MIA) by immunohistochemistry. Primary
cutaneous melanoma (A) and intradermal nevi (B) were immunoreacted with a specific antibody
for MIA. A strong signal (AEC staining, red) was found in melanoma (original magnification,

100), weak staining was found in nevi (original magnification, 40). Please see color insert
following p. 430.
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MIA PROTEIN

Characterization of MIA Protein
MIA is translated as a 131-amino-acid precursor molecule and is processed during

translation into the mature 107-amino-acid protein after cleavage of a hydrophobic
peptide (3). These first 24 amino acids of the 11-kDa putative protein correspond to a
signaling peptide that results in the release of MIA into the extracellular compartment.
The MIA amino acid sequence is highly conserved between species from fish to mam-
mals, suggesting functional conservation (Fig. 3A,B).

MIA Protein Structure
Recently, it has been shown by multidimensional NMR that recombinant human MIA

adopts an Src homology 3 (SH3) domain-like fold in solution (13–15), a structure with
two perpendicular, antiparallel, three- and five-stranded -sheets (Fig. 4A). SH3 domains
are small (55–70 amino acids) noncatalytic protein modules that are found in many
intracellular signaling proteins. Different from previously solved structures of proteins
with SH3 domain folds, MIA is a single-domain protein and contains an additional
antiparallel -sheet and two disulfide bonds. These two disulfide bonds are absolutely
necessary for correct folding and function, as revealed by mutation analysis (15). Obvi-
ously, additional stabilization of the SH3 domain is needed in the extracellular compart-
ment. SH3 domains mediate protein–protein interactions by binding to proline-rich
peptide sequences. More than 50 SH3 domains are known, and these SH3 domains are
widely distributed. For example, SH3 domains have been identified in kinases, lipases,
guanosine triphosphatases, adapter proteins, structural proteins, and viral regulatory
proteins, all of which represent intracellular proteins. In contrast, human MIA appears
to be the first extracellular protein adopting an SH3 domain-like fold in solution. Nuclear
magnetic resonance data were recently confirmed by X-ray crystallography (16,17).
Peptides identified as ligands for human MIA in a heptapeptide phage display experi-
ment are strikingly similar to the consensus sequence XPPLPXR for SH3 domains.

Furthermore, it was shown that MIA interacts with fibronectin (FN) and that MIA-
interacting peptide ligands identified by phage display screening are similar to the con-
sensus sequence of type III human FN repeats, especially FN14 (14,18). Functional data
suggest that FN12–14 is able to promote melanoma cell adhesion activity and is sensitive
to antibodies to 4 1 integrin, suggesting a direct interaction between FN12–14 and 4

1 integrin (19). Therefore, while bound to the FN14 domain of FN, human MIA might
sterically interfere with the binding of FN to 4 1 integrin (Fig. 4B).

Additionally, intact FN has binding surfaces for several molecules, including col-
lagens, fibrin, integrins, heparin, DNA, and so on. In vivo, it may be occupied at multiple
sites by multiple ligands (20,21). This might also be true for the binding of human MIA
to FN, because the identified target peptides share sequence similarities with several

Fig. 3. (opposite page) Human melanoma inhibitory activity (MIA) protein sequence. (A) The
signal sequence responsible for translocation into the endoplasmic reticulum and subsequent
secretion is in italics. MIA is translated as a 131-amino-acid precursor molecule and processed
into a mature 107-amino-acid protein after cleavage of the N-terminal secretion signal (3). The
consensus sequence displays the high homology comparing the species. (B) The phylogenetic
tree further supports the high homology of MIA between the species (generated using the pro-
gram DNAMAN, Lynnon Biosoft, Quebec, Canada).
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Fig. 4. Three-dimensional structure of melanoma inhibitory activity (MIA) protein in solution.
(A) Multidimensional nuclear magnetic resonance studies revealed that MIA adopts an Src
homology 3 domain-like fold. The model shows the three-dimensional structure of MIA. The
binding pocket is indicated (13–15). (B) MIA binding to fibronectin was verified by several
studies. This leads to masking of the integrin binding sites and subsequently causes the detach-
ment of the cells.

domains in FN. The matching sequence of all human type III FN repeats suggests the
intriguing possibility of a multiple binding of human MIA to several FN repeats, but at
least to FN6, FN10, and FN14. Experiments suggest that four MIA proteins bind to one
FN molecule, inhibit the binding of integrins to FN, and thereby cause the detachment
of cells from the extracellular matrix (ECM) (14).
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These findings may provide a mechanistic explanation for the role of MIA in metastasis
in vivo (see following subheading) and support a model in which the binding of human
MIA to type III repeats of FN competes with integrin binding, thus, detaching cells
from the ECM.

Interestingly, inhibitory antibodies against 4 or 5 integrin recognize recombinant
MIA (18). By sequence comparison of MIA and 4 or 5 integrin, weak homology in
amino acid identity (18% or 15.6%) and homology in predicted secondary structure by
hydrophobicity blots is detectable. Homology was found in the region of the W6 and W7

-propeller structure in 4 and 5 integrin, a region known to be involved in ligand
binding. Because denatured human MIA does not crossreact with anti- 4 and - 5
integrin, these antibodies obviously recognize a three-dimensional epitope in human
MIA. However, a detailed analysis on the molecular level awaits the structure elucida-
tion of 4 and/or 5 integrin. This will allow one to address the question of which regions
of human MIA are structurally similar to 4 and 5 integrin.

MIA Function
Based on monitoring biological activity during purification of the protein from tissue

culture supernatants, MIA was initially believed to elicit antitumor activity by inhibiting
melanoma cell proliferation in vitro (2,3). However, further analysis revealed an expres-
sion pattern inconsistent with that of a tumor suppressor. Expression of MIA was not
detected in normal skin and melanocytes, but was associated with progression of
melanocytic tumors (see “MIA Protein Structure”) (10,11). More recently, it was
observed that MIA specifically inhibits attachment of melanoma cells to FN and laminin
by masking the binding site of integrins to these ECM components and, thereby, promot-
ing invasion and metastasis in vivo (Fig. 4B) (13–15,18). Thus, the growth-inhibitory
activity in vitro may reflect the ability of the protein to interfere with the attachment of
cell lines to culture dishes in vitro. In conclusion, there is evidence for the potential
molecular mechanism by which MIA promotes invasion and metastasis: MIA binds to
human FN type III repeats, thus, inhibiting the attachment of melanoma cells. In general,
the structure of human MIA suggests a new mechanism of metastasis: binding of the
extracellular SH3-like domain to type III repeats of FN competes with integrin binding
and leads to detachment of the melanoma cells from the ECM.

Further experiments in hamsters and mice were performed to analyze the in vivo role
of MIA during melanoma metastasis (22,23). In a study of Guba et al., A-mel 3 hamster
melanoma cells were transfected with sense or antisense MIA cDNA and analyzed for
changes in their tumorigenic and metastatic potential. The metastatic potential of A-mel
3 cells with enforced expression of MIA was significantly increased compared with
control- or antisense-transfected cells, but did not affect the growth rate of the primary
tumor, cell proliferation, or apoptosis. In addition, MIA overexpressing cell clones
showed a higher rate, both of tumor cell invasion and of extravasation, as analyzed by
intravital microscopy. Consistently, cell clones transfected with an antisense MIA cDNA
expression plasmid revealed significantly reduced metastatic potential. The changes in
metastatic behavior in correlation to the expression level of MIA provide evidence that
upregulation of MIA during malignant transformation of melanocytic cells is causally
involved in acquisition of the malignant cancer cell phenotype.

This hypothesis was further confirmed by a second study analyzing B16 mouse
melanoma cells secreting different amounts of MIA generated by stable transfection
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(23). The capacity of these cell clones to form lung metastases in syngeneic C57Bl6 mice
was strictly correlated to the level of MIA expression. B16 melanoma cells over-
expressing MIA showed increased metastatic progression compared with untreated
controls, whereas the antisense MIA-transfected B16 cells displayed a strongly reduced
metastatic potential. Again, no effects on cell proliferation were observed.

These positive effects on migration can be explained by the MIA protein structure
containing an SH3-like domain that binds to type III repeats of FN (see “MIA Protein
Structure”). This results in a decrease in the ability of 4 1 integrin on the cell surface
to bind to FN, promoting cell detachment from the ECM (14).

Based on these findings, it could be speculated that MIA enables melanoma cells to
detach from some of their ECM contacts. In accordance with that, adhesion of melanoma
cells to FN, laminin, and tenascin was shown to be reduced by 30–50% (18). Taken
together, these data identify active detachment through secretion of MIA as a molecular
mechanism by which neoplastic melanocytes specifically change their attachment to
components of the ECM and basement membranes to enhance their metastatic capability.

Interactions between cell-surface molecules and matrix components do not only
mediate physical adhesion but also provide other important signals for melanocytic
cells. Detachment of melanoma cells by MIA may also be implicated in regulating
migration, apoptosis, secretion of proteases, or matrix proteins and cell growth (see
section entitled 3.4.). It is known that such interactions between melanocytic cells and
ECM involve foremost the binding of integrins to specific epitopes within FN and
depend to a significant extent on activation of 4 1 and 5 1 integrins (24). Detach-
ment from ECM molecules within the local milieu is a key prerequisite for melanoma
cells to migrate, invade, and finally metastasize. A previous study has demonstrated that
overexpression of functionally active 4 1 integrin in B16 cells strongly reduced
matrigel invasion and pulmonary metastasis (25). These findings indicate that MIA
particularly affects interactions between ECM molecules and integrins, which play criti-
cal roles in controlling melanoma cell metastasis at the invasive stage. Active detach-
ment promoted by MIA secretion appears to be a highly regulated and cell-type specific
mechanism because other cell types known to actively migrate, including macrophages
or lymphocytes, do not express MIA (3).

Downstream Effects of MIA Expression
Because MIA expression seems to be an early event in melanoma development, it was

speculated that further molecules involved in melanoma development and progression
could be regulated by MIA. To follow up on this question, MIA expression was omitted
by an antisense approach in a human melanoma cell line (25a). Changes in the expression
profile were analyzed by cDNA and protein arrays. Interestingly, several genes asso-
ciated with melanoma progression, such as MT1-MMP or 3 integrin, were markedly
downregulated in the melanoma cell clone without functional MIA. These findings lead
to the hypothesis that MIA is not only involved in melanoma migration and invasion but
also in regulating gene expression.

TRANSCRIPTIONAL REGULATION OF MIA IN MALIGNANT MELANOMA

Because MIA is highly specifically expressed in melanomas but not in benign mel-
anocytes, the mechanism of transcriptional regulation is of particular interest. As dis-
cussed in “MIA Protein Structure,” the upregulation or induction of MIA expression
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seems to be an early event in melanoma development. This is supported by the finding
that MIA expression is already found in some nevi and in all melanomas in situ.

Changes in the activity of the MIA promoter could provide insights into gene regula-
tory mechanisms prototypic for malignant transformation of melanomas. A fragment of
approx 1.4 kb in the 5' flanking DNA of the human gene conferred strong reporter gene
expression in melanoma cells but not in melanocytes (9). Regulation of promoter activity
usually results from the binding of transcription factors that specifically activate or
repress the rate of transcription. To search for transcription factors involved in regulating
MIA expression, reporter constructs with a series of different truncated MIA promoter
fragments were analyzed. This study identified important active cis-regulatory elements
on the MIA promoter between nucleic acids –230 and –130, relative to the translation
start site (26). Promoter constructs with that particular region revealed melanoma-spe-
cific expression of the reporter gene, but no activity in melanocytes or nonmelanocytic
cells. Gel mobility shift assays and Southwestern blots led to the identification of further
specific DNA–protein complexes in melanoma cells. Fine mutational analysis of the cis-
regulatory promoter elements revealed that two critical nucleic acid residues are essen-
tial for transcriptional activity, because mutagenesis of both base pairs abolished the
entire promoter activity. Using an affinity purification approach, a protein of approx 32
kDa was isolated from melanoma cells and referred to as MATF (melanoma-associated
transcription factor) (26). After protein sequencing, MATF was revealed to be a high-
mobility group (HMG)-1 protein. HMG proteins are known as abundant and ubiquitous
nonhistone proteins. They can be classified into three families: HMG1/2/4, HMG14/17,
and HMG-I. The family of HMG1/2/4 was recently renamed to HMGB (with HMG1 as
HMGB1, HMG2 as HMGB2, and HMG4 as HMGB3). The structure of the three family
members is highly conserved. They are composed of three different domains and two
DNA-binding domains, called HMG boxes (27). Until this finding, HMG-1 was com-
monly described as a DNA-bending molecule without specific DNA-binding and tran-
scriptional activating activity. In the study of Poser et al. (28), it was shown that HMG-1
expression is strongly upregulated in malignant melanoma in comparison with melano-
cytes. Furthermore, the experiments revealed that HMG-1 in concert with p65, a member
of the nuclear factor- B family, positively regulates the MIA promoter. This study
revealed HMG-1 and p65 as important factors in MIA regulation and melanoma progres-
sion, and further defined HMG-1 as a gene-specific transregulatory protein (Fig. 5).

In addition to the positive regulation of MIA expression by HMG-1, C-terminal
binding protein (CtBP), a negative regulator of the T-cell factor (TCF)/lymphoid
enhancer factor family of transcription factors, was shown to be an inhibitor of MIA
expression in primary melanocytes (29). Testing mutated constructs of the MIA pro-
moter gave additional evidence for a negative cis-regulatory element located 5' adjacent
to the HMG-1-binding region, and it was shown that this element is critically important
in melanoma-specific expression. Defects in this promoter element lead to loss of its
specific expression and to unscheduled activity of the promoter in MIA negative cells,
such as HeLa cells or primary melanocytes. Further analysis revealed that TCF4 binds
to this region. Interestingly, -catenin does not seem to function as a co-regulator of this
TCF-dependent element. Therefore, the TCF co-repressor, CtBP1, was analyzed. CtBP1
was first identified as a cytoplasmic protein binding to the C-terminal region of the
adenoviral protein, E1A, and attenuating its ability to activate transcription. CtBP
recognizes PXDLS motifs in DNA-binding proteins and functions as a transcriptional
co-repressor in Drosophila, Xenopus, and mammals. As previously shown for the tran-
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Fig. 5. Schematic model of the melanoma-specific regulation of melanoma inhibitory activity
(MIA) expression. In melanocytes, the transcriptional repressor C-terminal binding protein
(CtBP) is expressed and suppresses MIA expression. Further, positive regulators, such as p65 and
high-mobility group (HMG)-1 are missing. The lower figure represents the situation in mela-
noma cells. The repressor CtBP is lost and HMG-1, as a positive regulator of MIA expression,
is strongly upregulated. This results in induction of MIA expression.

scriptional regulator, Sox6, the study by Poser et al. implies that TCF4 can act as a
transcriptional repressor depending on the context of co-regulatory factors. In vitro
reporter gene assays revealed that CtBP1 functions as a strong repressor of MIA pro-
moter activity and that this repressor function requires the TCF-binding element within
the MIA promoter. Expression studies further indicate that the loss of TCF/CtBP1 bind-
ing and, consequently, the loss of suppression of MIA expression, may be important for
melanoma progression. In the context of the MIA promoter, TCF is obviously used as
a negative regulator in combination with CtBP1. This could be proven by simultaneous
transfections of TCF4 and CtBP1 expression plasmids into melanoma cells. Here, TCF4
negatively regulates CtBP1-induced repression of MIA promoter activity by interacting
with CtBP1 (Fig. 5).

Further analysis revealed CtBP1 to be strongly expressed in primary melanocytes. In
contrast, melanoma cells in vitro and in vivo were shown to have strongly downregulated
or lost wild-type CtBP1 expression.
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CtBP has been speculated to be involved in normal cell growth control. Furthermore,
invasion assays pointed to a role of CtBP1 in cell migration because re-expression of
CtBP1 in melanoma cells induced a reduction of the invasive potential.

MIA AS A SERUM MARKER IN PATIENTS
WITH MALIGNANT MELANOMAS

Proteins strongly expressed by and released from tumor cells can be used as markers
to monitor the development and systemic spread of the tumor disease. Because studies
of melanocytic tumors in vitro and in vivo indicated that MIA mRNA expression cor-
relates with tumor progression, it was investigated whether MIA provides a clinically
useful parameter in patients with primary or metastatic melanoma. Therefore, a quanti-
tative enzyme-linked immunosorbent assay was designed and MIA serum levels were
correlated with clinically determined melanoma stages (30–35).

In the first study (30), the cut-off for positive values (97th percentile) was set at 6.5
ng/mL, based on measuring sera from a control group of healthy blood donors. Of sera
obtained from patients with metastatic malignant melanomas in stage IV, 97% revealed
enhanced MIA values and 81% of the sera from patients in stage III revealed enhanced
MIA values. After surgery, MIA serum levels dropped significantly. Interestingly,
patients responding to chemotherapy also showed decreasing MIA serum levels, whereas
patients with progressive disease during or after chemotherapy had increasing MIA
serum levels. Furthermore, slightly enhanced MIA serum levels in 13 and 23% of patients
with stage I and II disease, respectively, were reported. In repeated measurements of the
sera of 350 patients with a history of stage I or II melanoma during follow-up, 32 patients
developed positive MIA values. At the time of serum analysis, 15 of the patients had
recurrent metastatic disease and 1 further patient presented with metastatic disease 6 mo
later. In contrast, none of the patients with normal MIA serum levels developed metas-
tases during the follow-up period of 6–12 mo. Therefore, it was concluded that MIA
represents a clinically useful, novel serum marker for systemic malignant melanomas,
revealing a very high sensitivity and specificity. Potential clinical applications included
detection of occult metastases, detection of progression from localized to metastatic
disease during follow-up, and monitoring therapy of advanced melanomas (30). Several
follow-up studies confirmed these results with minor differences in sensitivity and speci-
ficity (31,33–35).

CONCLUSIONS AND PERSPECTIVES

In summary, the protein MIA was characterized as a secreted molecule playing a role
in invasion and metastasis of malignant melanoma. The solution of the three-dimen-
sional structure identified MIA as the first extracellular protein adopting an SH3 domain-
like fold, and will have great future impact on basic research addressing protein
interactions within the ECM. It was clearly shown that MIA has the ability to bind to
specific matrix proteins, such as FN, a process which leads to controlled detachment
of the cells from the surrounding matrix and supports migration. In addition, by analyz-
ing the regulation of MIA expression on the promoter level, several transcriptional
regulators, such as HMG-1 and CtBP, were identified. Future studies should reveal
whether these factors are also involved in the regulation of expression of other proteins
that are upregulated early in melanoma development or progression.
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Clinically, MIA has already been established as a serum marker for patients with
cutaneous and uveal melanomas.
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Summary
To determine treatment strategies and predict the clinical outcome of patients with melanoma it is

important to understand the etiology of this disease. Recently, there has been some insight into the mo-
lecular basis of melanoma, including identification of a few of the regulatory factors and genes involved
in this disease. For instance, the transcription factor, activator protein (AP)-2 , plays a tumor suppres-
sor-like role in melanoma progression by regulating genes involved in tumor growth and metastasis.
Previously, we have shown that the progression of human melanoma to the metastatic phenotype is asso-
ciated with loss of AP-2 expression and deregulation of target genes, such as MUC18/MCAM, c-KIT, and
MMP-2. This chapter focuses on the expression of the thrombin receptor (protease-activated receptor
[PAR]-1 ) in human melanoma and its regulation by AP-2 and specificity protein (Sp)-1. We demonstrate
that the metastatic potential of human melanoma cells correlates with overexpression of PAR-1. We also
provide evidence that an inverse correlation exists between the expression of AP-2 and the expression of
PAR-1 in human melanoma cells. The regulatory region of the PAR-1 gene contains multiple AP-2 con-
sensus elements overlapping multiple Sp1 consensus elements. Our analysis of the highly overlapping
AP-2 and Sp1 binding elements (complex 1, bp –365 to –329) within the regulatory region demonstrates
that AP-2 and Sp1 bind to this region in a mutually exclusive manner to promote repression or activation,
respectively. We propose that loss of AP-2 results in increased expression of the thrombin receptor,
which subsequently contributes to the metastatic phenotype of melanoma by upregulating the expression
of adhesion molecules, proteases, and angiogenic molecules.

Key Words: Melanoma; gene regulation; transcription factor; gene expression; AP-2; angiogenesis;
metastasis; thrombin receptor.
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INTRODUCTION

Melanoma develops and progresses through a multistep process. In humans, it
progresses from melanocytes to nevi with structurally normal melanocytes, to dysplastic
nevus with structural and architectural atypia, to early radial growth phase primary
melanoma, to advanced vertical growth phase primary melanoma with competence for
metastasis, and finally to metastatic melanoma (1). The transition of normal melanocytes
to clinical melanoma is associated with genetic and molecular changes. The mechanisms
that mediate the differential expression of genes that contribute to the process remain
largely unknown, however, and are under investigation. Nevertheless, there has been
some progress in our understanding of the molecular and genetic changes associated
with the development of this disease. Of particular relevance are recent results concern-
ing aberrant expression of transcription factors, which modulate gene expression through
activation or repression of a multitude of genes that can enhance tumor development and
metastasis of melanoma. Recent investigations have demonstrated the contributions of
abnormalities in expression of transcription factors, which, in turn, modulate the expres-
sion of several genes involved in malignant progression, including activating transcrip-
tion factor-1 (2,3); cyclic adenosine monophosphate response element-binding protein
(4–6); microphthalmia transcription factor (7,8); nuclear factor- B (9); transcriptional
repressor, Snail (10); and activator protein (AP)-2 (11–13).

In this chapter, we focus on the expression of the transcription factor AP-2 , a 52-kDa
protein first purified from HeLa cells. Partial peptide sequences led to the isolation of
the complementary (c)DNA from a HeLa cell library (14), and the gene was mapped to
a region on the short arm of chromosome 6 near the HLA locus (15). The AP-2  protein
binds to a consensus palindromic sequence, 5'-GCCNNNGGC-3', as a homodimer
(14,16), although a number of sites that are specifically footprinted by AP-2  have been
shown to differ from this consensus sequence (17). The DNA-binding domain is located
within the C-terminal half of the 52-kDa protein and consists of two putative amphipathic

-helices separated by a 92-amino acid sequence that is both necessary and sufficient for
homodimer formation (18). Buettner’s group (19) cloned an alternatively spliced AP-2
protein, AP-2 B, which differs in its C-terminus and acts as a dominant-negative to AP-2 .

Transcriptional activity of AP-2  as a positive or negative transcriptional regulator
can be seen in its response to different signal-transducing agents. For example, phorbol
esters and signals that enhance cyclic adenosine monophosphate levels induce AP-2
activity independently of protein synthesis, whereas retinoic acid treatment of teratocar-
cinoma cell lines transiently induces increase in AP-2  transcription (17,20,21). Other
signals demonstrated to stimulate AP-2  expression and activate transcription of target
genes include ultraviolet-A radiation and singlet oxygen (22–24).

AP-2  mediates programmed gene expression during both embryonic morphogen-
esis and adult cell differentiation. In situ hybridization has demonstrated a restricted
spatial and temporal expression pattern during murine embryogenesis. In particular,
regulated AP-2  expression appeared in neural crest-derived cell lineages (from which
melanocytes are derived) and in facial and limb bud mesenchyme (25). Two studies of
AP-2 -null mutant mice demonstrated that AP-2  is important for development of the
cranial region and for midline fusions; the AP-2 -null mice have multiple congenital
defects and die at birth (26,27). The identification of AP-2  target genes involved in
development and differentiation remain under investigation. Numerous studies have
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identified AP-2  target genes that contain functional AP-2 -binding elements in the
enhancer regions; these include viral genes, such as simian virus 40 (SV40) (28,29); the
human T-cell leukemia virus type I (30); and such cellular genes as those for the murine
major histocompatibility complex, H-2Kb (31); human metallothionein-IIa, huMTIIa
(32); human proenkephalin (33); and human keratin, K14 (34).

AP-2  is a cell type-specific transcription factor expressed in neural crest- and ecto-
derm-derived tissues, including craniofacial, skin, and urogenital tissues (25–27). It has
been implicated as a critical regulator of gene expression during mammalian develop-
ment, differentiation, and carcinogenesis (26,27,34,35). Loss of AP-2  has been impli-
cated in the development and progression of many different types of cancers, including
human melanoma, prostate, breast, and colorectal carcinomas. For example, immuno-
fluorescent staining of malignant human prostate tissues indicated that loss of AP-2
expression occurs early in the development of prostate adenocarcinomas (36). In clinical
specimens of invasive breast cancer, a correlation between low AP-2  expression and
disease progression was demonstrated, suggesting a tumor suppressor-like role for AP-2
(37). In colorectal carcinoma, AP-2  expression correlates with p21/WAF1 expression
and recurrence-free survival (38). These observations indicate that AP-2  plays mul-
tiple roles in both normal development and the development and progression of cancer.

ROLE OF AP-2  IN MELANOMA PROGRESSION

We have previously demonstrated that loss of AP-2 is an important molecular event
in melanoma progression. The transition of melanoma cells from radial growth phase to
vertical growth phase is associated with a loss of expression of AP-2 , which results in
deregulation of AP-2 target genes involved in tumor growth and metastasis (39). For
example, loss of AP-2 expression in metastatic melanoma cells resulted in overexpression
of the melanoma cell adhesion molecule (MCAM/MUC18) (13) and lack of expression
of the tyrosine kinase receptor, c-KIT (12). Increased expression of MUC18 allowed the
metastatic cells to adhere to the endothelial cells in blood vessels and supported their
migration to the metastatic site (40), whereas low c-KIT expression rendered the cells
resistant to apoptosis (41). In addition, inactivation of AP-2 in AP-2-positive primary
cutaneous melanoma cells by means of transfection with a dominant-negative AP-2 gene
(AP-2B) led to deregulation of the matrix metalloproteinase-2 (MMP-2) gene (11).
Functional AP-2-binding elements have been identified in other genes involved in the
progression of human melanoma, including p21/WAF1 (42), intercellular adhesion
molecule (23), c-erbB-2/HER-2/neu (43–45), plasminogen activator inhibitor type I
(46), insulin-like growth factor binding protein-5 (47), transforming growth factor-
(48), vascular endothelial growth factor (22,49), E-cadherin (50), and hepatocyte growth
factor(51).

Loss of AP-2  was also observed in clinical specimens of advanced primary and
metastatic melanoma and was associated with malignant transformation and elevated
risk of tumor progression; the loss of AP-2 expression correlated with low p21/WAF1,
E-cadherin, and c-KIT expression and poor prognosis (52,53), thus, supporting the
hypothesis that loss of AP-2  is a crucial event in the progression and metastasis of
melanoma. In this chapter, we summarize our recent data demonstrating an inverse
correlation between the expression of AP-2  and the thrombin receptor (PAR-1), which
correlates with the malignant phenotype of human melanoma.



492 From Melanocytes to Melanoma

ROLE AND REGULATION OF THE THROMBIN RECEPTOR (PAR-1)
IN HUMAN MELANOMA

Seven-transmembrane G protein-coupled receptors compose the largest group of
receptors in mammalian systems. A recently described novel subset of this group, the
PARs, has been shown to have a unique mechanism of activation. PAR-1, the first PAR
to be cloned (54), is activated when the N-terminus is proteolytically cleaved by the
serine protease, thrombin, irreversibly activating the receptor, thus, leading to down-
stream cell-signaling events that evoke a variety of cellular responses (54,55). The
pathway of cellular activation and induction of mitogenesis by thrombin is well
characterized for fibroblasts and other cell types. PAR-1 can couple to members of the
G12/13, Gq, and Gi families and, hence, to a host of intracellular effectors (56). The
interaction of PAR-1 with multiple G protein subunits allows for signaling via several
transduction pathways, including increases in Ca2+ and activation of protein kinase C via
second messengers, inositol 1,4,5-triphosphate, and diacylglycerol (57); activation of
mitogen-activated protein kinases (55); activation of phosphoinositide-3 kinase (58,59);
and activation of Rho kinases (60,61).

The thrombin receptor has recently been assigned a central role in tumorigenesis and
metastasis (62–64). Overexpression of PAR-1 has been detected in human carcinoma
cell lines, including colon adenocarcinoma (65), and laryngeal (66), breast (62,63),
pancreatic (67), and oral squamous cell carcinoma (68). We have recently demonstrated
that metastatic melanoma cells have increased expression of PAR-1 (69). In human
melanoma cells, thrombin acts as a growth factor, suggesting that signaling by PAR-1
is involved in the biological response of these cells, which likely involves downstream
regulation of gene products contributing to their metastatic phenotype (64,70,71). To
that end, PAR-1 was reported to be a rate-limiting factor in thrombin-enhanced experi-
mental pulmonary metastasis in a murine melanoma cell line, demonstrating a potential
role of PAR-1 in the metastatic process of melanoma (64). Activation of PAR-1 induces
intracellular signaling molecules, such as Rho kinase, phosphoinositide-3 kinase, and
mitogen-activated protein kinases, which have been shown to be involved in cell growth,
tumor promotion, and carcinogenesis (55,72). These signaling effector molecules
can elicit a range of cellular responses and expression of thrombin-responsive genes.
For example, some of these gene products are precisely those that would be required for
angiogenesis and tumor invasion of melanoma, such as interleukin-8 (73), vascular
endothelial growth factor (74), basic fibroblast growth factor (75), platelet-derived
growth factor (76), MMP-2 (77), and v 3 integrins (78). Therefore, PAR-1 activation
may facilitate angiogenesis, tumor invasion, and metastasis through the induction and
stimulation of secreted angiogenic factors, matrix-degrading proteases, and expression
of cell adhesion molecules.

Despite the extensive data regarding the cellular signaling pathways mediated by
PAR-1, little is known about the regulatory mechanism of this receptor. The regulatory
region of the PAR-1 gene has been cloned, and DNA sequence analysis indicates the
presence of binding sites for Ets, TEF-1, NF-E1, Octamer, AP-2-like elements, and
multiple putative AP-2 and specificity protein (Sp)-1 regulatory elements (Fig. 1) (79,80).
Transcription factor sequence analysis indicates the presence of two complexes that
contain highly overlapping binding motifs for the transcription factors AP-2 and Sp1 at
the proximal 3' region of the PAR-1 promoter (79). Overall, these complexes contain
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Fig. 1. Schematic summarizing the putative regulatory sequences within the protease-activated
receptor (PAR)-1 promoter, including the 5' flanking sequence of the PAR-1 gene and potential
regulatory motifs. Overlapping activator protein-2 and specificity protein-1 binding motifs are
noted with dashes. Translation start codon position is defined as +1, and the first base upstream
of +1 is defined as –1.

four putative AP-2-binding elements and seven Sp1-binding elements, suggesting that
these transcription factors likely mediate PAR-1 promoter activity. Furthermore, we
found that the regulatory region of the thrombin receptor shares remarkable similarities
with other AP-2 target genes, such as a G+C-rich sequence, lack of conventional TATA
and CAAT sequences, and multiple AP-2-binding elements, which makes the PAR-1
gene a likely candidate for regulation by the transcription factor AP-2.

The cell lines in our investigation included primary and metastatic human melanoma
cells with different tumorigenic and metastatic potentials in nude mice. Because the
regulatory region of the PAR-1 gene contains several putative AP-2 binding sites, a panel
of AP-2-negative metastatic, and AP-2-positive nonmetastatic melanoma cell lines was
surveyed for differential expression of PAR-1 (Fig. 2). To further investigate the con-
tribution of AP-2 in human melanoma, we re-expressed AP-2 in the human metastatic
melanoma cell line, WM266-4 (AP-2 C8, AP-2 C12A). We observed that the expression
of PAR-1 was significantly lower in AP-2-positive than in AP-2-negative melanoma cell
lines. The expression of the PAR-1 was significantly lower in cells transfected with the
full-length AP-2 gene construct, WM266-4-AP-2, than in the WM266-4 parental and
control transfected cell line. These data demonstrate an inverse correlation between the
expression of AP-2 and the expression of PAR-1 in human melanoma, and a correlation
between the level of PAR-1 expression and the metastatic potential of human melanoma
cell lines (69). Our results suggest that loss of AP-2 results in an increase in the expres-
sion of the thrombin receptor in metastatic melanoma cells.

Although AP-2 generally serves as an activator of target gene expression, it has been
shown to negatively regulate the transcription of several genes, including K3 keratin
(81), acetylcholinesterase (82), C/EBP (83), and manganese superoxide dismutase
(84,85). In all of these studies, it was proposed that AP-2 functions as a repressor by
inhibiting or competing with a transcriptional activator that has a binding motif that
overlaps or is adjacent to the AP-2-binding site. Several lines of evidence indicate that
AP-2 represses Sp1-dependent promoters through transcriptional steric interference
with the general transcription machinery (81). Sp1 was the first mammalian transcrip-
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Fig. 2. Expression of activator protein (AP)-2 and protease-activated receptor (PAR)-1 in human
melanoma cell lines. Reverse transcriptase-polymerase chain reaction analysis for the expression
of PAR-1 and AP-2 in human melanoma cell lines. High levels of PAR-1 expression were
observed in WM266-4, neotransfected (Neo C5), and A375SM cell lines, which expressed neg-
ligible levels of AP-2. AP-2-transfected C8 and C12A, MeWo, and SB2 melanoma cell lines
expressed high levels of AP-2 and low levels of PAR-1.

tion factor to be cloned (86). It binds to GC-rich elements, such as GC (GGGGGCGGGG)
and GT (GGTGTGGGG) boxes (87). Early studies indicated that Sp1 was responsible
for recruiting TATA-binding protein and fixing the transcriptional start site at TATAA-
less promoters (88). These findings, together with the fact that GC/GT-rich sequences
are found in promoters of many housekeeping genes, led to the widely held notions that
Sp1 acts as a basal transcription factor and that these GC/GT-rich elements represent
constitutive promoter elements that support basal transcription (88). However, Sp1 was
also shown to undergo extensive posttranslational modification by both glycosylation
and phosphorylation, indicating that its activity was likely to be regulated (89). Other
mechanisms that mediate Sp1 transcriptional activity act in part through complex inter-
actions with Sp-related proteins, other transcriptional activators, and members of the
basal transcriptional complex (90,91).

To further investigate the role of AP-2 and Sp1 in regulating the expression of PAR-1,
we investigated whether these nuclear proteins were associated with the PAR-1 pro-
moter in vivo, using the chromatin immunoprecipitation assay (Fig. 3). Chromatin frag-
ments from cultured cells were immunoprecipitated with an antibody to either AP-2 or
Sp1, and DNA from the immunoprecipitates was isolated. From this DNA, a 276-bp
fragment of the PAR-1 promoter region was amplified by polymerase chain reaction.
This region of the promoter contains two AP-2/Sp1 complexes with overlapping binding
motifs for these transcription factors (79). In AP-2-negative cell line (WM266-4), Sp1
was predominantly bound to the PAR-1 promoter. In contrast, in AP-2-positive cell line
(WM266-4-AP-2 C8), 9- to 10-fold more AP-2 was bound to the same region of the
promoter (69). These data demonstrate that both AP-2 and Sp1 bind to the 3' regulatory
region of the PAR-1 promoter in a mutually exclusive manner.

To determine which nuclear proteins were bound to the regulatory region, we
performed electrophoretic mobility shift assays using wild-type and mutant oligonucle-
otide probes that corresponded to bp –365 to –329 (complex 1) and bp –206 to –180
(complex 2) of the 5' flanking sequence of the PAR-1 gene (79). Incubation of the
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Fig. 3. ChIP assay to determine transcription factors binding to the protease-activated receptor
(PAR)-1 promoter in vivo. Chromatin fragments from cultured cells were immunoprecipitated
with an antibody to either activator protein (AP)-2 or specificity protein (Sp)-1, and a 276-bp
fragment of the PAR-1 promoter region was amplified by polymerase chain reaction. This region
containing complex 1 and complex 2 of the PAR-1 promoter demonstrated that in the AP-2-
negative cell line, WM266-4, Sp1 was predominantly bound to the PAR-1 promoter. In contrast,
in the AP-2–positive cell line, WM266-4-AP-2 C8, AP-2 was bound to the same region of the
promoter.

radiolabeled complex 1 probe with nuclear extracts from AP-2-transfected melanoma
cells (WM266-4-AP-2) cells demonstrated functional binding of AP-2, Sp1, and an Sp1
family member, Sp3, bound to overlapping motifs within complex 1 of the human
PAR-1 promoter in a mutually exclusive manner (69). In contrast, the formation of
DNA–protein complexes with the sequence corresponding to complex 2 of the promoter
did not involve AP-2 binding; however, Sp1 and Sp3 demonstrated functional binding
to this region (69).

To define the functional elements responsible for PAR-1 gene regulation, we con-
structed a series of luciferase reporter plasmids containing serial 5' deletions. These
plasmid constructs were transfected into a panel of melanoma cell lines that differen-
tially express PAR-1 (Table 1). We observed that the promoter activity driven by the full-
length promoter (–1400 bp to +1 bp, –1400/PAR1-Luc) reporter construct was increased
in AP-2-negative cell lines and decreased in AP-2-positive cell lines (69). Deletion of
bp –1400 to –889, to create the –890 bp reporter construct (–890/PAR1-Luc) did not
produce any marked differences in PAR-1 promoter activity, which implied that the
elements in this region were not required for basal activity of the PAR-1 promoter.
Further deletions of sequences from bp –890 to –499, which left intact the remaining
500-bp region of the promoter (–500/PAR1-Luc), doubled PAR-1 promoter activity in
AP-2-negative cell lines, whereas only a minimal effect was observed in AP-2-positive
cell lines. This indicated that this –500 bp to +1 bp segment of the promoter is driven by
a strong transcriptional activator. Furthermore, this 500-bp region of the promoter con-
tains both complex 1 (bp –365 to –329) and complex 2 (bp –206 to –180), implicating
these regulatory motifs in the regulation of this gene. To further determine the effects of
AP-2 and Sp1 on PAR-1 promoter activity, expression constructs containing cDNA
encoding for AP-2 and Sp1 or an empty vector (pcDNA3.1-Neo) were transiently
cotransfected with –500 bp to +1 bp reporter construct in WM266-4 and WM266-4-
AP-2 cell lines. In comparison with the reporter construct cotransfected with pcDNA3.1-
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Table 1
Deletion Analysis of PAR-1 Promoter in Human Melanoma Cell Lines

Cell lines
(relative luciferase activity)

A375SM WM266-4 AP-2 C8 SB2 MeWo
Plasmids

–1400/PAR1-Luc 0.580  0.143 0.507  0.186 0.189  0.041 0.211  0.075 0.222  0.037
–890/PAR1-Luc 0.730  0.090 0.764  0.125 0.257  0.083 0.264  0.047 0.209  0.067
–500/PAR1-Luc 1.334  0.193 0.957  0.078 0.517  0.163 0.294  0.120 0.207  0.035

5' deletion of PAR-1 promoter luciferase reporter construct were transfected in A375SM, WM266-4,
WM266-4-AP-2 C8, SB2, and MeWo cell lines. Constructs were cotransfected with pRL– -actin to
correct for transfection efficiency. Luciferase activity is expressed as relative luciferase units. Data shown
are cumulative of three independent experiments performed in triplicate (means  SEM).

Neo, transfection with the reporter construct and AP-2 markedly decreased reporter gene
activity in WM266-4 cells and further decreased activity in WM266-4-AP-2 cells. In
contrast, cotransfection of the reporter construct with Sp1 markedly increased promoter
activity, by 2- to 2.5-fold. These results demonstrate that AP-2 functioned as a transcrip-
tion repressor of PAR-1, whereas Sp1 was a strong transcriptional activator of PAR-1.

To ascertain the functional role of complex 1 in PAR-1 gene regulation, we performed
site-directed mutagenesis within the Sp1 and AP-2 sites. Mutant reporter constructs
were transiently transfected into the WM266-4 and WM266-4-AP-2 melanoma cell
lines, and their activity was compared with that of the –500 bp to +1 bp reporter construct,
which contained the native PAR-1 promoter sequences. Disruption of complex 1 with
2-bp mutations at the distal and middle regions increased promoter activity in the
WM266-4-AP-2 cells by 1.4-fold, but no changes in luciferase activity were observed
in WM266-4 cells compared with the native reporter construct. Cotransfection of mutant
reporter construct with AP-2 in WM266-4 and WM266-4-AP-2 cell lines had no effect
on promoter activity. Transfection with Sp1 resulted in a twofold increase in luciferase
activity. Similarly, 2-bp mutations in the middle and proximal regions of complex 1
decreased promoter activity by 0.5- to 2-fold in WM266-4 and WM266-4-AP-2 cell
lines. Introduction of AP-2 had no effect on promoter activity, whereas Sp1 had a mini-
mal increase in the promoter activity of luciferase. When 2-bp mutations were intro-
duced in the distal and proximal region of complex 1, we observed a onefold to twofold
increase in promoter activity in WM266-4 and WM266-4-AP-2 cell lines compared with
native reporter construct. Transfection with AP-2 had little effect on promoter activity,
whereas Sp1 transactivated the promoter construct. To our surprise, when 2-bp muta-
tions were introduced simultaneously at the distal, middle, and proximal region of com-
plex 1, promoter activity was abolished in WM266-4 and WM266-4-AP-2 cell lines,
thus inhibiting the positive effect of Sp1 transactivation on complex 1.

The results of this targeted mutation analysis of the PAR-1 promoter, in conjunction
with the deletion analysis and cotransfection with AP-2 and Sp1 expression plasmids,
demonstrated that complex 1 was necessary for activation by Sp1 and repression by AP-2.
Furthermore, when this region was significantly mutated, the promoter activity was lost,
which suggests that complex 2 may have a minimal role in promoter activation.
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Our promoter analysis of the overlapping AP-2- and Sp1-binding motifs within the
PAR-1 promoter suggests that AP-2 likely repressed expression of this gene by interfer-
ing with activated or basal transcription. Therefore, the levels of AP-2- and Sp1-DNA
binding activity and expression in relation to the level of PAR-1 expression were exam-
ined by reporter assay and Western blot analysis (69). To determine the DNA-binding
activity of AP-2 and Sp1, we performed luciferase reporter assays using either a reporter
construct that contained three AP-2-binding sites (3xAP-2-Luc) or a vector that con-
tained three Sp1-binding motifs (3xSp1-Luc) in a panel of human melanoma cell lines
(Table 2). We demonstrated that AP-2-negative melanoma cell lines had significantly
lower AP-2 binding activity than AP-2-positive melanoma cell lines. The AP-2-binding
activity was 2.7-fold higher in WM266-4-AP-2 cell line than in the parental WM266-4
cell line.

Sp1 DNA-binding activity was similar in the AP-2-positive cell lines. The Sp1 activity
was only slightly lower in SB2 cell line than in the A375SM and WM266-4 cell lines.
However, we observed a marked decrease in Sp1 DNA-binding activity in the MeWo
cell line. To calculate the ratio of AP-2 to Sp1 DNA-binding activity we used their
relative luciferase activities. We determined that the AP-2-negative melanoma cell lines
had a low AP-2:Sp1 ratio and the AP-2-positive melanoma cell lines had significantly
higher ratios, of 3.1 and 1.4, respectively. The WM266-4-AP-2 cells, in which AP-2
activity has been restored, had a low AP-2:Sp1 ratio, which suggests that the balance of the
transcriptional regulators determines the level of PAR-1 expression in melanoma cells.

Similarly, the AP-2:Sp1 ratio was determined by Western blot and densitometry
analyses. The AP-2-negative melanoma cell lines had a low ratio. In contrast, the AP-
2-positive melanoma cell lines had a high AP-2:Sp1 ratio and expressed minimal levels
of PAR-1. The WM266-4-AP-2 cells displayed an increase in the ratio of AP-2:Sp1, which
coincided with decreased PAR-1 expression. We conclude that the loss of AP-2 in
melanoma cells resulted in a noticeable decrease in the ratio of AP-2:Sp1 and correlated
with high expression levels of PAR-1. Furthermore, re-expression of AP-2 restored the
ratio of AP-2 expression to Sp1 expression in melanoma cells and resulted in
downregulation of PAR-1.

Table 2
AP-2 and Sp1 DNA-Binding Activity in Human Melanoma Cell Lines

Cell lines

A375SM WM266-4 AP-2 C8 SB2 MeWo
Plasmids

3xAP-2-Luc 0.605  0.295 0.546  0.176 1.489  0.013 2.737  0.176 3.359  0.322
3xSp1-Luc 2.604  0.355 2.424  0.085 2.184  0.120 1.876  0.477 1.068  0.141
AP-2:Sp1 ratio 0.232 0.225 0.681 1.458 3.145

Luciferase activity of 3xAP-2 and 3xSp1 reporter plasmids in A375SM, WM266-4, WM266-4-AP-2
C8, SB2, and MeWo cell lines. Constructs were cotransfected with pRL– -actin to correct for transfection
efficiency. Luciferase activity is expressed as relative luciferase units. The ratio of AP-2:Sp1 DNA-
binding activity was determined from the relative luciferase activity of 3xAP-2 and 3xSp1. Data shown
are cumulative of three independent experiments performed in triplicate (means  SEM).
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Fig. 4. Scheme showing how activation of protease-activated receptor-1 contributes to the acqui-
sition of the metastatic phenotype in human melanoma.

CONCLUSIONS AND PERSPECTIVES

In our continued investigation of AP-2 , we identified PAR-1 as an additional AP-2
target gene that can play an active role in melanoma progression (92). Previously, we
determined that c-KIT (12), MCAM/MUC18 (13), and MMP-2 (11) genes, all of which
contribute to the malignant phenotype of human melanoma, are regulated by AP-2. The
investigation described here offers evidence that loss of AP-2 increases expression of
PAR-1 in metastatic human melanoma cells. We noted with special interest the presence
of multiple AP-2 consensus sequences in the PAR-1 promoter. Analysis of the PAR-1
promoter region revealed putative binding sites for many sequence-specific transcrip-
tion factors, including Sp1, which is ubiquitously expressed, and AP-2, which is a cell
type-specific transcriptional regulator. Taken together, these observations point to a
strong link between thrombin, its receptor, PAR-1, and the invasive properties of malig-
nant melanoma. Figure 4 summarizes our view of how activation of PAR-1 contributes
to the acquisition of the metastatic phenotype in human melanoma. Inhibitors of PAR-
1-signaling cascade are now under investigation as potential modalities to inhibit tumor
growth and metastasis of melanoma.

REFERENCES

1. Meier F, Satyamoorthy K, Nesbit M, et al. Molecular events in melanoma development and progres-
sion. Front Biosci 1998;3:D1005–D1010.

2. Jean D, Tellez C, Huang S, et al. Inhibition of tumor growth and metastasis of human melanoma by
intracellular anti-ATF-1 single chain Fv fragment. Oncogene 2000;19(22):2721–2730.

3. Bohm M, Moellmann G, Cheng E, et al. Identification of p90RSK as the probable CREB-Ser133
kinase in human melanocytes. Cell Growth Differ 1995;6(3):291–302.

4. Xie S, Price JE, Luca M, Jean D, Ronai Z, Bar-Eli M. Dominant-negative CREB inhibits tumor growth
and metastasis of human melanoma cells. Oncogene 1997;15(17):2069–2075.

5. Rutberg SE, Goldstein IM, Yang YM, Stackpole CW, Ronai Z. Expression and transcriptional activity
of AP-1, CRE, and URE binding proteins in B16 mouse melanoma subclones. Mol Carcinog
1994;10(2):82–87.

6. Jean D, Harbison M, McConkey DJ, Ronai Z, Bar-Eli M. CREB and its associated proteins act as
survival factors for human melanoma cells. J Biol Chem 1998;273(38):24,884–24,890.

7. Goding CR. Mitf from neural crest to melanoma: signal transduction and transcription in the melano-
cyte lineage. Genes Dev 2000;14(14):1712–1728.



Chapter 27 / Role of PAR-1 in Melanoma Progression 499

8. King R, Weilbaecher KN, McGill G, Cooley E, Mihm M, Fisher DE. Microphthalmia transcription
factor. A sensitive and specific melanocyte marker for melanoma diagnosis. Am J Pathol
1999;155(3):731–738.

9. Huang S, DeGuzman A, Bucana CD, Fidler IJ. Nuclear factor-kappaB activity correlates with growth,
angiogenesis, and metastasis of human melanoma cells in nude mice. Clin Cancer Res 2000;6(6):
2573–2581.

10. Poser I, Dominguez D, de Herreros AG, Varnai A, Buettner R, Bosserhoff AK. Loss of E-cadherin
expression in melanoma cells involves up-regulation of the transcriptional repressor Snail. J Biol
Chem 2001;276(27):24,661–24,666.

11. Gershenwald JE, Sumner W, Calderone T, Wang Z, Huang S, Bar-Eli M. Dominant-negative
transcription factor AP-2 augments SB-2 melanoma tumor growth in vivo. Oncogene 2001;
20(26):3363–3375.

12. Huang S, Jean D, Luca M, Tainsky MA, Bar-Eli M. Loss of AP-2 results in downregulation of c-KIT
and enhancement of melanoma tumorigenicity and metastasis. EMBO J 1998;17(15):4358–4369.

13. Jean D, Gershenwald JE, Huang S, et al. Loss of AP-2 results in up-regulation of MCAM/MUC18 and
an increase in tumor growth and metastasis of human melanoma cells. J Biol Chem 1998;
273(26):16,501–16,508.

14. Williams T, Admon A, Luscher B, Tjian R. Cloning and expression of AP-2, a cell-type-specific
transcription factor that activates inducible enhancer elements. Genes Dev 1988;2(12A):1557–1569.

15. Gaynor RB, Muchardt C, Xia YR, et al. Localization of the gene for the DNA-binding protein AP-2
to human chromosome 6p22.3-pter. Genomics 1991;10(4):1100–1102.

16. Bauer R, Imhof A, Pscherer A, et al. The genomic structure of the human AP-2 transcription factor.
Nucleic Acids Res 1994;22(8):1413–1420.

17. Imagawa M, Chiu R, Karin M. Transcription factor AP-2 mediates induction by two different signal-
transduction pathways: protein kinase C and cAMP. Cell 1987;51(2):251–260.

18. Williams T, Tjian R. Characterization of a dimerization motif in AP-2 and its function in heterologous
DNA-binding proteins. Science 1991;251(4997):1067–1071.

19. Buettner R, Kannan P, Imhof A, et al. An alternatively spliced mRNA from the AP-2 gene encodes
a negative regulator of transcriptional activation by AP-2. Mol Cell Biol 1993;13(7):4174–4185.

20. Buettner R, Bauer R, Imhof A, Tainsky MA, Hofstaedter F. [AP-2: a nuclear effector of malignant
transformation by ras oncogene]. Verh Dtsch Ges Pathol 1993;77:271–275.

21. Luscher B, Mitchell PJ, Williams T, Tjian R. Regulation of transcription factor AP-2 by the morphogen
retinoic acid and by second messengers. Genes Dev 1989;3(10):1507–1517.

22. Gille J, Reisinger K, Asbe-Vollkopf A, Hardt-Weinelt K, Kaufmann R. Ultraviolet-A-induced
transactivation of the vascular endothelial growth factor gene in HaCaT keratinocytes is conveyed by
activator protein-2 transcription factor. J Invest Dermatol 2000;115(1):30–36.

23. Grether-Beck S, Olaizola-Horn S, Schmitt H, et al. Activation of transcription factor AP-2 mediates
UVA radiation- and singlet oxygen-induced expression of the human intercellular adhesion molecule
1 gene. Proc Natl Acad Sci USA 1996;93(25):14,586–14,591.

24. Huang Y, Domann FE. Redox modulation of AP-2 DNA binding activity in vitro. Biochem Biophys
Res Commun 1998;249(2):307–312.

25. Mitchell PJ, Timmons PM, Hebert JM, Rigby PW, Tjian R. Transcription factor AP-2 is expressed in
neural crest cell lineages during mouse embryogenesis. Genes Dev 1991;5(1):105–119.

26. Schorle H, Meier P, Buchert M, Jaenisch R, Mitchell PJ. Transcription factor AP-2 essential for cranial
closure and craniofacial development. Nature 1996;381(6579):235–238.

27. Zhang J, Hagopian-Donaldson S, Serbedzija G, et al. Neural tube, skeletal and body wall defects in
mice lacking transcription factor AP-2. Nature 1996;381(6579):238–41.

28. Lee W, Haslinger A, Karin M, Tjian R. Activation of transcription by two factors that bind promoter
and enhancer sequences of the human metallothionein gene and SV40. Nature 1987;325(6102):
368–372.

29. Mitchell PJ, Wang C, Tjian R. Positive and negative regulation of transcription in vitro: enhancer-
binding protein AP-2 is inhibited by SV40 T antigen. Cell 1987;50(6):847–861.

30. Nyborg JK, Dynan WS. Interaction of cellular proteins with the human T-cell leukemia virus type I
transcriptional control region. Purification of cellular proteins that bind the 21-base pair repeat ele-
ments. J Biol Chem 1990;265(14):8230–8236.

31. Kanno M, Fromental C, Staub A, Ruffenach F, Davidson I, Chambon P. The SV40 TC-II(kappa B)
and the related H-2Kb enhansons exhibit different cell type specific and inducible proto-enhancer



500 From Melanocytes to Melanoma

activities, but the SV40 core sequence and the AP-2 binding site have no enhanson properties. EMBO
J 1989;8(13):4205–4214.

32. Haslinger A, Karin M. Upstream promoter element of the human metallothionein-IIA gene can act like
an enhancer element. Proc Natl Acad Sci USA 1985;82(24):8572–8576.

33. Hyman SE, Comb M, Pearlberg J, Goodman HM. An AP-2 element acts synergistically with the cyclic
AMP- and phorbol ester-inducible enhancer of the human proenkephalin gene. Mol Cell Biol
1989;9(1):321–324.

34. Leask A, Byrne C, Fuchs E. Transcription factor AP2 and its role in epidermal-specific gene expres-
sion. Proc Natl Acad Sci USA 1991;88(18):7948–7952.

35. Nottoli T, Hagopian-Donaldson S, Zhang J, Perkins A, Williams T. AP-2-null cells disrupt
morphogenesis of the eye, face, and limbs in chimeric mice. Proc Natl Acad Sci USA 1998;95(23):
13,714–13,719.

36. Ruiz M, Troncoso P, Bruns C, Bar-Eli M. Activator protein 2alpha transcription factor expression is
associated with luminal differentiation and is lost in prostate cancer. Clin Cancer Res 2001;7(12):
4086–4095.

37. Gee JM, Robertson JF, Ellis IO, Nicholson RI, Hurst HC. Immunohistochemical analysis reveals a
tumour suppressor-like role for the transcription factor AP-2 in invasive breast cancer. J Pathol
1999;189(4):514–520.

38. Ropponen KM, Kellokoski JK, Lipponen PK, et al. p22/WAF1 expression in human colorectal
carcinoma: association with p53, transcription factor AP-2 and prognosis. Br J Cancer 1999;
81(1):133–140.

39. Bar-Eli M. Gene regulation in melanoma progression by the AP-2 transcription factor. Pigment Cell
Res 2001;14(2):78–85.

40. Johnson JP, Bar-Eli M, Jansen B, Markhof E. Melanoma progression-associated glycoprotein MUC18/
MCAM mediates homotypic cell adhesion through interaction with a heterophilic ligand. Int J Cancer
1997;73(5):769–774.

41. Huang S, Luca M, Gutman M, et al. Enforced c-KIT expression renders highly metastatic human
melanoma cells susceptible to stem cell factor-induced apoptosis and inhibits their tumorigenic and
metastatic potential. Oncogene 1996;13(11):2339–2347.

42. Zeng YX, Somasundaram K, El-Deiry WS. AP2 inhibits cancer cell growth and activates p21WAF1/
CIP1 expression. Nat Genet 1997;15(1):78–82.

43. Bosher JM, Williams T, Hurst HC. The developmentally regulated transcription factor AP-2 is in-
volved in c-erbB-2 overexpression in human mammary carcinoma. Proc Natl Acad Sci USA
1995;92(3):744–747.

44. Hollywood DP, Hurst HC. A novel transcription factor, OB2-1, is required for overexpression of the
proto-oncogene c-erbB-2 in mammary tumour lines. EMBO J 1993;12(6):2369–2375.

45. Turner BC, Zhang J, Gumbs AA, et al. Expression of AP-2 transcription factors in human breast cancer
correlates with the regulation of multiple growth factor signalling pathways. Cancer Res 1998;58(23):
5466–5472.

46. Descheemaeker KA, Wyns S, Nelles L, Auwerx J, Ny T, Collen D. Interaction of AP-1-, AP-2-, and
Sp1-like proteins with two distinct sites in the upstream regulatory region of the plasminogen activator
inhibitor-1 gene mediates the phorbol 12-myristate 13-acetate response. J Biol Chem 1992;267(21):
15,086–15,091.

47. Duan C, Clemmons DR. Transcription factor AP-2 regulates human insulin-like growth factor binding
protein-5 gene expression. J Biol Chem 1995;270(42):24,844–24,851.

48. Wang D, Shin TH, Kudlow JE. Transcription factor AP-2 controls transcription of the human trans-
forming growth factor-alpha gene. J Biol Chem 1997;272(22):14,244–14,250.

49. Gille J, Swerlick RA, Caughman SW. Transforming growth factor-alpha-induced transcriptional
activation of the vascular permeability factor (VPF/VEGF) gene requires AP-2- dependent DNA
binding and transactivation. EMBO J 1997;16(4):750–759.

50. Batsche E, Muchardt C, Behrens J, Hurst HC, Cremisi C. RB and c-Myc activate expression of the
E-cadherin gene in epithelial cells through interaction with transcription factor AP-2. Mol Cell Biol
1998;18(7):3647–3658.

51. Jiang JG, DeFrances MC, Machen J, Johnson C, Zarnegar R. The repressive function of AP2 transcrip-
tion factor on the hepatocyte growth factor gene promoter. Biochem Biophys Res Commun
2000;272(3):882–886.



Chapter 27 / Role of PAR-1 in Melanoma Progression 501

52. Karjalainen JM, Kellokoski JK, Eskelinen MJ, Alhava EM, Kosma VM. Downregulation of transcrip-
tion factor AP-2 predicts poor survival in stage I cutaneous malignant melanoma. J Clin Oncol
1998;16(11):3584–3591.

53. Baldi A, Santini D, Battista T, et al. Expression of AP-2 transcription factor and of its downstream
target genes c-kit, E-cadherin and p21 in human cutaneous melanoma. J Cell Biochem 2001;
83(3):364–372.

54. Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecular cloning of a functional thrombin receptor
reveals a novel proteolytic mechanism of receptor activation. Cell 1991;64(6):1057–1068.

55. Grand RJ, Turnell AS, Grabham PW. Cellular consequences of thrombin-receptor activation. Biochem
J 1996;313(Pt 2):353–368.

56. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407(6801):
258–264.

57. Vouret-Craviari V, Van Obberghen-Schilling E, Rasmussen UB, Pavirani A, Lecocq JP, Pouyssegur
J. Synthetic alpha-thrombin receptor peptides activate G protein-coupled signaling pathways but are
unable to induce mitogenesis. Mol Biol Cell 1992;3(1):95–102.

58. Mitchell CA, Jefferson AB, Bejeck BE, Brugge JS, Deuel TF, Majerus PW. Thrombin-stimulated
immunoprecipitation of phosphatidylinositol 3-kinase from human platelets. Proc Natl Acad Sci USA
1990;87(23):9396–9400.

59. Walker TR, Moore SM, Lawson MF, Panettieri RA Jr, Chilvers ER. Platelet-derived growth factor-
BB and thrombin activate phosphoinositide 3-kinase and protein kinase B: role in mediating airway
smooth muscle proliferation. Mol Pharmacol 1998;54(6):1007–1015.

60. Seasholtz TM, Majumdar M, Kaplan DD, Brown JH. Rho and Rho kinase mediate thrombin-stimu-
lated vascular smooth muscle cell DNA synthesis and migration. Circ Res 1999;84(10):1186–1193.

61. Carbajal JM, Gratrix ML, Yu CH, Schaeffer RC Jr. ROCK mediates thrombin’s endothelial barrier
dysfunction. Am J Physiol Cell Physiol 2000;279(1):C195–204.

62. Even-Ram S, Uziely B, Cohen P, et al. Thrombin receptor overexpression in malignant and physi-
ological invasion processes. Nat Med 1998;4(8):909–914.

63. Henrikson KP, Salazar SL, Fenton JW 2nd, Pentecost BT. Role of thrombin receptor in breast cancer
invasiveness. Br J Cancer 1999;79(3-4):401–406.

64. Nierodzik ML, Chen K, Takeshita K, et al. Protease-activated receptor 1 (PAR-1) is required and rate-
limiting for thrombin-enhanced experimental pulmonary metastasis. Blood 1998;92(10):3694–3700.

65. Wojtukiewicz MZ, Tang DG, Ben-Josef E, Renaud C, Walz DA, Honn KV. Solid tumor cells express
functional “tethered ligand” thrombin receptor. Cancer Res 1995;55(3):698–704.

66. Kaufmann R, Schafberg H, Rudroff C, Nowak G. Thrombin receptor activation results in calcium
signaling and protein kinase C-dependent stimulation of DNA synthesis in HEp-2g laryngeal carci-
noma cells. Cancer 1997;80(11):2068–2074.

67. Rudroff C, Schafberg H, Nowak G, Weinel R, Scheele J, Kaufmann R. Characterization of functional
thrombin receptors in human pancreatic tumor cells (MIA PACA-2). Pancreas 1998;16(2):189–194.

68. Liu Y, Gilcrease MZ, Henderson Y, Yuan XH, Clayman GL, Chen Z. Expression of protease-activated
receptor 1 in oral squamous cell carcinoma. Cancer Lett 2001;169(2):173–180.

69. Tellez C, McCarty M, Ruiz M, Bar-Eli M. Loss of activator protein-2alpha results in overexpression
of protease-activated receptor-1 and correlates with the malignant phenotype of human melanoma.
J Biol Chem 2003;278(47):46,632–46,642.

70. Fischer EG, Ruf W, Mueller BM. Tissue factor-initiated thrombin generation activates the signaling
thrombin receptor on malignant melanoma cells. Cancer Res 1995;55(8):1629–1632.

71. Wojtukiewicz MZ, Tang DG, Nelson KK, Walz DA, Diglio CA, Honn KV. Thrombin enhances tumor
cell adhesive and metastatic properties via increased alpha IIb beta 3 expression on the cell surface.
Thromb Res 1992;68(3):233–245.

72. Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R. Proteinase-activated receptors. Pharmacol
Rev 2001;53(2):245–282.

73. Ueno A, Murakami K, Yamanouchi K, Watanabe M, Kondo T. Thrombin stimulates production of
interleukin-8 in human umbilical vein endothelial cells. Immunology 1996;88(1):76–81.

74. Huang YQ, Li JJ, Hu L, Lee M, Karpatkin S. Thrombin induces increased expression and secretion
of VEGF from human FS4 fibroblasts, DU145 prostate cells and CHRF megakaryocytes. Thromb
Haemost 2001;86(4):1094–1098.

75. Cucina A, Borrelli V, Di Carlo A, et al. Thrombin induces production of growth factors from aortic
smooth muscle cells. J Surg Res 1999;82(1):61–66.



502 From Melanocytes to Melanoma

76. Shimizu S, Gabazza EC, Hayashi T, Ido M, Adachi Y, Suzuki K. Thrombin stimulates the expression
of PDGF in lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 2000;279(3):L503–L510.

77. Zucker S, Conner C, DiMassmo BI, et al. Thrombin induces the activation of progelatinase A in
vascular endothelial cells. Physiologic regulation of angiogenesis. J Biol Chem 1995;270(40):
23,730–23,738.

78. Even-Ram SC, Maoz M, Pokroy E, et al. Tumor cell invasion is promoted by activation of protease
activated receptor-1 in cooperation with the alpha vbeta 5 integrin. J Biol Chem 2001;276(14):
10,952–10,962.

79. Li F, Baykal D, Horaist C, et al. Cloning and identification of regulatory sequences of the human
thrombin receptor gene. J Biol Chem 1996;271(42):26,320–26,328.

80. Schmidt VA, Vitale E, Bahou WF. Genomic cloning and characterization of the human thrombin
receptor gene. Structural similarity to the proteinase activated receptor-2 gene. J Biol Chem
1996;271(16):9307–9312.

81. Chen TT, Wu RL, Castro-Munozledo F, Sun TT. Regulation of K3 keratin gene transcription by Sp1
and AP-2 in differentiating rabbit corneal epithelial cells. Mol Cell Biol 1997;17(6):3056–3064.

82. Getman DK, Mutero A, Inoue K, Taylor P. Transcription factor repression and activation of the human
acetylcholinesterase gene. J Biol Chem 1995;270(40):23,511–23,519.

83. Jiang MS, Lane MD. Sequential repression and activation of the CCAAT enhancer-binding protein-
alpha (C/EBPalpha ) gene during adipogenesis. Proc Natl Acad Sci USA 2000;97(23):12,519–12,523.

84. Yeh CC, Wan XS, St Clair DK. Transcriptional regulation of the 5' proximal promoter of the human
manganese superoxide dismutase gene. DNA Cell Biol 1998;17(11):921–930.

85. Zhu CH, Huang Y, Oberley LW, Domann FE. A family of AP-2 proteins down-regulate manganese
superoxide dismutase expression. J Biol Chem 2001;276(17):14,407–14,413.

86. Kadonaga JT, Carner KR, Masiarz FR, Tjian R. Isolation of cDNA encoding transcription factor Sp1
and functional analysis of the DNA binding domain. Cell 1987;51(6):1079–1090.

87. Philipsen S, Suske G. A tale of three fingers: the family of mammalian Sp/XKLF transcription factors.
Nucleic Acids Res 1999;27(15):2991–3000.

88. Black AR, Black JD, Azizkhan-Clifford J. Sp1 and kruppel-like factor family of transcription factors
in cell growth regulation and cancer. J Cell Physiol 2001;188(2):143–160.

89. Suske G. The Sp-family of transcription factors. Gene 1999;238(2):291–300.
90. Pascal E, Tjian R. Different activation domains of Sp1 govern formation of multimers and mediate

transcriptional synergism. Genes Dev 1991;5(9):1646–1656.
91. Su W, Jackson S, Tjian R, Echols H. DNA looping between sites for transcriptional activation: self-

association of DNA-bound Sp1. Genes Dev 1991;5(5):820–826.
92. Tellez C, Bar-Eli M. Role and regulation of the thrombin receptor (PAR-1) in human melanoma.

Oncogene 2003;22(20):3130–3137.



Chapter 28 / Melanoma Metastasis 503

503

Molecular Mechanisms of Melanoma
Metastasis

Mohammed Kashani-Sabet

CONTENTS

INTRODUCTION

BIOLOGY OF TUMOR METASTASIS

SYSTEMIC GENE DELIVERY IN THE IDENTIFICATION

OF MELANOMA PROGRESSION GENES

SYSTEMIC DELIVERY OF RIBOZYMES TO TUMOR-BEARING MICE

VASCULAR FACTORS IN THE PROGRESSION OF CUTANEOUS MELANOMA

MOLECULAR ANALYSIS OF THE TUMOR VASCULATURE

IN PRIMARY MELANOMA

CONCLUSIONS AND PERSPECTIVES

REFERENCES

28

Summary
The recent development of powerful and efficient systemic gene delivery techniques has allowed the

identification of a number of genes and pathways critical to the progression of melanoma in murine
models. Using this approach, the nuclear factor- B (NF- B)-signaling pathway has been identified as
playing an important role in the metastatic progression of melanoma. Moreover, recent prognostic analy-
ses using a large cohort of patients from the University of California at San Francisco Melanoma Center
database have identified interactions between tumor cells and the tumor vasculature that play a dominant
role in the survival associated with melanoma. Translational studies using tissue microarrays have iden-
tified expression of the p65 subunit of NF- B to be tightly correlated with the development of tumor
vascularity and vascular invasion. Finally, recent studies on tumor lymphangiogenesis have clarified the
nature of the relevant vasculature in the progression of cutaneous melanoma. This chapter will discuss
the recent understanding of the molecular mechanisms and pathways underlying the development of
traditional and novel histological prognostic markers in melanoma.

Key Words: Melanoma; metastasis; ribozymes; vascularity.

INTRODUCTION

Malignant melanoma is a disease with an unpredictable clinical behavior. Although
patients with thin tumors have an excellent 5-yr survival based on the most recent
analysis performed by the American Joint Committee on Cancer (AJCC) staging system
for melanoma (1), a small but clinically important subset of these patients with thin
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tumors relapse and die as a result of their melanoma. Conversely, a substantial pro-
portion of patients with thick tumors are free of metastasis. Thus, the development of
prognostic markers that provide important prognostic information regarding the risk of
relapse and death independent of the tumor thickness represents an important area of mela-
noma research. In addition, understanding the molecular basis of these pathological
prognostic factors is crucial to the identification of molecular markers of melanoma
outcome that may represent important targets for novel therapies for advanced melanoma.

BIOLOGY OF TUMOR METASTASIS

Based on recent prognostic analyses of melanoma, lymph node metastasis is well-
recognized as one of the most important prognostic factors for predicting survival in
patients with cutaneous melanoma (1,2). The identification of the pathological events
and underlying molecular factors that are crucial for the development of both lymph
node and distant metastasis would improve our risk assessment of melanoma patients,
resulting in potentially different algorithms for identifying patients who may benefit
from sentinel lymph node dissection or systemic adjuvant therapies.

Recent studies in murine models have shed light on the biology of tumor metastasis.
Metastasis is a highly complicated biological process that has been broken down into a
number of different steps: detachment from the primary tumor, migration, invasion into
lymphatic or blood vessels (intravasation), survival in the lymphatic or blood circula-
tion, egress from the lymphatic or blood vessels (extravasation), angiogenesis, and cell
proliferation (3). Many of these steps require the interaction of the tumor cell with the
extracellular matrix or with vascular endothelial cells. As a result, the identification of
molecular factors that play a role in these interactions would greatly improve our under-
standing of steps crucial to the metastatic cascade. Intriguingly, recent studies have
revealed that distal steps in the cascade (i.e., those following extravasation) are crucial
to the development of clinically apparent metastases (4). Thus, the important factors that
result in the success or failure of tumor metastasis appear to occur at the level of meta-
static progression. Although much of cancer research has been devoted to the identifi-
cation of genes involved in tumor initiation (such as activating mutations in oncogenes
and losses in tumor suppressor genes), until recently, little attention has been paid to the
identification of genes that drive metastatic progression and the onset of lethal tumor
metastasis. Understanding genes and pathways that promote the distal steps of the meta-
static cascade may be important in the identification of novel targeted therapies for lethal
melanoma metastasis.

SYSTEMIC GENE DELIVERY IN THE IDENTIFICATION
OF MELANOMA PROGRESSION GENES

Recent advances in gene delivery have demonstrated the utility of cationic liposome–
DNA complexes (CLDCs) in the identification of genes and pathways crucial to the
metastatic progression of melanoma. An extensive discussion of gene delivery is beyond
the scope of this chapter; however, a brief review of systemic gene transfer techniques
will be undertaken. For systemic gene therapy to be successful, the genetic construct of
interest (comprising the complementary [c]DNA of a gene with tumor suppressor activ-
ity, or an anti-gene, such as antisense, ribozyme, or small interfering RNA [siRNA],
targeting a tumor-promoting gene) must be delivered systemically and expressed effi-
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ciently and for prolonged periods in the tissues to which the melanoma metastasizes.
First-generation studies used viral methods, such as retroviruses and adenoviruses, to
effect gene transfer. However, these approaches have significant limitations (5,6),
including the development of neutralizing immune responses that restrict the repeated
administrations of the antitumor genetic agent required to produce biologically and
clinically relevant antitumor effects. As a result, nonviral gene transfer approaches are
of interest. Given the net negative charge of DNA, cationic liposomes or polymers have
been extensively evaluated for their ability to deliver different cDNAs in several model
systems (7). However, first-generation CLDCs were limited by a short duration of
expression of the delivered gene. These approaches resulted in peak expression at 24 h,
which quickly plateaued and then reached background levels by 1 wk after systemic
injection of CLDCs (8).

The recent development of a novel expression plasmid using elements from the
Epstein-Barr Virus (EBV) genome has resulted in significant improvements in the du-
ration of transferred gene expression (8). This expression plasmid includes the family of
repeats and the Epstein-Barr nuclear antigen-1 gene, which encodes a protein that binds
site specifically to sequences within the family of repeats. Incorporation of these ele-
ments into the expression plasmid results in enhanced retention of the plasmid in the
nucleus, without the ability to replicate, thereby circumventing potential safety con-
cerns. In initial studies, a single injection of CLDC driven by the human cytomegalovirus
promoter and encoding the human granulocyte colony-stimulating factor cDNA resulted
in therapeutic levels of granulocyte colony-stimulating factor expression that translated
into granulocytosis and an elevated total white blood cell count. Moreover, this EBV-
based vector could be repeatedly injected into immunocompetent mice, each time pro-
ducing high levels of delivered gene expression (8).

Given the development of an efficient and durable systemic nonviral gene delivery
system, the utility of this system was examined in mouse models of tumor metastasis. In
early studies, this CLDC-based approach was used to identify several genes whose
expression produced significant antimetastatic activity in the B16 model of melanoma
metastatic progression (9). Thus, a single injection of CLDC containing the p53, GM-
CSF, angiostatin, and CC3 genes each produced significant antimetastatic activity in the
C57Bl/6 mice bearing metastatic B16-F10 lung tumors (9). Each of these genes was
shown to mediate its antimetastatic effects through potent inhibition of angiogenesis of
lung metastases. Intriguingly, CLDC-based intravenous delivery of the human wild-
type p53 gene transfected nearly 80% of metastatic tumor cells in the lung, thereby
demonstrating the efficiency of this systemic gene delivery approach.

SYSTEMIC DELIVERY OF RIBOZYMES TO TUMOR-BEARING MICE

More recently, this CLDC approach has been used to deliver various antigene
approaches, including antisense nucleotides, siRNA, and ribozymes. A detailed review
of these approaches is beyond the scope of this chapter, and the reader is directed to
several recent reviews of these modalities (10,11). To date, the majority of studies of this
CLDC-based approach have used hammerhead ribozymes. Ribozymes are catalytic
RNAs that can cleave a specific RNA sequence (10). Ribozymes have demonstrated
efficacy in the suppression of gene expression and in the identification of gene function
(12). The development of ribozymes as gene therapy agents has been slowed by the
development of an efficient gene delivery approach.
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Recent studies have examined, in detail, the utility of CLDC-based delivery of ham-
merhead ribozymes in the identification of melanoma progression genes and as a rational
strategy for systemic gene therapy of melanoma metastasis. Our studies have defined the
time course of ribozyme expression and suppression of target gene expression when
using this approach. Thus, CLDC encoding a ribozyme targeting murine telomerase
RNA was injected on days 3 and 10 after intravenous inoculation of B16 melanoma cells
into C57Bl/6 mice. Ribozyme levels in the lung were serially assayed by quantitative
real-time polymerase chain reaction. Peak ribozyme expression was observed on day
17, and detectable levels persisted until day 21 (13). This level of ribozyme expression
resulted in significant suppression of murine telomerase RNA levels (as determined by
the TaqMan assay) and in the enzymatic activity of telomerase (as determined by the
telomeric repeat amplification protocol). These results showed that the novel EBV-
based expression plasmid could also produce durable levels of ribozyme expression in
tumor-bearing mice, resulting in profound suppression of target gene expression levels
and functional activity.

Further studies examined the ability of this systemic CLDC-based ribozyme delivery
approach to suppress the metastatic progression of melanoma in tumor-bearing mice.
The earliest study used ribozymes to target the nuclear factor- B (NF- B)-signaling
pathway, given its importance to tumor metastasis (14). A single injection of CLDC,
encoding a hammerhead ribozyme targeting either the p65 or p50 subunit of NF- B, 7 d
after tumor cell inoculation produced significant effects on the metastatic progression of
B16-F10 cells to the lung (15). Intriguingly, both the anti-p65 and anti-p50 ribozymes
were shown to be superior in their effects on the development of B16 lung metas-
tases than a disabled ribozyme containing a single-base mutation in the catalytic core
and, thus, devoid of catalytic activity. These studies strongly suggested the cleavage of
target transcripts as the dominant mechanism by which ribozymes mediate antitumor
activity when delivered by this CLDC-based approach.

Additional studies performed using the anti-NF- B/p65 ribozyme shed light on the
cell types and mechanisms targeted by downregulation of NF- B in tumor-bearing
animals. Prior studies showed metastatic tumor cells in the lung and vascular endothelial
cells to be the cell types most efficiently transfected by this CLDC-based approach (16).
Thus, several cell types in the lung were examined for levels of NF- B/p65 protein
expression by immunohistochemistry (15). These studies revealed that p65 expression
was significantly reduced in four cell types in the lung, including metastatic tumor cells,
vascular endothelial cells, as well as alveolar and bronchial lining cells. However, the
greatest level of suppression was seen in tumor cells and vascular endothelial cells,
suggesting that the cell types with the most efficient levels of transfection are those that
are most susceptible to ribozyme action. Moreover, injection of stable B16 transformants
expressing the anti-p65 ribozyme into syngeneic mice resulted in significantly reduced
metastatic capacity, suggesting a correlation between level of melanoma cell NF- B/
p65 protein expression and metastatic potential (15). In addition, several different func-
tional pathways critical to the metastatic phenotype were examined, including apoptosis,
angiogenesis, cell cycle, and tumor cell invasion, each of which has been shown to be
regulated by NF- B. Anti-NF- B/p65 ribozyme action showed no significant effects on
the apoptotic and mitotic indices of metastatic tumor cells, and had no effect on tumor
angiogenesis in the lung. However, the ability of B16 cells to invade into matrigel and
in the Boyden chamber assay was dramatically reduced by ribozyme expression. These
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results suggested that NF- B mediates its prometastatic effects in melanoma primarily
through effects on tumor invasion, rather than through apoptosis, mitosis, or angiogenesis.

Additional studies have used CLDC-based delivery to identify the genes regulated by
NF- B that could mediate its effects on tumor invasion. Initial studies focused on integrin

3 and platelet endothelial cell-adhesion molecule-1, which form a ligand–receptor pair
linked to cell adhesion and invasion (17), and are known to be regulated by NF- B.
Systemic administration of ribozymes targeting integrin 3 and platelet endothelial cell-
adhesion molecule-1 also significantly suppressed the metastatic progression of B16
cells (15), suggesting that this ligand–receptor pair may help mediate the effects of
NF- B on tumor invasion and metastasis in tumor cells and/or vascular endothelial cells.

Subsequently, gene expression profiling was used to identify additional genes
involved in NF- B-mediated effects on tumor invasion. cDNA microarray analysis of
the B16 clone stably expressing the anti-p65 ribozyme compared with the control
transformant clone demonstrated the upregulation of FKBPr38, a previously uncharacter-
ized member of the FK-506 binding protein (FKBP) gene family, in ribozyme-express-
ing cells. We then used systemic gene transfer to assign novel anti-invasive and
antimetastatic functions to FKBPr38, and subsequently to FKBP12 (18). cDNA
microarray analysis was then combined with FKBP gene transfer to show that FKBP
gene expression coordinately induced the anti-invasive syndecan-1 gene and suppressed
the proinvasive MMP-9 gene. Conversely, suppression of FKBP12 expression by anti-
FKBP12 siRNA treatment significantly reduced cellular levels of syndecan-1 protein,
whereas it increased matrix metalloproteinase (MMP)-9 levels and tumor invasiveness.
Taken together, these studies have identified a network of adhesion- and matrix-remod-
eling genes that appear to be responsible for the ability of the NF- B pathway to control
tumor invasion and metastasis.

VASCULAR FACTORS IN THE PROGRESSION
OF CUTANEOUS MELANOMA

Recent prognostic analyses from the University of California at San Francisco Mela-
noma Center database have identified novel histological prognostic factors that appear
to play an important role in the progression of cutaneous melanoma. Our initial study
(19) examined the role of vascular invasion as a prognostic marker. Vascular invasion
is a known marker of poor outcome in a number of different malignancies, but has not
been traditionally recognized as an independent marker of survival in melanoma. As a
result, presence or absence of vascular invasion is not routinely recorded in most mela-
noma pathology reports. We examined the role of vascular invasion in a database of 526
patients with primary cutaneous melanoma who had 2 yr of follow-up or documented
first relapse. In this data set, 78 patients were identified with two patterns of vascular
involvement: definite vascular invasion, with melanoma cells identified within vascular
spaces, and incipient vascular invasion, with tumor cells abutting the tumor vasculature,
without evidence of definite invasion. The presence of either type of vascular involve-
ment significantly increased the risk of relapse and death, and reduced the survival
associated with melanoma. Intriguingly, vascular involvement increased the risk of both
regional and distant metastasis. The impact of vascular involvement on these outcomes
was similar to that of ulceration. Furthermore, the risk of metastasis and death from
tumors exhibiting incipient invasion was as high as those exhibiting definite vascular
invasion, suggesting the poor prognosis associated with this finding. By multivariate
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analysis, vascular involvement was an independent predictor of relapse-free and overall
survival. There was no difference between the two patterns of vascular involvement with
respect to overall relapse or death rate, and rate of regional nodal or distant metastasis.
However, the relapse-free survival of cases with uncertain vascular invasion was signifi-
cantly lower than those with definite invasion. This observation suggested that the group
with incipient vascular invasion occupies an important earlier step in tumor progression.

In addition, we evaluated the impact of morphological patterns of tumor vascularity
in the outcome associated with melanoma (20). Four patterns of tumor vascularity were
recorded: absent, sparse, moderate, and prominent. By univariate analysis, increasing
tumor vascularity was associated with a significantly increased risk of relapse (consist-
ing of both regional and distant metastasis) and death associated with melanoma. In
addition, increased vascularity correlated with significantly reduced relapse-free and
overall survival. By multivariate analysis, tumor vascularity was an independent predic-
tor of relapse-free and overall survival. Intriguingly, the prevalence of ulceration
increased with increased vascularity, such that ulceration was present in almost 50% of
cases with the prominent pattern of tumor vascularity.

Finally, we analyzed the interactions between these vascular factors in the progres-
sion of cutaneous melanoma (21). To begin with, Cox regression analysis of factors
evaluated by the AJCC melanoma staging committee reproduced the powerful impact
of tumor thickness and ulceration in the University of California at San Francisco data
set, thereby establishing comparability between the two databases and analyses. Thus,
when the six factors used by the AJCC were incorporated into the model, tumor thickness
and ulceration emerged as the most powerful prognostic factors, with risk ratios strik-
ingly similar to those demonstrated by the AJCC analysis. Intriguingly, when vascular
involvement and tumor vascularity were added to the model, they emerged as the most
powerful predictors of melanoma survival by multivariate analysis (21). With the inclu-
sion of these two factors in the model, ulceration was no longer an independent predictor
of overall survival. Finally, increasing tumor vascularity was shown to predispose to the
development of vascular invasion, and the presence of both of these factors increased the
prevalence of ulceration. These results suggested that melanomas invade more com-
monly into newly formed vessels than pre-existing ones, and that ulceration may reflect
the interactions between the tumor and the tumor vasculature, as evidenced by tumor
vascularity and vascular involvement.

Based on these observations, we have developed a model of melanoma progression
that takes into account the dominant role played by these vascular factors in the progres-
sion of cutaneous melanoma and in the development of ulceration, which has now been
incorporated into the AJCC staging classification for melanoma (1). In this model, tumor
vascularity represents the initial vascular factor that is necessary for the development of
melanoma metastases. The presence of increased vascularity increases the likelihood
(and potentially enables the development) of both vascular invasion and ulceration.
Although tumors can metastasize with the presence of increased tumor vascularity alone,
the presence of either vascular invasion or ulceration (or both) greatly increases the
likelihood of metastatic spread.
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MOLECULAR ANALYSIS OF THE TUMOR VASCULATURE
IN PRIMARY MELANOMA

Given the powerful role played by these vascular pathways in melanoma progression,
determining the molecular events that underlie the development of these factors would
potentially result in the identification of novel molecular prognostic factors for mela-
noma. It is intriguing to note that melanoma cell invasiveness was the dominant mecha-
nism identified by our gene targeting studies in mice, as well as the dominant prognostic
factor in patients with cutaneous melanoma. Thus, we hypothesized that the NF- B
pathway, which drove tumor metastasis in murine models by virtue of effects on tumor
invasion, could also be involved in mediating the development of tumor invasiveness in
human melanoma specimens. To examine this possible association further, we per-
formed a matched-pair analysis of human primary melanomas using tissue microarray
technology. We identified 24 cases with documented vascular involvement and in-
creased tumor vascularity and 24 controls with no vascular involvement and limited
tumor vascularity but matched for a number of other known melanoma prognostic fac-
tors, including tumor thickness, gender, age, anatomical location, histogenetic subtype,
and Clark level. The pairs were not matched for ulceration, given that the presence of
vascular factors would automatically create an imbalance in the presence of ulceration.
Immunohistochemical assay of the tissue array with an antibody targeting NF- B/p65
showed higher levels of p65 protein in 17 cases with vascular factors present. In addition,
the cases more commonly expressed higher levels of p65 expression than the controls
(21). These results suggested a correlation between elevated expression of NF- B/p65
and the presence of increased tumor vascularity and vascular involvement in human
melanoma tissues. Given the powerful impact of these histological prognostic factors
on melanoma survival, these studies also suggest that NF- B may serve as a molecular
marker of melanoma outcome.

With the important role of NF- B in melanoma progression, the identification of
downstream genes that may mediate the development of tumor vascularity would be of
great interest. In this regard, recent studies examining the role of lymphangiogenesis in
melanoma progression have yielded significant insights into the nature of the relevant
tumor vasculature in melanoma. These studies have identified vascular endothelial
growth factor (VEGF)-C and VEGF-D as potent lymphangiogenic agents, and lym-
phatic endothelial hyaluronan receptor-1 as a specific marker for lymphatic vessels (22).
Dadras et al. (23) used lymphatic endothelial hyaluronan receptor-1 immunohistochem-
istry on primary melanoma specimens to examine the correlation of lymphatic vessel
density and melanoma metastasis to the regional lymph nodes. In a matched-pair study
of 18 melanoma patients with lymph node metastasis and 19 patients without metastasis,
a significantly higher number of intratumoral lymphatic vessels and a significant increase
in peritumoral lymphatic vascular area was observed in metastatic vs nonmetastatic
primary melanomas. In contrast, there was no difference in the blood vessel density (as
determined by CD31 immunohistochemistry) between the matched pairs. By multivari-
ate analysis, only peritumoral lymphatic vascular area was found to be an independent
predictor of lymph node metastasis. Increasing lymphatic density was also associated
with significantly reduced disease-free and overall survival. These results suggest
lymphangiogenesis as a novel molecular prognostic marker for melanoma. The further
identification of relevant lymphangiogenic factors in melanoma would be of great inter-
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est. In this regard, it is intriguing to note that one candidate lymphangiogenic factor,
VEGF-C, has been shown to be regulated by NF- B (24), thereby further implicating the
NF- B pathway in the development of increased tumor vascularity by virtue of promot-
ing lymphangiogenesis in primary cutaneous melanoma.

CONCLUSIONS AND PERSPECTIVES

In conclusion, recent studies have demonstrated the dominant impact of interactions
between melanoma cells and the tumor vasculature in the progression of melanoma. As
a result, tumor vascularity, vascular involvement, and tumor lymphangiogenesis have
emerged as powerful prognostic factors for melanoma. These studies have clarified the
contribution of lymphatic vs blood vessels in the metastatic cascade of primary mela-
noma. These studies have also shown that coordinate regulation of the NF- B-signaling
pathway plays an important role in mediating these effects, resulting in the lethal metas-
tasis of melanoma.
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Summary
Primary melanomas may arise in precursor nevi, and may evolve through two stages, the rapid growth

phase (RGP) and the vertical growth phase (VGP). The RGP may be in situ or microinvasive but is
nontumorigenic, whereas the VGP is tumorigenic and/or mitogenic. The prognosis in RGP is excellent
regardless of thickness or other variables, whereas the prognosis in VGP depends on multiple attributes,
including thickness and ulceration, which are the major variables used in the currently standard Ameri-
can Joint Committee on Cancer prognostic model and staging system for melanoma. In addition, the
mitotic rate and the presence of lymphocytic infiltrates within the VGP are powerful predictors of
survival. In thin (i.e., good prognosis) melanomas, three simple variables—the presence of any dermal
mitoses, the presence or absence of tumorigenicity, and the patient gender—can divide patients into
groups at very low or quite high risk of metastatic disease. These clinical findings based on tumor pro-
gression can be used to generate biological hypotheses suitable for testing in basic science laboratories
and in clinical trials.

Key Words: Tumor progression; melanoma; radial growth phase; vertical growth phase; melanocytic
nevus; dysplastic nevus; tumorigenic; mitogenic; prognosis; diagnosis; histopathology.

INTRODUCTION

In this chapter, aspects of tumor progression in melanoma are reviewed, primarily
from a historical perspective while also indicating areas of new discovery and potential
for future research. Much of the new genetic progression information is covered in other
chapters of this book. Topics to be considered here include the nature and significance
of melanocytic nevi, of nontumorigenic and tumorigenic melanomas, and of metastatic
melanoma. The term tumor progression was attributed by Leslie Foulds to Rous, who
in 1935 described it as “the process whereby tumors go from bad to worse” (1). Tumors
do not, however, merely expand in space and time, but rather progress by a stepwise
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process. This stepwise progression is now believed to correlate with a sequential acqui-
sition of genetic changes. These genetic changes are only recently beginning to be
understood in melanoma. However, the morphology of the tumor progression stages has
long been well described, although useful markers for the specific diagnosis of mela-
noma are few and nonspecific, as is also true in other tumors. These progression stages
include common nevi, dysplastic nevi, in situ and microinvasive radial growth phase
(RGP) melanoma, tumorigenic vertical growth phase (VGP) melanoma, and metastatic
melanoma. Clark described the stages of tumor progression, which, according to him,
include class I lesions, which are stable after a period of growth; class II lesions, which
appear to proliferate inexorably yet lack competence for metastasis; and class III primary
lesions, which are tumorigenic and have competence for metastasis (2,3). The class I
melanocytic lesions include common and congenital nevi, and dysplastic nevi. These
have importance as markers of increased risk, and as simulants of melanoma. Although
melanomas may arise in these nevi, which are therefore potential precursors, the risk of
progression of individual nevi is low. The class II lesions represent the so-called RGP,
or nontumorigenic phase of melanoma development. Melanomas in this stage are quite
likely to progress to the next stage, VGP (a class III lesion), which is a lesion that is both
tumorigenic and has competence for metastasis. Metastatic or secondary melanomas are
also tumorigenic and have the capacity to give rise to tertiary metastases.

MELANOCYTIC NEVI
Nature and Significance of Melanocytic Nevi

Melanocytic nevi are benign neoplasms of melanocytes. Melanocytes are so-called
“labile” cells, which normally reside in the epidermis just above the basement mem-
brane, and are capable of cell division in response to appropriate stimuli, such as ultra-
violet (UV) light or wound healing (4–6). Melanocytes synthesize melanin pigment and
transfer it to adjacent keratinocytes, a process that is modulated by UV irradiation (7).
Melanin pigment synthesis is under the control of several genes, including the melanocortin
receptor (MC1R) and the Agouti-signaling protein (ASP) (8). Melanocytes in a normal
epidermis are not themselves conspicuously pigmented in light-skinned individuals.

In response to stimuli that are perhaps related to UV light exposure, nevi may arise
from melanocytes. Nevi are localized proliferations of abnormal melanocytes, termed
nevus cells, which are defined under “Common Acquired Melanocytic Nevi as Simulants
of Melanoma.” Epidemiologically, nevi share risk factors with melanoma, including a
relationship with UV light exposure, especially in childhood, and a relationship with UV
susceptibility (9–13). There is also a familial tendency and other evidence consistent
with a genetic background to susceptibility (11,14).

Although the term nevus historically refers to a hamartomatous malformation in
dermatology, melanocytic nevi are considered to be neoplasms. The unqualified term
nevus in current usage typically refers to a melanocytic nevus. Clonality studies have
generally, although not in every study, demonstrated that the lesions are clonal (15–17).
The so-called “common acquired nevi” first appear in childhood, usually beginning in
the second year, and becoming most numerous in the second and third decades (12,18).
Thereafter, their numbers decline, either because the lesions senesce and disappear, and/
or, perhaps in part, because of cohort effects, with younger generations having a rising
incidence of the lesions. However, new acquired nevi continue to appear, albeit at a
reduced rate, in adulthood.

With some exceptions in the case of so-called “giant” congenital nevi, which have
major cosmetic significance and may be precursors of melanomas, but are, fortunately,
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rare, melanocytic nevi are of importance only in relation to melanoma. Their signifi-
cance may be discussed in terms of three main topics: as simulants of melanomas, as
markers of individuals at increased risk for melanoma, and as potential precursors
of melanomas. First, the morphology of the major types of nevi—common acquired
melanocytic nevi and dysplastic nevi—will be discussed. This morphology is the basis
of distinguishing nevi from melanomas, which is a daily problem in dermatology clinics
and in dermatology and dermatopathology laboratories, because melanocytic nevi rep-
resent the major potential simulants from which melanomas need to be distinguished.

Common Acquired Melanocytic Nevi as Simulants of Melanoma
A newly evolving acquired melanocytic nevus, in a child or an adult, arises as a patch

of hyperpigmentation in the skin, corresponding histologically to a junctional nevus, in
which nests of nevus cells are present in the epidermis. Nevus cells, also often called
nevomelanocytes, were defined by Whimster in terms of three essential differences from
ordinary melanocytes (19). First, the cells tend to have rounded cell bodies rather than the
more dendritic processes typical of melanocytes. Second, the nevus cells tend to retain
pigment rather than transfer it to keratinocytes. Third, the nevus cells tend to lose the
inhibition that appears to separate melanocytes from one another, forming rounded balls
or “nests.” These nests are perhaps the most uniformly observed feature that allows for
recognition of a melanocytic nevus in histological sections. The formation of nests appears
to correlate with changes in adhesion and communication between cells, although the
molecular determinants of nevogenesis remain to be fully elucidated (20,21). As the le-
sions evolve, the junctional nests appear to descend into the dermis, although, in all like-
lihood, this appearance of dermal descent is actually caused by elevation of the epidermis
as additional nests accrete onto the initial ones, to build up the lesion, much as a brick wall
is constructed. A melanocytic nevus with lesional cells in the epidermis and in the dermis
is termed a compound nevus. As time progresses, the junctional nests are lost, and the lesion
is now a dermal nevus. With loss of nests in the epidermis, pigmentation, which is initially
confined to the junctional nests and superficial dermal nests, gradually disappears. The
lesions in adults therefore become flesh-colored or pink, rather than the tan or brown
pigmented lesions more usual in children. Typical acquired melanocytic nevi are relatively
small, usually less than 4–5 mm in diameter and rarely greater than 1 cm. They are sym-
metrical, uniformly colored, and have sharp discrete borders which are raised above the
level of the skin in compound and dermal nevi.

Common acquired melanocytic nevi with the above features are usually readily
distinguished from melanomas. However, there is a subset of melanomas that share
morphological features with nevi, termed nevoid melanomas (22–24). These melanomas
may be relatively symmetrical, and they may be comprised of small nevoid melanocytes,
rather than the larger more epithelioid or spindle-shaped melanocytes that comprise
most melanomas. Clues to diagnosis include the presence of cytological atypia, albeit
subtle, and the failure of the normal maturation that is seen from superficial to deep in
nevi. In addition, at least a few mitotic figures are observed. This latter finding is only
occasionally seen in benign nevi, including dysplastic nevi.

Dysplastic Melanocytic Nevi
Dysplastic nevi were recognized initially by Clark and Green in hereditary melanoma

kindreds, and were presented in a national meeting in 1976 (25). They were initially
named BK moles after the initial letters of the names of the first two kindreds. Another
kindred was published by Lynch and colleagues, under the term familial atypical mul-
tiple mole melanoma syndrome (26,27). The Clark group later referred to these lesions
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as dysplastic nevi, recognizing the architectural and cytological abnormalities that char-
acterize these lesions, and the analogy with other tumor systems mentioned in the next
paragraph (28,29). The association of dysplastic nevi with hereditary melanoma was
referred to as the dysplastic nevus syndrome. Initial observations suggested that the
dysplastic nevi might be transmitted in an autosomal dominant fashion, but, later, more
detailed studies ruled out this simple genetic model, so that it is best not to refer to this
condition as if it were a simple genetic syndrome (30). There is, however, a characteristic
constellation of findings in patients and their families affected by these lesions.

Dysplastic nevi are benign nevi in which there is architectural and cytological disor-
der by comparison with common acquired nevi and congenital nevi. The term dysplasia
refers, as in other systems, to architectural, as well as to cytological features (28,29). For
example, dysplasia in the cervix of the uterus is characterized by cytological atypia and
occurs in metaplastic (architecturally abnormal) squamous epithelium, not in the native
squamous or glandular epithelium. Similarly, dysplasia in Barrett’s esophagus occurs in
relation to metaplastic intestinal epithelium. Melanocytic dysplasia may develop de
novo, or in association with a pre-existing nevus. De novo dysplasia represents a strictly
junctional proliferation and is a variant of the junctional nevus. Melanocytic dysplasia
may also be associated with dermal nevus cells, which typically are seen in the center
of the lesion, creating a lesion with a papular “head” and adjacent flat “shoulders.” The
shoulder region is the junctional component of the nevus at the periphery of the dermal
component and is the region in which the dysplasia is typically best seen. As in other
tumor systems, the dysplasia apparently represents a relative failure of maturation, in
this case of the junctional component, which fails to undergo the typical progression
from junctional to compound nevus throughout the entire extent of the lesion. However,
as with more banal nevi, the lesion retains a general tendency to symmetry, to limitation
in size, and to growth stability after an initial period of growth in which the lesion is
formed.

Dysplastic nevi are the most important potential simulants of melanoma, both clini-
cally and histologically (29,31). Clinically, the lesions are characterized by slight to
moderate enlargement compared with common nevi (5 mm or greater by definition,
although not often much greater than 1 cm). They are entirely macular, or have a macular
or flat periphery, which is ill-defined, “fuzzy,” and nonpalpable. If there is a dermal
component, this may be papular and is located in the center of the macular component,
to produce a characteristic “fried egg” or “target” appearance. This may represent a
phenomenon of tumor progression in which dysplasia develops at the periphery of a pre-
existing dermal nevus, or, alternatively, the dermal nevus component may be comprised
of dermal dysplastic nevus cells.

The advent of epiluminescence microscopy has provided additional criteria to assist
with the distinction between dysplastic nevi and melanomas. Nevertheless, histology
remains the gold standard for this distinction (32). Dysplastic nevi are characterized
histologically by architectural and cytological features (25,29,33–37) (Fig. 1).

The architectural features include the presence of nested and single melanocytes
along the dermal–epidermal junction. These are located mainly along the tips and sides
of elongated rete ridges, with some nests bridging between adjacent rete. In the dermis,
there are stromal reactions, including concentric and sometimes lamellar fibroplasia.
The latter appears to represent desmoplastic collagen produced by spindle-shaped
lesional nevomelanocytes. In addition, there is a lymphocytic response characterized by
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Fig. 1. Compound dysplastic nevus. There is an increased number of nevoid melanocytes arranged
near the dermal–epidermal junction, predominantly in nests, predominantly near the tips and
sides of the elongated rete ridges, with bridging of nests between adjacent the elongated rete
ridges, and without continuous proliferation between the rete, or pagetoid extension of lesional
cells into the epidermis. Cytologically, there is moderate to severe atypia characterized by
enlargement, irregularity, and hyperchromatism of randomly scattered lesional cell nuclei—
random cytological atypia.

patchy perivascular lymphocytes. Cytologically, there is nuclear atypia in the form of
enlargement, slight irregularity, and sometimes nucleolation, of randomly scattered
lesional cell nuclei. This is termed random nuclear atypia, to distinguish it from the more
uniform atypia seen in melanomas (Fig. 1).

Significance of Nevi as Precursors of Melanoma
In most tumor systems, as reviewed by Foulds, the initial lesions of tumor progression

are benign and self-limited (1). Only a few of these lesions undertake the next step of a
stepwise progression sequence that may ultimately lead to a fully developed cancer. In
the melanocytic system, most nevi are symmetrical, well-circumscribed, or “well-made”
benign lesions. The majority of these are stable, and, with time, many of them senesce
and disappear. Only a few lesions undertake the next step (38). In some cases, this
represents the development of melanocytic dysplasia at the periphery of the nevus,
whereas, in other cases, there may be direct progression to melanoma without an inter-
vening step of dysplasia. In addition, melanoma may develop de novo without an ante-
cedent nevus.

The evidence that nevi and the dysplastic nevi are potential precursors of melanoma
is primarily histological and usually inferential, because the rarity of progression in nevi
usually precludes direct observation. However, in pigmented lesion clinics, occasional
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examples of direct progression of a previously photographed nevus have anecdotally
been observed. The usual finding is the appearance of a focal area of darker pigmentation
developing within a pre-existing nevus. Although this finding is suspicious for mela-
noma, most nevi with small focal dark areas are not melanomas (39). Because it is quite
rare for a nevus to progress to melanoma, these lesion should be regarded as potential
precursors rather than precursors of melanomas.

Paradoxically, because nevi are vastly more common than melanomas, it is quite rare
for any given nevus to progress to melanoma, although it is common for a putative
precursor nevus to be found in association with any given melanoma. Although this
association provides putative evidence of a precursor relationship, it is also possible that
this relationship could occur by chance. Recently, molecular studies have provided more
direct evidence of a precursor relationship. Mutations in the mitogen-activated protein
kinase pathway, either in the BRAF or RAS oncogenes, have been detected in melanomas,
and the same mutation has also been found in a contiguous putative precursor nevus,
indicating that the two parts of the lesion share a common biological genesis (40,41).

Estimates of the frequency of melanoma in association with nevi have been derived
from histological evidence of nevi in contiguity with melanomas. Large studies of the
relationship between nevi and melanomas have been published (42–48). In these studies,
between 5 and 39% (median, 22%) of melanomas exhibited a contiguous dysplastic
nevus and banal (dermal) nevic cells are present in an additional 10–21% (median, 15%)
of cases. The incidence of a putative precursor nevus appears to be higher in relation to
melanomas in high-risk populations, and to melanomas that are diagnosed in surveil-
lance programs (49,50). Gruber et al. (47) found that a precursor nevus was 22 times
more frequent in relation to melanomas of superficial-spreading type compared with
those of the lentigo maligna type. This supports the concept of the nevocytic and
melanocytic pathways of melanoma pathogenesis proposed by Mishima (51), and the
histogenetic classification of melanoma proposed by Clark (2,52,53). Molecular evi-
dence for this distinction has been recently provided by Bastian (54).

Based on these histological observations, it seems that dysplastic nevi are overrepre-
sented as precursor lesions, and it is also possible that many lesions associated with a
remnant dermal nevus component represent lesions whose junctional dysplastic compo-
nent was overrun by the melanoma. In many instances, the dermal nevic component
demonstrates so-called “congenital pattern features,” namely descent of nevus cells into
the reticular dermis and around or within skin appendages. This finding has led to
considerations that small congenital nevi, like dysplastic nevi, may be overrepresented
as precursors (55,56). Nevertheless, simple calculations demonstrate that there are
thousands of nevi or dysplastic nevi for every one of these lesions that progresses to a
melanoma (38). The low frequency of progression of these lesions suggests that they
should not be managed as high-risk precursors. For example, population-based screening
programs are not indicated to identify and excise dysplastic and small congenital nevi.

Significance of Clinically Dysplastic Nevi as Markers of Risk for Melanoma
The greatest significance of melanocytic nevi is as markers of individuals at increased

risk for melanoma. Although nevi appear to be ubiquitous in human populations, the
number and type of nevi correlate with melanoma risk. This has been demonstrated in
multiple case control studies. These studies have shown that clinically dysplastic nevi
are relatively common in the community, their incidence ranging in various studies from
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5 to 20% (median, 13%) (31,57–62). Other risk markers identified in case–control stud-
ies have included total number of nevi (58,63,64); the presence and number of freckles
(65); the number of large nevi; a derivative of nevus number and size called total nevus
density (66,67); the quantitative history of sunburn (68); and sometimes other markers
of sun exposure or susceptibility.

In these studies, estimates of the frequency of nevi and dysplastic nevi in populations
vary considerably according to geographic and genetic factors, as well as according to
criteria for diagnosis, especially in the case of dysplastic nevi. Estimates of the frequency
of common acquired nevi are also dependent on criteria. In some studies, lesions less
than 2 mm in diameter were not counted, because of the difficulty of distinguishing
among small junctional nevi, lentigines, and ephelids or freckles. In studies that included
these lesions, the nevus counts are much higher. Therefore, comparability among differ-
ent studies from different geographic regions and time periods is difficult. Similarly,
with dysplastic nevi, criteria for diagnosis vary among studies. For example, some
studies required a 4-mm size, whereas others required a 5-mm size cut off. Others
required all of the diagnostic features mentioned on page 518. Yet other studies required
only a subset of the diagnostic features. In a case–control format, these differences
among studies are corrected for because the same criteria are applied to cases and con-
trols. Table 1 provides relative risk estimates for common and dysplastic nevi, derived
from several large case–control studies.

It is worth noting in Table 1 that the number of dysplastic nevi required to create a
given relative risk is much smaller than the number of common nevi; however, common
nevi are also risk factors for melanoma. The relative risk estimates are quite consistent

Table 1
Relative Risk Estimates for Common and Dysplastic (Atypical) Nevi

Study adjusted relative risks

Common Nevi Dysplastic Nevi

Nordlund et al., 1985
Australia (62) 7.7 (any atypical nevi)

Holly et al., 1987 4.4 (26–50 nevi) 3.8 (1–5 dysplastic nevi)
California (60)  6.2 (51–100 nevi)  6.3 (6+ dysplastic nevi)

Garbe et al., 1989 7.3 (41–60 nevi) 11.4 (1–2 atypical nevi)
Germany (59) 14.7 (>60 nevi)  6.0 (>2 atypical nevi)

Swerdlow et al., 1989 6.7 (>20 nevi) 2.1 (1–2 atypical nevi)
Glasgow (61) 4.4 (3+ atypical nevi)

Halpern et al., 1990 6.5 (>25 nevi) 6.8 (any dysplastic nevi)
Pennsylvania (58)

Augustsson et al., 1991 1.4 (75–149 nevi) 2.5 (1–2 atypical nevi)
Stockholm (57) 3.9 (>149 nevi) 15.6 (>2 atypical nevi)

4.6 (histological dysplasia)
Tucker et al., 1997 1.8 (25–49 nevi) 2.3 (1 dysplastic nevus)

Pennsylvania, 3.0 (50–99 nevi) 7.3 (2–4 dysplastic nevi)
California (31)  3.4 (100+ nevi)   4.9 (5–9 dysplastic nevi)

7.3 (10+ dysplastic nevi)
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among different geographic areas, and, unlike incidence rates, are not dependent on
criteria. Several of the studies demonstrate a dose–response relationship between
increasing numbers of nevi and increasing relative risk. The relative risks for dysplastic
nevi tend to be higher, and associated with smaller numbers of lesions, i.e., dysplastic
nevi are stronger than nondysplastic nevi as melanoma risk factors. The estimates in
these studies are, in general, adjusted for most of the other important risk factors for
melanoma—age, family history of melanoma, personal history of melanoma, evidence
of chronic sun exposure in the form of freckles, skin sun-susceptibility type, and the
history of acute (sunburn) and chronic exposure to the sun. The history of sun exposure
appears to be most significant in childhood, but the significance of sun exposure persists
into adult life. None of these studies has been well correlated, as yet, with genotype (e.g.,
CDKN2A or MC1R polymorphisms).

Significance of Histologically Dysplastic Nevi
as Risk Markers for Melanoma

The risk estimates provided above are based on clinical diagnosis of nevi and dysplas-
tic nevi. Case–control studies involving histological dysplasia are difficult to accom-
plish for two reasons. First, it is difficult to achieve compliance from controls in donation
of nevus biopsies for research studies. Second, it is not reasonable to examine histologi-
cally all of the nevi on any one person’s skin, so that a single nevus has to serve for the
entire nevus phenotype. Therefore, only a few studies have attempted to correlate his-
tological atypia with epidemiological risk. In one of these studies, slides were circulated
among six observers from different institutions, from a unique set of nevi for melanoma
cases, their relatives, and random population controls, collected by Larry Meyer of the
University of Utah (69). The six observers had no knowledge of case status or clinical
diagnosis and made no attempt to adopt unified criteria. Although intraobserver repro-
ducibility was substantial, interobserver reproducibility was fair as judged by -statis-
tics, indicating that criteria differed among the observers but that they were applied
consistently. Nevertheless, histological dysplasia, as defined variously by the observers,
was associated with the clinical phenotype of total nevus number for all six observers,
and with clinical atypia of the individual nevus for four of the observers. Except for one
“outlier” observation of 32%, five of the six observers determined prevalence rates
between 7 and 19%, similar to clinical estimates reviewed in “Significance of Clinically
Dysplastic Nevi as Markers of Risk for Melanoma.”  The relative incidence of histologi-
cal dysplasia in cases vs controls (an approximation of relative risk) was 1.3 to 3.6 for
four of the six observers. The study therefore provides suggestive evidence that histo-
logical dysplasia is associated with melanoma risk.

In a formal case–control study from Sweden, Augustsson et al. (57) reported a relative
risk estimate of 4.6 for histological dysplasia as a risk marker for melanoma, using
pattern criteria in which cytological atypia was not an explicit criterion and was consid-
ered to be rarely seen. This relative risk is in the same range as in the clinical studies
reviewed above that have established clinically atypical nevi as generally accepted risk
markers for melanoma. It is of considerable interest that pattern histological features
(judged by observers who do not consider cytological atypia to be a criterion) appear to
be associated with risk in the Scandinavian data (57), as well as in the Utah data (69) (not
shown in Table 1).
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In an important recent study, McNutt and colleagues have addressed the relationship
of histological dysplasia and melanoma, using criteria that include both architectural and
cytological features, nevi with architectural disorder and cytological atypia (NAD).
From a total of 20,275 nevi retrospectively reviewed, 6275 were diagnosed as NAD (also
known as dysplastic nevi), which were present in 4481 patients. These patients were
divided into those whose worst NAD was mild (2504), moderate (1657), or severe (320).
A personal history of melanoma was present in 5.7% of patients with mild, 8.1% with
moderate, and 19.7% with severe atypia. The odds ratio for the association of NAD and
a history of melanoma was 4.08 for NAD-severe vs NAD-mild, 2.81 for NAD-severe vs
NAD-moderate, and 1.45 for NAD-moderate vs NAD-mild. Because of the study design,
the relative risk for nevi with no atypia vs nevi with atypia could not be determined.
These data were interpreted by the authors to show that the probability of a personal
history of melanoma correlates with the architectural and cytological grade in a nevus
biopsy submitted for clinical purposes, and that the risk of melanoma is greater for
individuals who tend to make nevi with high-grade histological atypia (70).

Taken together, these studies suggest that histological dysplasia appears to be quite
strongly associated with melanoma risk status, but it is not yet known whether this effect
is independent of clinical atypia. The recent studies of Arumia-Uria have resolved an
important question by demonstrating that risk is associated with increasing degrees of
cytological and architectural atypia of nevi (70). The relative contribution of architec-
tural and cytological features remains to be dissected. The clinical cohort and case–
control studies reviewed beginning on page 520 confirm the predictive value of clinical
morphology originally described in the context of dysplastic nevi in hereditary kindreds.
These considerations suggest that the clinical morphology should at present be consid-
ered the gold standard for assessment of risk based on analysis of nevi. Future studies
will determine with more precision whether the association of histological dysplasia
with melanoma risk is independent of clinical atypia, and whether this association can
be strengthened by paying more attention to cytological atypia.

TUMOR PROGRESSION IN MALIGNANT MELANOMA

Salient Diagnostic Features of Melanomas
Whether it arises in a pre-existing nevus or not, melanoma arises in most instances by

a process of stepwise tumor progression. In their earliest stage, most melanomas arise
in the epidermis as a proliferation of neoplastic melanocytes. Some exceptions occur, but
these are outside the mainstream of tumor progression in melanoma. This intra-epider-
mal proliferation in melanoma differs from that of junctional nevi in terms of architecture
and cytology. Architecturally, melanomas are characterized primarily by a greater cell
density compared with nevi. This is expressed in the diagnostic descriptions of contigu-
ous or confluent proliferation. In addition, melanoma cells compared with nevus cells
tend to lose their tendency to form nests, being present along the dermal–epidermal
junction as single cells in what is termed a lentiginous pattern, and they lose their
tendency to be anchored to the basement membrane, leading to extension up into the
epidermis in what is termed a pagetoid pattern (Fig. 2).

The terms contiguous proliferation, lentiginous proliferation, and pagetoid prolif-
eration describe the salient architectural features of most melanomas in the epidermis.
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Cytologically, melanomas in the epidermis or in the dermis are characterized by uniform
cytological atypia, which is atypia that is observable in a majority of the lesional cells,
rather than a minority of them, as in dysplastic nevi. Melanomas in the dermis are
uniformly atypical and may be present in the form of single cells or small groups
(nontumorigenic melanomas), or may form a focal mass lesion (tumorigenic melanoma).

In Situ and Microinvasive Radial Growth Phase Melanoma
A melanoma that is confined to the epidermis is known as “melanoma in situ” (MIS).

In such a lesion, the proliferation is entirely above the basement membrane, and lesional
cells do not enter into contact with dermal stroma, vasculature, or lymphocytes. As in
nevi, however, the cells of MIS appear to have an innate tendency to migrate downward
into the dermis. Whether this is termed invasion or not, depends on one’s perspective.
The same phenomenon in a junctional nevus is usually termed migration. As in nevi, the
lesional cells may not travel very far in space as they move from the epidermis to the
dermis. Indeed, the epidermis may become raised above the lesional cells that have just
separated from it, forming a plaque-like, slightly raised lesion clinically, although his-
tologically the dermal melanoma cells remain close to the region of the former basement
membrane. This has been demonstrated by the finding of type VII collagen, a basement
membrane-associated protein, in relation to invasive cells that appear to lie in the deep
papillary dermis (71).

Melanomas that have entered the dermis are traditionally called “invasive,” whatever
the biology of this process. However, this invasion, taken alone, does not appear to be
the key step establishing competence for metastasis. One or both of two properties
appears to be necessary for competence for metastasis to be established. These are
tumorigenicity, and mitotic activity or “mitogenicity.” The prognosis of melanomas that

Fig. 2. Melanoma in situ, pagetoid pattern (superficial spreading melanoma). There is “buckshot
scatter” of uniformly to moderately atypical epithelioid melanocytes in the epidermis. These
have abundant cytoplasm with retraction artifact that readily distinguishes them from the sur-
rounding keratinocytes. The basement membrane is intact in this example, with no evidence of
invasion of the dermis.
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lack these two properties does not differ from that of MIS (72,73). Although MIS is often
considered to be associated with a 100% probability of survival, anecdotal observations
and a few small cohort studies suggest that there is an approx 1% risk of metastasis in
association with these lesions (74), probably because a small invasive component was
missed either because of sampling error or regression. The same is true for invasive
melanomas that lack tumorigenicity and mitotic activity (72,73). Taken together,
nontumorigenic and nonmitotic melanomas (either in situ or invasive) have been termed
radial growth phase (RGP) melanomas. This is a clinical term that was originally pro-
posed by the late Scott Blois (2). The term is intended to describe the clinical evolution
of lesions along the radii of a more or less imperfect circle in the skin. Histologically,
translated into the two dimensions of a microscopic slide, the RGP appears linear and has
often been termed, in consequence, the horizontal growth phase by pathologists. Alter-
natively, these lesions can be more specifically described as either in situ, or
microinvasive, a term that, by definition, implies lack of tumorigenicity and lack of
mitogenicity.

Tumorigenic and Mitogenic Vertical Growth Phase Melanoma
The next step of progression, in a melanoma that has entered the dermis, is from the

RGP to the vertical growth phase (VGP). In a recent study, point mutations in the n-Ras
oncogene were present in both the RGP and the VGP of the same lesion, indicative of
clonal progression between the two growth phases (41). The critical biological feature
that distinguishes VGP from RGP is the capacity for proliferation of melanoma cells in
the dermis to form an expansile mass. In contrast, RGP melanoma cells have the capacity
to proliferate more or less inexorably in the epidermal compartment, but not in the
dermis. This concept of VGP is based on the concept that cell proliferation in a matrix
of a distant site is essential to the development of a clinical metastasis, and that a tumor
that lacks the capacity to proliferate in the matrix at its local site of origin is not likely
to have this capacity in a distant site either.

DEFINITION OF VGP
The definition of VGP depends on the presence of either or both of the properties of

tumorigenicity and mitogenicity, either of which is an expression of the capacity of the
lesional cells to proliferate in the matrix at the local site, as follows (75,76):

Tumorigenic: A mass of melanoma cells is present in the dermis that contains at least one
cluster (nest) that is larger than the largest intra-epidermal cluster (indicative of a tumor
with capacity for expansile growth in the dermis) (Fig. 3).
Mitogenic: the presence of any mitoses in the dermal component of the melanoma is
indicative of a tumor with capacity for expansile growth in the dermis, even if this
expansile growth has not yet occurred, and defines typical VGP even in the absence of
the criterion of tumorigenicity.
The definition of RGP or microinvasive melanoma is the converse of the above. That is,
no mass of melanoma cells is present in the dermis and there are no mitoses in the dermal
component of the melanoma (Fig. 4).

Other attributes tend to differ between RGP and VGP, in addition to the properties of
tumorigenicity and mitogenicity. For example, the cells in the dermis tend to resemble
those in the epidermis in RGP melanomas, whereas in the VGP they tend to be larger and
more atypical than the cells of the adjacent RGP component. RGP melanomas are usu-
ally level I or II, whereas VGP melanomas may be level II but are more commonly level
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Fig. 4. Invasive radial growth phase (RGP) melanoma and an associated dermal nevus. In the
epidermis, there is confluence of nests, comprised of uniformly atypical epithelioid to somewhat
spindle-shaped melanocytes, consistent with melanoma in situ with a partly lentiginous pattern.
Elsewhere in the lesion, pagetoid proliferation was observed. In the dermis on the left, there is
a cluster of nested melanocytes that are morphologically similar to those in the epidermis. This
cluster is not larger than the largest clusters in the epidermis, consistent with invasive RGP or
microinvasive melanoma. To the right of the image in the dermis, there are clusters of orderly
nevus cells, distinguished from the melanoma cells by lacking cytological atypia.

Fig. 3. Vertical growth phase melanoma. In the dermis, there are clusters of uniformly atypical
epithelioid melanocytes, considerably larger than the largest clusters in the overlying epidermis,
where there is focal pagetoid proliferation (arrow).
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III or greater, and greater than 0.76 mm in Breslow thickness. The tumor-infiltrating
lymphocytes (TIL) response is usually less in the VGP than in the RGP, and the clusters
of cells in the VGP tend to compress or distort surrounding tissue, as if they have growth
preference over the stromal cells. Finally, ulceration, vascular invasion, and satellites are
all rare in RGP melanomas.

The reproducibility of diagnosis of VGP in thin melanomas (<1 mm in greatest thick-
ness according to the criteria of Breslow) has been studied by two groups, and found to
be acceptable for clinical use (77,78).

Biology of RGP vs VGP Melanoma
The biology of tumor progression in melanoma has been reviewed (79–82). Several

lines of evidence are consistent with the hypothesis that the cells of RGP and VGP
lesions differ in several important properties that relate to the malignant phenotype.
First, despite considerable effort, only a few permanent cell lines have been established
from RGP cells (83). Such cells have tended to proliferate slowly for a time, but never
reach confluence, and ultimately senesce, taking on a spindled fibroblast-like morphol-
ogy. In contrast, cell lines are readily established from VGP primary tumors and from
metastases. Furthermore, cells from short-term culture of RGP lesions are not tumori-
genic in immunodeficient mice, in contrast to VGP and metastatic melanoma cells,
which often readily form tumors in these animals. In human skin reconstruct models,
cells from RGP melanoma remain confined to the epidermis and undergo apoptosis if
they enter the artificial dermis. These cells can be protected from apoptosis by transfec-
tion with the 3 integrin gene, which, when ligated with collagen fragments or other
matrix molecules, activates a cell death protection pathway (84). 3 integrin expression
also serves as a strong marker for VGP, compared with RGP (85). Another strong marker
that can distinguish VGP from RGP in tissue sections is Ki-67, a marker of cells in the
G1-S phase of the cell cycle. However, neither of these markers is diagnostic of mela-
noma; for example, each of them may be expressed in Spitz nevi, which are diagnosti-
cally troublesome simulants of melanoma.

In terms of biological, as well as clinical, attributes, the cells of VGP melanoma tend
to resemble those of metastatic melanoma more closely than those of the RGP
within which they may arise. Some of these differences and similarities are summa-
rized in Table 2.

Table 2
Summary of Tumor Progression Biology in Melanoma

RGP VGP Metastases

Growth in culture Slow Rapid Rapid
Permanent lines Few Yes Yes
Tumorigenicity in mice No Yes Yes
Cytogenetic abnormalities Few, random More, some Many, some

nonrandom  nonrandom
Growth factor production No Yes Yes
Growth factor independence No Infrequent Often
Progression antigens Low High High

Adapted from refs. 83,111,112. RGP, radial growth phase; VGP, vertical growth phase.
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Prognosis in VGP Melanoma
These considerations have important clinical significance. In early studies from the

University of Pennsylvania’s Pigmented Lesion Clinic, it was demonstrated that inva-
sive RGP melanomas, lacking the properties of tumorigenicity and mitogenicity, were
not associated with competence for metastasis (72,73). Indeed, in these early studies, the
survival of a cohort of patients followed for more than 10 yr was literally 100%, with a
statistical confidence interval of 1%. In the latest follow-up studies from this same, but
now greatly expanded, database, an incidence of metastasis of approx 1% has now been
observed. As already mentioned, this metastatic rate does not appear to differ signifi-
cantly from that associated with MIS. Studies that have observed metastasis in thin
melanomas have also noted the presence of partial regression in the lesion (74,75). Thus,
it is possible that a portion of the tumor that was thicker may have metastasized, then
regressed, leaving a “footprint” of regressive histology and clinical morphology behind.

The prognosis in “pure” RGP melanoma—a melanoma that lacks both the properties
of tumorigenicity and mitogenicity—is close to 100%, irrespective of other attributes
(72,73). This simple model is good enough for clinical use for these lesions. In VGP, on
the other hand, there is a wide range of prognosis, from close to 100%, to a very low
probability of survival at the other extreme.

Prognostic models for melanoma have described phenotypic attributes of the lesions
that are associated with survival, and therefore are likely associated with mechanisms of
metastasis. The prognostic model in widest use at this time is that of the American Joint
Committee for Cancer (AJCC) (86). This model uses the property of tumor thickness
described by Breslow in 1970, modified by the presence or absence of ulceration and,
in thin melanomas, by level IV invasion, as described by Clark in 1967 (2,52). Ulceration
has been identified as an important prognostic attribute in many studies (87–91); how-
ever, the effect of ulceration seems to be diminished or absent in some studies that have
included additional variables, such as the tumor mitotic rate or vascular invasion (75,90–92).
The AJCC model provides good stratification of risk of metastasis and death from
melanoma. However, in thin melanomas, there is an approx 12% risk of death at 10 yr.
Thus, this is not an especially low-risk category.

Studies from the University of Pennsylvania’s Pigmented Lesion Clinic database
have demonstrated that additional prognostic attributes have significance in thin (and
also in thicker) VGP melanomas (75). The two most important attributes are TIL and
mitotic rate:

TIL: The prognosis for patients with “brisk” lymphocytes in their VGP is approx
12 times better than that for patients with no infiltrating lymphocytes (75,93). This
finding of a beneficial effect of TIL, defined as lymphocytes that are in contact with
melanoma cells, is also true for metastatic disease (94), and is encouraging for investi-
gators who are attempting to define immunogenic antigens suitable for therapeutic use
in melanoma patients.

Mitotic rate: The prognosis for patients with no mitoses is approx 11 times better
than that for patients with greater than 6 mitoses/mm2. This finding doubtless represents
a loss of the normal control of proliferation pathways, such as mitogen-activated protein
kinase (MAP-kinase) (95), and suppressor pathways, such as p16/RB (96).

In addition to these major attributes, other attributes have been found to have weaker
associations with prognosis, in studies based on tumor progression and in numerous
other studies (75,88–90,93,97–104). These include the following: patient gender—in
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Fig. 5. Metastasis-free survival in thin melanomas (n = 887) (110). Cartesian regression analysis
of 887 cases of thin primary melanoma (American Joint Committee on Cancer stage 1, <1 mm
Breslow thickness), all followed 10 yr or more (Gimotty et al., Penn Pigmented Lesion Clinic,
ref. 110). MR, mitotic rate; RGP, radial growth phase; VGP, vertical growth phase.

the Clark model, the prognosis for women is approximately three times better than for
men (75); lesional location—the prognosis for melanomas on the extremities is approxi-
mately four times better than for melanomas on the trunk; RGP regression—the prog-
nosis is approximately twofold worse when regression is present in an area of the RGP,
possibly because this conceals an area of early VGP that had been at risk of metastasizing
before it regressed. The prognostic significance of attributes related to vascularity and
vascular involvement has been controversial (92,99,105–109); however, recent studies
from the University of California at San Francisco database have produced strong evi-
dence for the significance of these attributes (92,108,109).

In recent studies using Cartesian regression tree analysis, Gimotty and colleagues
demonstrated interesting interactions among several of the variables discussed in this
section (110). For example, in an analysis of 887 thin melanomas (i.e., <1 mm in Breslow
thickness), the Cartesian model divided the cases first on mitogenicity, a mitotic rate of
zero vs greater than zero. Mitotic rate zero groups were divided on the basis of tumori-
genicity, RGP vs VGP. Melanomas with mitotic rates of greater than zero were divided
on the basis of gender. This process identified a group of 411 minimal-risk patients, with
0.5% probability of metastasis; and another group of 92 high-risk patients, with a 31.5%
probability of metastasis; with two other groups at intermediate risk. These relationships
are illustrated in Fig. 5.

CONCLUSIONS AND PERSPECTIVES

Principles of tumor progression have been reviewed here, mainly from an historical
perspective. Clinical, histological, cellular, and molecular evidence are all consistent
with a model of progression evolving from clinically and histologically characteristic
precursor lesions. These lesions are better described as potential precursors of mela-
noma, because the majority of potential precursors do not progress (and not all melano-
mas arise in a precursor). Common acquired nevi and dysplastic nevi are potential
precursors of melanoma, and they are also important as simulants of melanoma and as
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markers of individuals at increased risk of developing melanoma. Melanomas them-
selves evolve through stages of tumor progression, from an initial plaque-like phase of
progression called the RGP, to a more advanced tumorigenic phase, called the VGP.
Melanomas lacking VGP do not metastasize, with vanishingly rare exceptions. Melano-
mas with VGP are recognized histologically by the properties of tumorigenicity and
mitogenicity, and may have competence for metastasis. The likelihood of metastasis can
be predicted with increasing accuracy by the use of prognostic models. The AJCC
staging system, which is in wide use, uses attributes that are commonly available in
pathology reports, including Breslow’s thickness, Clark’s level, and the presence or
absence of ulceration. More sophisticated models have added the use of various addi-
tional attributes. TIL as a favorable attribute and mitotic rate as an unfavorable attribute
have entered into several of these models. Although not yet in common use, future
models of this sort will doubtless include biological markers with the capacity not only
to predict survival with greater precision (prognostic attributes), but also to identify
those tumors that are most likely to respond to particular therapeutic modalities
(predictive attributes). Thus, principles derived from clinical studies of tumor progression
will continue to have diagnostic and therapeutic relevance.

REFERENCES

1. Foulds L. Neoplastic development. Academic, London and New York, NY: 1969, pp. 41–86.
2. Clark WH Jr, From L, Bernardino EA, Mihm MC Jr. The histogenesis and biologic behavior of

primary human malignant melanomas of the skin. Cancer Res 1969;29:705–727.
3. Clark WH Jr, Tucker MA. Problems with lesions related to the development of malignant melanoma:

common nevi, dysplastic nevi, malignant melanoma in situ, and radial growth phase malignant
melanoma. Hum Pathol 1998;29:8–14.

4. An HT, Yoo JY, Lee MK, et al. Single dose radiation is more effective for the UV-induced activation
and proliferation of melanocytes than fractionated dose radiation. Photodermatol Photoimmunol
Photomed 2001;17:266–271.

5. Gilchrest BA, Blog FB, Szabo G. Effects of aging and chronic sun exposure on melanocytes in human
skin. J Invest Dermatol 1979;73:141–143.

6. Cox PM, Dhillon AP, Howe S, Pittilo RM, Rode J. Repopulation of guinea-pig skin by melanocytes
during wound healing: a morphometric study. Br J Exp Pathol 1989;70:679–689.

7. Boissy RE. Melanosome transfer to and translocation in the keratinocyte. Exp Dermatol 2003;
12(Suppl 2):5–12.

8. Abdel-Malek Z, Scott MC, Suzuki I, et al. The melanocortin-1 receptor is a key regulator of human
cutaneous pigmentation. Pigment Cell Res 2000;13(Suppl 8):156–162.

9. Autier P, Severi G, Pedeux R, et al. Number and size of nevi are influenced by different sun exposure
components: implications for the etiology of cutaneous melanoma (Belgium, Germany, France,
Italy). Cancer Causes Control 2003;14:453–459.

10. MacLennan R, Kelly JW, Rivers JK, Harrison SL. The Eastern Australian Childhood Nevus Study:
site differences in density and size of melanocytic nevi in relation to latitude and phenotype. J Am
Acad Dermatol 2003;48:367–375.

11. Wiecker TS, Luther H, Buettner P, Bauer J, Garbe C. Moderate sun exposure and nevus counts in
parents are associated with development of melanocytic nevi in childhood: a risk factor study in 1812
kindergarten children. Cancer 2003;97:628–638.

12. Darlington S, Siskind V, Green L, Green A. Longitudinal study of melanocytic nevi in adolescents.
J Am Acad Dermatol 2002;46:715–722.

13. Dulon M, Weichenthal M, Blettner M, et al. Sun exposure and number of nevi in 5- to 6-year-old
European children. J Clin Epidemiol 2002;55:1075–1081.

14. Bishop JA, Wachsmuth RC, Harland M, et al. Genotype/phenotype and penetrance studies in mela-
noma families with germline CDKN2A mutations. J Invest Dermatol 2000;114:28–33.



Chapter 29 / Melanoma Tumor Progression 529

15. Harada M, Suzuki M, Ikeda T, Kaneko T, Harada S, Fukayama M. Clonality in nevocellular nevus
and melanoma: an expression-based clonality analysis at the X-linked genes by polymerase chain
reaction. J Invest Dermatol 1997;109:656–660.

16. Hui P, Perkins AS, Glusac EJ. Assessment of clonality in melanocytic nevi. J Cutan Pathol
2001;28:140–144.

17. Robinson WA, Lemon M, Elefanty A, Harrison-Smith M, Markham N, Norris D. Human acquired
naevi are clonal. Melanoma Res 1998;8:499–503.

18. MacKie RM, English J, Aitchison TC, Fitzsimmons CP, Wilson P. The number and distribution of
benign pigmented moles (melanocytic nevi) in a healthy British population. Brit J Dermatol
1985;113:167–174.

19. Whimster IW. Recurrent pigment cell naevi and their significance in the problem of endogenous
carcinogenesis. Ann Ital Dermatol Clin Sper 1965;19:168–191.

20. Silye R, Karayiannakis AJ, Syrigos KN, et al. E-cadherin/catenin complex in benign and malignant
melanocytic lesions. J Pathol 1998;186:350–355.

21. Li G, Satyamoorthy K, Herlyn M. Dynamics of cell interactions and communications during mela-
noma development. Crit Rev Oral Biol Med 2002;13:62–70.

22. Zembowicz A, McCusker M, Chiarelli C, et al. Morphological analysis of nevoid melanoma: a study
of 20 cases with a review of the literature. Am J Dermatopathol 2001;23:167–175.

23. Schmoeckel C, Castro CE, Braun-Falco O. Nevoid malignant melanoma. Arch Dermatol Res
1985;277:362–369.

24. Levene A. On the histological diagnosis and prognosis of malignant melanoma. J Clin Pathol
1980;33:101–124.

25. Clark WH Jr, Reimer RR, Greene MH, Ainsworth AA, Mastrangelo MJ. Origin of familial melanomas
from heritable melanocytic lesions. “The B-K mole syndrome”. Arch Dermatol 1978;114:732–738.

26. Frichot BC, Lynch HT, Guirgis HA, Harris RE, Lynch JF. New cutaneous phenotype in cutaneous
malignant melanoma. Lancet 1977;1:864–865.

27. Lynch HT, Fusaro RM, Danes BS, Kimberling WJ, Lynch JF. A review of hereditary malignant
melanoma including biomarkers in familial atypical multiple mole melanoma syndrome. Cancer
Genet Cytogenet 1983;8:325–358.

28. Elder DE, Goldman LI, Goldman SC, Greene MH, Clark WH Jr. Dysplastic nevus syndrome: a
phenotypic association of sporadic cutaneous melanoma. Cancer 1980;46:1787–1794.

29. Elder DE, Green MH, Guerry DIV, Kraemer KH, Clark WH Jr. The dysplastic nevus syndrome: our
definition. Am J Dermatopathol 1982;4:455–460.

30. Greene MH. The genetics of hereditary melanoma and nevi: 1998 update. Cancer 1999;86:
2464–2477.

31. Tucker MA, Halpern A, Holly EA, et al. Clinically recognized dysplastic nevi. A central risk factor
for cutaneous melanoma. JAMA 1997;277:1439–1444.

32. Robinson JK, Nickoloff BJ. Digital epiluminescence microscopy monitoring of high-risk patients.
Arch Dermatol 2004;140:49–56.

33. Barnhill RL, Roush GC, Duray PH. Correlation of histologic architectural and cytoplasmic features
with nuclear atypia in atypical (dysplastic) nevomelanocytic nevi. Hum Pathol 1990;21:51–58.

34. Clemente C, Cochran A, Elder DE, et al. Histopathologic diagnosis of dysplastic nevi. Concordance
among pathologists convened by the WHO melanoma programme. Hum Pathol 1991;22:313–319.

35. De Wit PEJ, Van’t Hof-Grootenboer B, Ruiter DJ, et al. Validity of the histopathological criteria used
for diagnosing dysplastic naevi. An interobserver study by the pathology subgroup of the EORTC
Malignant Melanoma Cooperative Group. Eur J Cancer [A] 1993;29A:831–839.

36. Duncan LM, Berwick M, Bruijn JA, Byers HR, Mihm MC, Barnhill RL. Histopathologic recognition
and grading of dysplastic melanocytic nevi: an interobserver agreement study. J Invest Dermatol
1993;100:318S–321S.

37. National Institutes of Health. National Institutes of Health Consensus Development Conference
statement on diagnosis and treatment of early melanoma, January 27–29, 1992. Am J Dermatopathol
1993;15:34–43.

38. Tsao H, Bevona C, Goggins W, Quinn T. The transformation rate of moles (melanocytic nevi) into
cutaneous melanoma: a population-based estimate. Arch Dermatol 2003;139:282–288.

39. Bolognia JL, Lin A, Shapiro PE. The significance of eccentric foci of hyperpigmentation (‘small dark
dots’) within melanocytic nevi: analysis of 59 cases. Arch Dermatol 1994;130:1013–1017.



530 From Melanocytes to Melanoma

40. Yazdi AS, Palmedo G, Flaig MJ, et al. Mutations of the BRAF gene in benign and malignant
melanocytic lesions. J Invest Dermatol 2003;121:1160–1162.

41. Demunter A, Stas M, Degreef H, Wolf-Peeters C, Van den Oord JJ. Analysis of N- and k-ras muta-
tions in the distinctive tumor progression phases of melanoma. J Invest Dermatol 2001;117:
1483–1489.

42. Rhodes AR, Harrist TJ, Day CL, Mihm MC Jr, Fitzpatrick TB, Sober AJ. Dysplastic melanocytic nevi
in histologic association with 234 primary cutaneous melanomas. J Am Acad Dermatol 1983;9:
563–574.

43. Clark WH Jr, Elder DE, Guerry DIV, Epstein MN, Greene MH, Van Horn M. A study of tumor
progression: the precursor lesions of superficial spreading and nodular melanoma. Hum Pathol
1984;15:1147–1165.

44. Cook MG, Roberston I. Melanocytic dysplasia and melanoma. Histopathology 1985;9:647–658.
45. English DR, Menz J, Heenan PJ, Elder DE, Watt JD, Armstrong BK. The dysplastic naevus syndrome

in patients with cutaneous malignant melanoma in Western Australia. Med J Aust 1986;145:194–198.
46. Black WC. Residual dysplastic and other nevi in superficial spreading melanoma. Clinical correla-

tions and association with sun damage. Cancer 1988;62:163–173.
47. Gruber SB, Barnhill RL, Stenn KS, Roush GC. Nevomelanocytic proliferations in association with

cutaneous malignant melanoma: a multivariate analysis. J Am Acad Dermatol 1989;21:773–780.
48. Bevona C, Goggins W, Quinn T, Fullerton J, Tsao H. Cutaneous melanomas associated with nevi.

Arch Dermatol 2003;139:1620–1624.
49. Greene M, Clark WH Jr, Tucker MA, Kraemer KH, Elder DE, Fraser MC. High risk of malignant

melanoma in melanoma-prone families with dysplastic nevi. Ann Intern Med 1985;102:458–465.
50. Masri GD, Clark WH Jr, Guerry DIV, Halpern A, Thompson CJ, Elder DE. Screening and surveil-

lance of patients at high risk for malignant melanoma result in detection of earlier disease. J Am Acad
Dermatol 1990;22:1042–1048.

51. Mishima Y. Melanocytic and nevocytic malignant melanomas. Cellular and subcellular differentia-
tion. Cancer 1967;20:632–649.

52. Clark WH Jr. A classification of malignant melanoma in man correlated with histogenesis and
biologic behavior. In: Montagna W, Hu F, eds. Advances in the Biology of the Skin Volume VIII.
Pergamon, New York, NY: 1967, pp. 621–647.

53. Clark WH Jr, Mihm MC Jr. Lentigo maligna and lentigo-maligna melanoma. Am J Pathol 1969;
55:39–67.

54. Bastian BC, Olshen AB, LeBoit PE, Pinkel D. Classifying melanocytic tumors based on DNA copy
number changes. Am J Pathol 2003;163:1765–1770.

55. Rhodes AR, Sober AJ, Day CL, et al. The malignant potential of small congenital nevocellular nevi.
An estimate of association based on a histologic study of 234 primary cutaneous melanomas. J Am
Acad Dermatol 1982;6:230–241.

56. Illig L, Weidner F, Hundeiker M, et al. Congenital nevi less than or equal to 10 cm as precursors to
melanoma. 52 cases, a review, and a new conception. Arch Dermatol 1985;121:1274–1281.

57. Augustsson A, Stierner U, Rosdahl I, Suurküla M. Common and dysplastic naevi as risk factors for
cutaneous malignant melanoma in a Swedish population. Acta Derm Venereol (Stockh ) 1991;
71:518–524.

58. Halpern AC, Guerry DIV, Elder DE, et al. Dysplastic nevi as risk markers of sporadic (non-familial)
melanoma: a case–control study. Arch Dermatol 1991;127:995–999.

59. Garbe C, Kruger S, Stadler R, Guggenmoos-Holzmann I, Orfanos CE. Markers and relative risk in
a German population for developing malignant melanoma. Int J Dermatol 1989;28:517–523.

60. Holly EA, Kelly JW, Shpall SN, Chiu S-H. Number of melanocytic nevi as a major risk factor for
malignant melanoma. J Am Acad Dermatol 1987;17:459–468.

61. Swerdlow AJ, English J, MacKie RM, et al. Benign melanocytic naevi as a risk factor for malignant
melanoma. Brit Med J 1986;292:1555–1559.

62. Nordlund JJ, Kirkwood J, Forget BM, et al. Demographic study of clinically atypical (dysplastic) nevi
in patients with melanoma and comparison subjects. Cancer Res 1985;45:1855–1861.

63. Holly EA, Kelly JW, Shpall SN, Chiu S-H. Number of melanocytic nevi as a risk factor for malignant
melanoma. J Am Acad Dermatol 1987;17:459–468.

64. Grob JJ, Gouvernet J, Aymar D, et al. Count of benign melanocytic nevi as a major risk factor for
nonfamilial nodular and superficial spreading melanoma. Cancer 1990;66:387–395.

65. MacKie RM, Freudenberger T, Aitchison TC. Personal risk-factor chart for cutaneous melanoma.
Lancet 1989;2:487–490.



Chapter 29 / Melanoma Tumor Progression 531

66. Meyer LJ, Goldgar DE, Cannon-Albright LA, et al. Number, size, and histopathology of nevi in Utah
kindreds. Cytogenet Cell Genet 1992;59:167–169.

67. Goldgar DE, Cannon-Albright LA, Meyer LJ, Piepkorn MW, Zone JJ, Skolnick MH. Inheritance of
nevus number and size in melanoma/DNS kindreds. Cytogenet Cell Genet 1992;59:200–202.

68. Green A, Siskind V, Bain C, Alexander J. Sunburn and malignant melanoma. Br J Cancer
1985;51:393–397.

69. Piepkorn MW, Barnhill RL, Cannon-Albright LA, et al. A multiobserver, population-based analysis
of histologic dysplasia in melanocytic nevi. J Am Acad Dermatol 1994;30:707–714.

70. Arumi-Uria M, McNutt NS, Finnerty B. Grading of atypia in nevi: correlation with melanoma risk.
Mod Pathol 2003;16:764–771.

71. Kirkham N, Price ML, Gibson B, Leigh IM, Coburn P, Darley CR. Type VII collagen antibody LH
7.2 identifies basement membrane characteristics of thin malignant melanomas. J Pathol
1989;157:243–247.

72. Elder DE, Guerry DIV, Epstein MN, et al. Invasive malignant melanomas lacking competence for
metastasis. Am J Dermatopathol 1984;6:55–62.

73. Guerry DIV, Synnestvedt M, Elder DE, Schultz D. Lessons from tumor progression: the invasive
radial growth phase of melanoma is common, incapable of metastasis, and indolent. J Invest Dermatol
1993;100:342S–345S.

74. Guitart J, Lowe L, Piepkorn M, et al. Histological characteristics of metastasizing thin melanomas:
a case-control study of 43 cases. Arch Dermatol 2002;138:603–608.

75. Clark WH Jr, Elder DE, Guerry DIV, et al. Model predicting survival in stage I melanoma based on
tumor progression. JNCI 1989;81:1893–1904.

76. Elder DE, Murphy GF. Melanocytic tumors of the skin. Washington, D.C. Armed Forces Institute of
Pathology, 1991.

77. Cook MG, Clarke TJ, Humphreys S, et al. A nationwide survey of observer variation in the diagnosis
of thin cutaneous malignant melanoma including the MIN terminology. J Clin Pathol 1997;50:202–205.

78. McDermott NC, Hayes DP, al-Sader MH, et al. Identification of vertical growth phase in malignant
melanoma. A study of interobserver agreement. Am J Clin Pathol 1998;110:753–757.

79. Herlyn M. Molecular and cellular biology of melanoma. R. G. Landes, Austin, TX: 1993.
80. Kath R, Rodeck U, Menssen HD, et al. Tumor progression in the human melanocytic system. Anti-

cancer Res 1989;9:865–872.
81. Herlyn M. Human melanoma: development and progression. Cancer Metastasis Rev 1990;9:101–112.
82. Herlyn M. Structure and function of molecules produced by melanoma cells. In: Herlyn M, ed.

Molecular and Cellular Biology of Melanoma. R. G. Landes, Austin, TX: 1993, pp. 44–92.
83. Hsu M-Y, Elder DE, Herlyn M. The Wistar (WM) melanoma cell lines. In: Masters JRW, Palsson B,

eds. Human Cell Culture. Vol. 2, Cancer Cell Lines, Part 2 (Human Cell Culture) Springer, 1989.
84. Hsu M-Y, Shih D-T, Meier F, et al. Adenoviral gene transfer of 3 integrin subunit induces conversion

from radial to vertical growth phase in primary human melanoma. Am J Pathol 1998;153:1347–1351.
85. Van Belle PA, Elenitsas R, Satyamoorthy K, et al. Progression-related expression of beta3 integrin

in melanomas and nevi. Hum Pathol 1999;30:562–567.
86. Balch CM, Sober AJ, Soong SJ, Gershenwald JE. The new melanoma staging system. Semin Cutan

Med Surg 2003;22:42–54.
87. MacKie RM, Aitchison T, Sirel JM, McLaren K, Watt DC. Prognostic models for subgroups of

melanoma patients from the Scottish Melanoma Group database 1979–86, and their subsequent
validation. Br J Cancer 1995;71:173–176.

88. Cochran AJ, Elashoff D, Morton DL, Elashoff R. Individualized prognosis for melanoma patients.
Hum Pathol 2000;31:327–331.

89. Balch CM, Soong SJ, Gershenwald JE, et al. Prognostic factors analysis of 17,600 melanoma patients:
validation of the american joint committee on cancer melanoma staging system. J Clin Oncol
2001;19:3622–3634.

90. Tuthill RJ, Unger JM, Liu PY, Flaherty LE, Sondak VK. Risk assessment in localized primary
cutaneous melanoma: a Southwest Oncology Group study evaluating nine factors and a test of the
Clark logistic regression prediction model. Am J Clin Pathol 2002;118:504–511.

91. Azzola MF, Shaw HM, Thompson JF, et al. Tumor mitotic rate is a more powerful prognostic
indicator than ulceration in patients with primary cutaneous melanoma: an analysis of 3661 patients
from a single center. Cancer 2003;97:1488–1498.

92. Kashani-Sabet M, Shaikh L, Miller JR III, et al. NF-kappa B in the vascular progression of melanoma.
J Clin Oncol 2004;22:617–623.



532 From Melanocytes to Melanoma

93. Clemente CG, Mihm MG, Bufalino R, Zurrida S, Collini P, Cascinelli N. Prognostic value of tumor
infiltrating lymphocytes in the vertical growth phase of primary cutaneous melanoma. Cancer
1996;77:1303–1310.

94. Mihm MC Jr, Clemente CG, Cascinelli N. Tumor infiltrating lymphocytes in lymph node melanoma
metastases: a histopathologic prognostic indicator and an expression of local immune response. Lab
Invest 1996;74:43–47.

95. Satyamoorthy K, Li G, Gerrero MR, et al. Constitutive mitogen-activated protein kinase activation
in melanoma is mediated by both BRAF mutations and autocrine growth factor stimulation. Cancer
Res 2003;63:756–759.

96. Straume O, Akslen LA. Alterations and prognostic significance of p16 and p53 protein expression
in subgroups of cutaneous melanoma. Int J Cancer 1997;74:535–539.

97. Averbook BJ, Fu P, Rao JS, Mansour EG. A long-term analysis of 1018 patients with melanoma by
classic Cox regression and tree-structured survival analysis at a major referral center: implications
on the future of cancer staging. Surgery 2002;132:589–604.

98. Gimotty PA, Guerry D, Elder DE. Validation of prognostic models for melanoma. Am J Clin Pathol
2002;118:489–491.

99. Barnhill RL, Fine JA, Roush GC, Berwick M. Predicting five-year outcome for patients with cuta-
neous melanoma in a population-based study. Cancer 1996;78:427–432.

100. MacKie RM, Aitchison T, Sirel JM, McLaren K, Watt DC. Prognostic models for subgroups of
melanoma patients from the Scottish Melanoma Group database 1979–86, and their subsequent
validation. Br J Cancer 1996;71:173–176.

101. Garbe C, Büttner P, Bertz J, et al. Primary cutaneous melanoma: identification of prognostic groups
and estimation of individual prognosis for 5093 patients. Cancer 1995;75:2484–2491.

102. Soong SJ. A computerized mathematical model and scoring system for predicting outcome in mela-
noma patients. In: Balch CM, Milton GW, eds. Cutaneous Melanoma. Lippincot, Philadelphia, PA:
1985, pp. 353–367.

103. Day CL Jr, Lew RA, Mihm MC Jr, et al. A multivariate analysis of prognostic factors for melanoma
patients with lesions greater than or equal to 3.65 mm in thickness. The importance of revealing
alternative Cox models. Ann Surg 1982;195:44–49.

104. Day CL Jr, Mihm MC Jr, Lew RA, et al. Prognostic factors for patients with clinical stage I melanoma
of intermediate thickness (1.51–3.39 mm). A conceptual model for tumor growth and metastasis. Ann
Surg 1982;195:35–43.

105. Ilmonen S, Kariniemi AL, Vlaykova T, Muhonen T, Pyrhonen S, Asko-Seljavaara S. Prognostic
value of tumour vascularity in primary melanoma. Melanoma Res 1999;9:273–278.

106. Straume O, Salvesen HB, Akslen LA. Angiogenesis is prognostically important in vertical growth
phase melanomas. Int J Oncol 1999;15:595–599.

107. Massi D, Borgognoni L, Franchi A, Martini L, Reali UM, Santucci M. Thick cutaneous malignant
melanoma: a reappraisal of prognostic factors. Melanoma Res 2000;10:153–164.

108. Kashani-Sabet M, Sagebiel RW, Ferreira CM, Nosrati M, Miller JR III. Vascular involvement in the
prognosis of primary cutaneous melanoma. Arch Dermatol 2001;137:1169–1173.

109. Kashani-Sabet M, Sagebiel RW, Ferreira CM, Nosrati M, Miller JR III. Tumor vascularity in the
prognostic assessment of primary cutaneous melanoma. J Clin Oncol 2002;20:1826–1831.

110. Gimotty PA, Guerry DIV, Ming ME, et al. Thin primary cutaneous malignant melanoma: a prog-
nostic tree for ten-year metastasis is more accurate than AJCC staging. Am J Clin Oncol 2004;
22:3668–3676.

111. Herlyn M, Balaban G, Bennicelli J, et al. Primary melanoma cells of the vertical growth phase:
similarities to metastatic cells. J Natl Cancer Inst 1985;74:283–289.

112. Rodeck U, Herlyn M. Characteristics of cultured human melanocytes from different stages of tumor
progression. Cancer Treat Res 1988;43:3–16.



Chapter 30 / Melanoma Cell Plasticity and Clinical Implications 533

533

The Plasticity of Melanoma Cells
and Associated Clinical Implications

Mary J. C. Hendrix, Elisabeth A. Seftor,
Angela R. Hess, and Richard E. B. Seftor

CONTENTS

DIFFERENTIAL GENE EXPRESSION OF HIGHLY AGGRESSIVE

VS POORLY AGGRESSIVE HUMAN CUTANEOUS

AND UVEAL MELANOMA CELL LINES

VASCULOGENIC MIMICRY AS A MODEL FOR MELANOMA CELL PLASTICITY

MELANOMA VASCULOGENIC PHENOTYPE

VM SIGNALING CASCADE

BIOLOGICAL IMPLICATIONS OF VM
CONCLUSIONS AND PERSPECTIVES

REFERENCES

30

Summary
The molecular signature of aggressive cutaneous and uveal melanoma cells is consistent with an

undifferentiated cell with a genetic profile similar to that of embryonic cells. The associated plastic
phenotype may explain how aggressive melanoma cells can mimic endothelial cells, participate in
neovascularization of tissues, and form a fluid-conducting meshwork through a process called
vasculogenic mimicry. Although elucidation of the biological steps of melanoma vasculogenic mimicry
should lead to improved diagnostic and therapeutic strategies, the clinical management of cutaneous and
uveal melanoma (as well as many other types of cancers), would benefit from the identification of valid
predictors of disease progression and metastatic potential. In this regard, recent studies aimed at charac-
terizing the molecular signature of melanoma tumor cells has resulted in a classification scheme for
malignant cutaneous melanoma, as well as a molecular profile for uveal melanoma, which may contrib-
ute to improving the diagnosis and treatment of this and possibly other cancers.
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co-expression of multiple phenotype-specific genes by aggressive tumor cells. These
cell types include: endothelia, epithelia, pericytes, fibroblasts, hematopoietic lineage,
kidney, neuronal lineage, muscle, and several other precursor cell types (1–3), which
suggests that aggressive melanoma cells may undergo a genetic reversion to a undiffer-
entiated, embryonic-like phenotype indicative of a deregulated cell. Although the bio-
logical significance of these unexpected findings remains enigmatic, these observations
have prompted further investigation into the relevance of a “plastic” tumor cell pheno-
type and they challenge our current thinking concerning the identification and subse-
quent therapeutic targeting of tumor cells that may masquerade as other cell types.

VASCULOGENIC MIMICRY AS A MODEL
FOR MELANOMA CELL PLASTICITY

Many of the biological properties relevant to embryogenesis are also important in
tumor growth. As an example, the formation of primary vascular networks during
embryonic development occurs by the process called vasculogenesis, the in situ differ-
entiation of mesodermal progenitor cells (angioblasts and hemangioblasts) to endothelial
cells that organize into a primitive network (for reviews, see refs. 4–6) (Fig. 1). The
remodeling of this initial vasculogenic network subsequently into a more refined
microvasculature occurs through the process of angiogenesis, the sprouting of new
capillaries from pre-existing networks. In this regard, it is widely accepted that, during
cancer progression, tumors not only require a blood supply for growth, but also use this
vehicle for metastatic dissemination (for review, see refs. 7–14).

The molecular profile of aggressive melanoma cells, along with novel in vitro obser-
vations (using three-dimensional [3D] matrices) and appropriate correlative histopatho-
logical findings, led our laboratory and collaborators to introduce the concept of
vasculogenic mimicry (VM) in 1999 (15). Initially, VM described the unique character-
istic of aggressive melanoma tumor cells to express endothelial-associated genes and
form extracellular matrix (ECM)-rich (highlighted by periodic acid-Schiff [PAS] stain-
ing) vasculogenic-like networks in 3D culture that recapitulate embryonic vasculogenic
networks (Fig. 1). These in vitro networks appear to correlate with the distinctive
patterned, ECM-rich networks observed in patients’ aggressive tumors (2,15–23). Ad-
ditional studies have reported intriguing observations regarding VM in various tumors
and have resulted in an evolution in thinking with respect to the concept of VM we
presently use.

In both xenograft models and human melanomas representative of aggressive disease,
the patterned networks appear in the form of loops (and arcs) that tightly encircle sphe-
roidal nests of melanoma that are lined by tumor cells. These networks are rich in laminin
(and presumably by other, as yet undetermined, ECM components), and appear in tissue
sections to have either small channel-like spaces between them or to be partially or
totally occluded ECM sheets surrounding nests of tumor cells. Some of the channel-like
spaces were originally called vascular channels because they appear to contain red blood
cells (RBC) and plasma and were thought to possibly provide a perfusion mechanism and
dissemination route within the tumor compartment. These channels were thought to
function either independently of, or simultaneously with, angiogenesis, or possibly with
other sources of vascularization, such as vessel co-option. Although patients with mela-
nomas that exhibit VM have a poor prognosis (17–23), little is known concerning the
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Fig. 1. Diagrammatic representation of vasculogenesis, angiogenesis, and photomicroscopy of
tumor cell vasculogenic mimicry. The upper panel provides a diagrammatic overview of
vasculogenesis and angiogenesis and shows how endothelial precursors (angioblasts and
hemangioblasts) coalesce, differentiate into endothelial cells, and form primitive vasculogenic
networks (vasculogenesis). The remodeling of these networks occurs via angiogenesis and results
in the formation of microvessels. (Diagram adapted from Carmeliet review of angiogenesis and
arteriogenesis, ref. 5, and created by Dr. Dawn A. Kirschmann.) The lower panel contains pho-
tomicroscopic images showing the unique characteristic of aggressive melanoma cells forming
de novo vasculogenic-like networks (arrows) in three-dimensional collagen I gels (in vitro),
which are capable of conducting a green fluorescent dye when microinjected after 14 d. Please
see color insert following p. 430.

biological relevance of this phenomenon. Other studies have reported VM in several
other tumor types, including breast, lung, prostatic, and ovarian carcinoma, and have
attempted to address some key molecular mechanisms underlying this unique process,
including the demonstration of a viable connection of blood flow between tumor cell-
lined vascular spaces and endothelial-lined and/or mature vasculature (24).

The significance of these findings relate to the etiology of VM and are particularly
important with respect to the ongoing investigations aimed at identifying key regulators
of this dynamic process. Specifically, these regulators appear to involve dysregulation
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of the tumor-specific phenotype and a concomitant transdifferentiation of aggressive
tumor cells into other cell types, such as endothelial cells, which may be detected using
multiple phenotype-specific markers. These observations are significant because results
from current angiogenesis inhibitor trials (25) suggest that new information regarding
effective mechanisms to destroy tumor-associated vasculature in human models is
needed in light of recent in vivo and in vitro studies that show that tumor cell VM is
relatively unaffected by endostatin (26).

Table 1
Angiogenesis/Vasculogenesis-Related Genes in Melanoma

Gene name Biological function Ratio

Melan-A (MLANA) Melanoma surface antigen 0.044 (22)
Microphthalmia-associated transcription

factor (MITF) Melanocyte development TF 0.029 (34)
Tyrosinase (TYR) Catalyzes the conversion 0.027 (37)

of  tyrosine to melanin
Tyrosinase-related protein I (TYRP1) Catalyzes the conversion 0.004 (>100)

of tyrosine to melanin
Melanoma cell-adhesion molecule Cell-surface glycoprotein 27

(MCAM)

TIE-1 (TIE) Endothelial tyrosine kinase 25
Epithelial cell kinase (EphA2) Receptor tyrosine kinase, ECK 13
VEGF-C (VEGFC) flt-4 ligand 6.5
Neuropilin (NRP1) VEGF receptor 5.3
VE–Cadherin, cadherin-5 (CDH5) Cell–cell adhesion molecule 11
Selectin E (SELE) Adhesion molecule 6.6
Endoglin (ENG) TGF- 1 receptor 4.3
CD34 Stem cell marker, sialomucin 2.5
Hypoxia inducible factor 1  (HIF1A) bHLH transcription factor 3.1
Tissue factor pathway inhibitor (TFPI) Coagulation inhibitor 4.0
Tissue factor pathway inhibitor-2 (TFPI2) Coagulation inhibitor 8.5
Laminin 5 2 (LAMC2) Extracellular matrix (ECM) 50
Fibronectin (FN1) ECM 27
Collagen IV, 2 (COL4A2) ECM 3.6
Fibrillin-1 (FBN1) ECM 5.0
Endothelial differentiation receptor G coupled receptor 3.7

(EDG1)
Endothelial cell specific molecule (ESM1) Endothelial-specific signaling 41

molecule
Endothelial differentiation-related factor-1 Endothelial cell differentiation 4.8

(EDF1) regulator
Plasminogen activator inhibitor-1 (PAI1) Serine protease inhibitor 31

TF, transcription factor; ECK, epithelial cell kinase; VEGF, vascular endothelial growth factor; TGF,
transforming growth factor; bHLH, basic helix–loop–helix.
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Table 2
Hematopoietic-Associated Markers in Melanoma

Gene name Biological function Ratio

Neutral endopeptidase (CALLA) Cell adhesion molecule, CD10 4.7
Hematopoietic-lineage cell-specific protein LYN tyrosine kinase substrate 5.7

(HCLS1)
Activated leukocyte cell adhesion molecule CD6 ligand 17.5

(ALCAM)
Lymphocyte-specific protein 1 (LSP1) Signal transduction 2.9
Trophoblast-lymphocyte cross-reactive Membrane cofactor protein, CD46 3.9

antigen (MCP)
5' nucleotidase (NT5) Lymphocyte differentiation, CD73 36
Macrophage maturation-associated protein Differentiation molecule 4.5

(MMA)

LYN, Ick/yes-related novel tyrosine kinase.

MELANOMA VASCULOGENIC PHENOTYPE

Previous clinical studies in melanoma have shown a strong correlation between the
appearance of ECM-rich (PAS positive), patterned, looping networks (resembling
vasculogenic patterned networks) in aggressive tumors and poor disease outcome (17–23).
These looping networks were originally thought to provide a unique microcirculation to
a growing tumor mass within certain areas of aggressive melanoma tumors that con-
tained little vasculature and no necrosis. However, because the biological basis for VM
was unclear at the time it was introduced in 1999 (15), interpretation of these findings
(27)was highly controversial (discussed further under “Biological Implications of VM”).
Additional studies focused on the unique differences between highly aggressive and
poorly aggressive melanomas in relation to VM, and revealed a number of interesting
findings. Aggressive melanoma cells seeded on collagen I 3D matrices form de novo
ECM-rich patterned networks that surround nests of tumor cells (Fig. 1), similar to the
patterned, looping networks observed in histological sections of tumors from patients
(15,28). Furthermore, these in vitro networks were shown to be perfusable, by microin-
jecting a fluorescent dye into these structures (Fig. 1). However, unlike the aggressive
melanoma cells, poorly aggressive melanoma cells did not form patterned networks
under the same culture conditions (2,15,28).

Molecular analyses of more than 45 human cutaneous and uveal melanoma cell lines
revealed unusual and unexpected findings regarding the phenotype of aggressive tumors’
cells (1–3) (highlights of selected differentially expressed genes from the molecular
analyses are shown in Tables 1 and 2). Highly aggressive vs poorly aggressive melanoma
cells, including genetically matched highly and poorly aggressive cell lines from mela-
noma patients, were hybridized to complementary cDNA microarrays, which allowed
the simultaneous expression analysis of 6000 genes (1). The spectrum of upregulated
genes reflects multiple molecular phenotypes and includes those associated with pro-
genitor cells, endothelia, epithelia, fibroblasts, hematopoietic lineage, kidney, neuronal
lineage, muscle, pericytes, and placental cell types. This unusual expression of diverse
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phenotypes was also accompanied by the downregulation of many melanoma-specific
proteins, except for melanoma cell-adhesion molecule, shown in Table 1.

The molecular profile suggests that aggressive melanoma cells exhibit a deregulated
genotype with a genetic footprint reminiscent of an embryonic-like cell with an undif-
ferentiated phenotype and leads to a major question under investigation at this time,
which focuses on the regulation of melanocyte-associated genes. As such, it is interest-
ing to note that microphthalmia-associated transcription factor is downregulated 34-fold
in aggressive melanoma cells compared with poorly aggressive tumor cells (Table 1;
ref. 1). Microphthalmia-associated transcription factor activates expression of the gene
that encodes tyrosinase, which is an enzyme involved in melanocyte differentiation (29).
The tyrosinase and tyrosinase-related protein-1 genes are also downregulated by
37-fold and greater than 100-fold in the same tumor cells, respectively (Table 1), com-
pared with poorly aggressive tumor cells, which indicates that several of the melanocyte-
specific genes are diminished in aggressive melanoma. These results appear to suggest
that aggressive melanoma cells have dedifferentiated in situ and may be more difficult
to identify with routine histopathology methods.

Many of the genes upregulated by the aggressive cancer cells include those involved
in angiogenesis and vasculogenesis, including vascular endothelial (VE)-cadherin
(CD144 or cadherin 5); erythropoietin-producing hepatocellular carcinoma-A2
(EphA2); and laminin 5 2 chain (Table 1; refs. 28,30,31). These molecules (and their
binding partners) are required for the formation and maintenance of blood vessels
(4–6,32). VE-cadherin is an adhesive protein, which was previously considered to be
endothelial cell specific, that belongs to the cadherin family of transmembrane proteins
promoting homotypic cell-to-cell interaction (33–36). EphA2 is a receptor protein
tyrosine kinase that is part of a large family of ephrin receptors (37), and when EphA2
binds to its ligand, ephrin-A1, EphA2 becomes phosphorylated on tyrosine. There is also
evidence that EphA2 can be constitutively phosphorylated in unstimulated cells (38).
The high expression levels of EphA2 and ephrin-A1 have been associated with increased
melanoma thickness and decreased survival, and the EphA2/ephrin-A1 pathway has
been linked to tumor cell proliferation (39,40).

Laminins are major components of basement membranes and are involved in neurite
outgrowth, tumor metastasis, cell attachment and migration, and angiogenesis
(39,41,42). Proteolytic cleavage of laminin, particularly the laminin 5 2 chain, can alter
and regulate the integrin-mediated migratory behavior of certain cells (39,43–45), which
suggests its potential importance as a molecular trigger in the microenvironment.

VE-cadherin, EphA2, and laminin 5 2 chain proteins are expressed only by aggres-
sive tumor cells and not by nonaggressive or poorly aggressive melanoma cells
(28,30,31). The biological relevance of these molecules in VM was demonstrated by
downregulating their expression independently and measuring the consequences on the
formation of vasculogenic-like networks in vitro. These studies demonstrated that
downregulation of VE-cadherin, EphA2, or laminin 5 2 chain results in the complete
inability of aggressive melanoma cells to engage in the formation of vasculogenic-like
networks in 3D culture (28,30,31).

Additional experiments focused more closely on the aggressive tumor cell-associated
ECM rather than the cells themselves. These studies revealed that a microenvironment
preconditioned or remodeled by aggressive melanoma cells (and subsequent to their
removal) can induce poorly aggressive melanoma cells to assume a vasculogenic and
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more migratory phenotype (31). Furthermore, cooperative interactions between laminin
5 2 chain, matrix metalloproteinase (MMP-2), and membrane type-1 MMP (MT1-
MMP) were shown to be required for melanoma VM, and laminin was observed to
colocalize with PAS-positive VM networks in vitro and in vivo. These findings contrib-
uted to our present conceptual model: that highly aggressive melanoma cells deposit
molecular messages or signals in their microenvironment (such as laminin 5 2' and 2x
promigratory fragments generated by proteolytic cleavage of laminin 5 2 chain by
MT1-MMP and MMP-2) that may induce a vasculogenic phenotype in poorly aggres-
sive cells, which results in the formation of vasculogenic-like networks and the concomi-
tant expression of vascular-associated genes (VE-cadherin, EphA2, and laminin 5 2
chain; Fig. 2). In support of this model, the inductive potential of the tumor cell microen-
vironment can be abrogated using a potent inhibitor of MMP activity, COL-3 (46), a
chemically modified tetracycline.

VM SIGNALING CASCADE

The signal transduction pathways that regulate blood vessel formation and stabiliza-
tion during vasculogenesis and angiogenesis are beginning to emerge (5,47,48) and an
examination of the signaling events that regulate melanoma VM is in progress (49).
Microarray analysis led to the identification of EphA2 as an important receptor tyrosine
kinase in melanoma VM (28). Other key signal-transduction molecules in this process
include VE-cadherin, focal adhesion kinase, and phosphoinositide 3-kinase (PI3K) (50).
Various experimental approaches are being used to provide a clearer understanding of
the signaling cascade that facilitates melanoma VM, and a model highlighting some of
the molecules involved is presented in Fig. 2. As shown in this model, phosphorylated
EphA2 can colocalize with VE-cadherin on the membrane of highly aggressive mela-
noma cells. Furthermore, phosphorylated EphA2 can also associate with focal adhesion
kinase. Because both VE-cadherin and EphA2 have been shown to activate PI3K in other
systems, this would support placing the PI3K-signaling pathway downstream of EphA2 and
VE-cadherin signaling. This is significant because recent studies have shown that
inhibition of PI3K activity also inhibits VM (49). Furthermore, inhibition of PI3K
activity appears to directly affect the regulation of MT1-MMP expression and activity
and the subsequent activation of MMP-2, which are required for VM (31). This model
suggests key molecular pathways involved in regulating melanoma cell VM and, with
additional studies, could provide a basis for designing new therapeutic strategies for
targeting the aggressive melanoma phenotype.

BIOLOGICAL IMPLICATIONS OF VM

As with many studies that introduce new concepts, several interpretations of VM have
evolved based on various analyses of the original findings. These published studies have
reported several scenarios related to VM. Although initial studies focused on a descrip-
tion of PAS-stained patterned networks in tumors, others referred to tumor cells that line
spaces or channels containing RBCs or blood lakes. Although subsequent studies equated
VM to tumor cells that express endothelial-specific genes, it is also possible that a
combination of any of the above scenarios is associated with VM in aggressive cancers.
To confuse the point further, the term “vascular mimicry” has been used synonymously
with VM, which carries broader implications because it could apply to other vascular-
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associated cell types, such as lymphocytes and macrophages, which represent other
molecular phenotypes that could also be expressed by aggressive tumor cells (shown
in Table 2).

Subsequent studies that have attempted to address the functional significance of VM
in human melanoma and in xenograft models are far more complex than the in vitro
cellular and molecular investigations and have generated more questions than answers
about the relevance of the in vivo studies. At present, there are two major questions
regarding melanoma VM that have been formulated. First, is there a morphological and
functional connection between melanoma tumor cell-lined networks and endothelial-
lined vasculature? Second, based on their vascular phenotype, is it possible for aggres-
sive melanoma cells to provide a vascular function when challenged to an ischemic,
nontumor microenvironment?

The first question addresses a potential biological and functional connection between
tumor cell-lined PAS and laminin-positive matrix networks within aggressive mela-
noma tumors and endothelial-lined vasculature. Several studies in aggressive melano-
mas (and other tumors, before the introduction of VM) reported that tumor cells could
line channels, lakes, and sinuses, and have direct contact with RBCs (51–53). It was
unclear, however, whether this was relevant to the functional provision of a blood supply
to a growing tumor mass. The prevailing hypothesis at this time was that any blood
(RBCs) found in extravascular spaces was probably caused by leaky vessels (54).
Additional work showed that PAS-positive patterned networks found in aggressive
melanoma tumors and associated with poor clinical outcome (17–23) appeared to mor-
phologically converge with blood vessels (15,16). These observations suggested that a
putative anastomosis occurred between the tumor cell-lined networks and the
endothelial-lined vasculature and contributed to the source of occasional RBCs observed
within the network infrastructure (15). This assumption led to the speculation that the
tumor cell-lined networks may provide a unique paracirculation that might occur inde-
pendently of or simultaneously with angiogenesis and/or vessel co-option. Although this
is a very complex phenomenon requiring rigorous scientific scrutiny, an orthotopic
model for human uveal melanoma in severe combined immunodeficient mice, which
might provide important new insights, has been developed to study the generation of the
unique network patterning that is characteristic of genetically deregulated aggressive
melanoma cells (55).

Significant new findings pertinent to addressing the first question have revealed the
presence of a fluid-conducting meshwork (depicted in Fig. 3) in xenografts of human
cutaneous and uveal melanoma that corresponds to the PAS- and laminin-positive pat-
terned networks that consist of matrix networks of arcs and back-to-back loops (56–57).
Using a combination of intravenous tracers, together with routine, confocal, and
immunoelectron microscopy, these studies showed that tracers are found inside tradi-
tional, endothelial-lined vasculature and extravascularly along channel-like spaces cre-
ated by PAS- and laminin-positive patterned loops and networks encasing nests of tumor
cells (56–58). This “fluid-conducting meshwork” also contained plasma around the
tumor cell-lined nests (57). The plasma, as well as RBCs that were observed in some of
the tumors formed PAS- and laminin-positive loops and networks, is likely to be derived
from local tumor vessels that are leaky and undergoing remodeling. Although the func-
tional relevance of this finding is still unclear, several theoretical possibilities may exist.
The fluid-conducting meshwork may:
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Fig. 3. Model of a melanoma tumor. The biological implications of melanoma vasculogenic
mimicry have evolved to a tumor cell-lined fluid-conducting meshwork corresponding to the
previously described periodic acid-Schiff-positive and laminin-positive patterned networks. This
artistic diagram represents the current interpretation of data generated from several studies
(56–58,61) involving the use of tracers and perfusion analyses of mice containing aggressive
melanoma cells (green) during tumor development. Although the endothelial-lined vasculature
is closely apposed to the tumor cell-formed fluid-conducting meshwork, it is presumed, hypo-
thetically, that as the tumor remodels the vasculature, it may become leaky and result in the
extravascular conduction of plasma and some red blood cells. However, the biological
implication(s) and relationship of the laminin-rich fluid-conducting meshwork to endothelial-
lined vasculature is still under investigation. (Illustration by Dr. Dawn A. Kirschmann.)

1. Provide a nutritional exchange for aggressive tumors that might prevent early necrosis.
2. Be analogous to an edematous inflammatory response, in which increased pressure leads

to the escape of fluid along connective tissue pathways within intratissue spaces.
3. Act as a suppressive shield against immune surveillance as a result of the complex

geometry of the laminin ECM covering that encases the nests of tumor cells.

At present, the consensus is that the microcirculation of aggressive tumors is very
complex and, depending on the window of observation, may consist of mosaic vessels
(59), co-opted vessels (60), and angiogenic vessels (7–14). There is also strong evidence
for intratumoral, tumor cell-lined, ECM-rich patterned networks capable of providing an
extravascular fluid pathway, called a fluid-conducting meshwork (56,57). The entire
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microcirculation in aggressive tumors, therefore, appears to be a combination of these
elements and results from destructive tumor growth and remodeling.

Recent studies have used a nude mouse model injected subcutaneously with fluores-
cent-tagged aggressive human cutaneous melanoma cells to study the blood supply to
primary tumors (61). Perfusion of the mouse vasculature with a fluorescent tag and
microbeads during tumor development was imaged using confocal microscopy and
revealed the close approximation of tumor cell-lined networks with angiogenic mouse
vessels at the human–mouse interface. The delivery of microbeads from the endothelial-
lined mouse vasculature to the tumor cell-lined networks may indicate a physiological
connection between the two compartments. As summarized in Fig. 3, further destructive
growth of melanoma into the vasculature led to the observation of RBCs and plasma
(presumably caused by leakage) into the tumor cell-lined fluid-conducting meshwork.
However, the question of whether a direct morphological and physiological anastomosis
exists between endothelial-lined vasculature and tumor cell-lined fluid-conducting
meshwork still remains enigmatic.

Attempts are underway to assess physiological blood flow using color Doppler imag-
ing of human melanoma xenografts. Initial work has demonstrated pulsatile turbulent
flow at the mouse–human tissue interface (with mouse endothelial-lined neovasculature)
and the central region of the tumor, containing melanoma cell-lined networks (62). This
functional exchange of blood through a tumor cell-lined meshwork (rich in laminin)
could be caused by the overexpression of anticoagulant factors tissue factor pathway
inhibitors -1 and -2 by aggressive melanoma cells (Table 1). These tumor cells appear
to exhibit similar anticoagulant mechanisms as endothelial cells, which may contribute
to the perfusability of the fluid-conducting meshwork. Although these findings are
intriguing, more detailed analyses are required to understand the precise sequence of
events associated with the establishment of vascularization during tumor growth and
remodeling in highly aggressive vs poorly aggressive tumors vs normal tissues.

Another possible fate for the PAS/laminin-rich fluid-conducting meshwork is that it
represents an early survival mechanism for nutrient exchange and fluid pressure release.
It is also possible that this infrastructure might be subsequently replaced by endothelial
cells from either nearby angiogenic vessels or from the bone marrow (63). This intrigu-
ing possibility may provide a different perspective on the vasculogenic phenotype of
melanoma cells that line these matrix meshworks and appear to disseminate through
them, and will require a higher standard of discrimination to unequivocally identify
melanoma cells from endothelial cells.

An additional enigmatic finding is the unexpected overexpression by aggressive
melanoma cells of VE growth factor (VEGF)-C, a lymphangiogenesis-associated gene
and growth factor for lymphatic vessels (Table 1). It is interesting that despite the fact
that uveal melanomas lack traditional lymphatic vessels, overexpression of VEGF-C has
been found by Clarijs and coworkers (64). Although lymphangiogenesis often accom-
panies angiogenesis, this field has been understudied but is now gaining momentum with
new research tools (65–67). Research by Ruoslahti and colleagues have shown localiza-
tion of the lymphatic vessel marker, LYVE-1, within aggressive cutaneous melanoma
(68). These results raise an intriguing possibility that the fluid-conducting meshwork
could mimic a lymphatic-like network, with circulating fluid and proteins that might leak
out of the blood vasculature.
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The second question under investigation concerning the biological implications of
VM focuses on the plasticity of aggressive melanoma cells. Experiments have been
conducted to challenge melanoma cells to an ischemic, nontumor environment and then
assess whether they would participate in neovascularization and/or form a tumor mass.
In this study (69), fluorescently tagged human cutaneous metastatic melanoma cells
were injected into ischemic hindlimbs of nude mice. After 5 d, the limb vasculature
was reperfused. Histological cross-sections of newly formed vasculature of reperfused
limbs showed human melanoma cells adjacent to and overlapping with mouse endothelial
cells in a linear arrangement and forming chimeric vessels. This evidence demonstrated
the powerful influence of the microenvironment on the transendothelial differentiation
of malignant melanoma cells involved in neovascularization and reperfusion.

In our investigation of ischemic limb reperfusion, we examined selected Notch pro-
teins that promote the differentiation of endothelial cells into vascular networks (70,71).
Notch 4 was highly expressed by malignant melanoma cells as they participated in
neovascularization. Activated Notch 4 expression has also been detected in patients’
invasive melanomas (personal communication, B. Nickoloff), and interruption of Notch
signaling triggers apoptosis of malignant melanoma (72). Notch signaling molecules are
integrally involved in cell fate determination of stem cells, particularly angioblasts, and
nonterminally differentiated cell types (70,71). Alterations in Notch expression and
signaling have also been implicated in human T-cell leukemia (73), cervical carcinoma
(74), murine mammary carcinoma (75), prostatic tumor progression (76), and human
Ras-transformed cells (77). Notch signaling molecules may offer new clues into the
regulation of cell fate decision-making pathways that are triggered in the undifferenti-
ated tumor cell phenotype characteristic of aggressive melanoma cells.

These observations advance our understanding of the remarkable inductive nature of
the microenvironment on aggressive tumor cells that express vasculogenic/angiogenic/
lymphatic molecules, together with cell-fate determination proteins, associated with a
transendothelial phenotype. These findings present new possibilities for therapeutic
strategies and novel perspectives on tumor cell plasticity, and emphasize the importance
of early differentiation pathways, such as those involved in Notch signaling (for review,
see ref. 78).

CONCLUSIONS AND PERSPECTIVES

The scientific tools currently available to examine the molecular signature of cancer
cells and tissues have contributed significantly to our understanding of the molecular
basis of tumor progression (for review, see ref. 79). The molecular analyses of various
cancers, particularly melanoma, have generated more questions than answers concern-
ing the biological relevance of the multiple molecular phenotypes expressed by aggres-
sive tumor cells. The implications of these findings pose a significant clinical challenge
for the detection and targeting of aggressive cancer cells that could look like endothelia,
angioblasts, leukocytes, macrophages, or other cell types. Nonetheless, great hope has
been placed in the promise of microarray technology in the classification and clinical
management of melanoma (1,80). Without question, the “plastic” phenotype of aggres-
sive melanoma (and other tumor types) confounds the fields of pathology and cancer
biology, with respect to properly evaluating both tumor blood supply and microvascular
density (81), in particular.
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Because aggressive cancer cells can phenotypically mimic other cell types, it is
important to improve the detection methodology that is currently applied to identify or
discriminate these cells from normal endothelial cells. This could involve the use of two
phenotype-specific detection markers, which is highly recommended when studying
aggressive melanoma in situ—one marker should be tumor specific and the second
marker could be endothelial cell specific.

Adding to the clinical challenge is the emerging concept of cancer stem cells (82).
Recent studies have challenged previously held dogma with respect to tissue-restricted
differentiation of postnatal stem cells, with evidence that demonstrates pluripotency for
mesenchymal, neural, and hematopoietic cells (83–86). Transdifferentiation is also
emerging as an important phenomenon that adds a new level of complexity to developing
rational therapeutic strategies (87–90). In Kaposi’s sarcoma, it is interesting to note that
endothelial cells transdifferentiate into tumor cells (91), whereas, in aggressive mela-
noma, these tumor cells transdifferentiate into an endothelial cell phenotype. These
observations raise the intriguing possibility that these two cell types may share a com-
mon origin or lineage, as well as cell fate determination pathways. Although we have
focused on melanoma VM with respect to providing a possible perfusion pathway and
dissemination route in aggressive tumors, the mimicry of other cell phenotypes could
also provide an evasion mechanism from immune surveillance, based on the expression
of genes that are associated with normal cell phenotypes. This is a daunting speculation
and will require rigorous scientific investigation.

Although VM is just one example of tumor cell plasticity (92), relatively little is
known concerning the molecular switch regulating this event. Our observations indicate
that VE-cadherin, EphA2, laminin 5 2 chain, MMPs, and Notch proteins are major
components of the vasculogenic switch, and current strategies are under assessment to
mediate or inhibit their activity. For example, although monoclonal antibodies to
VE-cadherin have been shown to inhibit endothelial cell-driven angiogenesis in Lewis
lung and epidermoid tumors (93), it remains to be seen whether this therapeutic approach
will have widespread use in other tumors. Also, blocking Notch 4 activation triggers
rapid apoptosis in melanoma cells, and interference of Notch signaling in melanoma
results in the downregulation of the vasculogenic phenotype (72). This novel approach
capitalizes on targeting an early angioblast determination gene (Notch), and may have
significant therapeutic potential not only in melanoma, but also in several other aggres-
sive cancers in which Notch proteins are overexpressed.

A great deal of thought and effort has been devoted to targeting angiogenesis and
lymphangiogenesis in cancer patients (7–10,14,32,65–68,94–101). The heterogeneity
of the tumor vasculature presents not only an opportunity, but also a significant clinical
challenge, which includes issues of drug resistance (94,99,102,103). One approach that
appears successful is to target unique molecules on the tumor cell surface that could be
expressed concomitantly by both tumor and endothelial cells. Another approach is
examining the potential differential effect(s) of angiogenesis inhibitors on tumor cells
compared with endothelial cells. Recent studies have demonstrated that although
endostatin inhibits endothelial cell-driven angiogenesis, it does not inhibit melanoma
cell VM, as shown in Fig. 4 (26). Similar observations have been achieved in vivo by
Sausville and colleagues (104). A molecular analysis of endothelial associated genes,
including VE-cadherin and EphA2, revealed that expression of these genes is reduced in
the endostatin-treated endothelial cells but remain unaffected in the melanoma cells
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Fig. 4. The differential effects of endostatin (an angiogenesis inhibitor) on endothelial cells vs
melanoma cells in three-dimensional collagen I gels in vitro. Phase contrast microscopy of
human microvascular endothelial cells treated with endostatin (left panel) showing inhibition of
angiogenesis vs human aggressive melanoma cells treated similarly (right panel), where
vasculogenic mimicry network formation is unaffected.

(26). This may indicate a differential response from two different vascular cell pheno-
types and suggest key areas to target for the development of more effective antivascular
therapies.

Last, although matrix metalloproteinase-inhibitor trials have experienced some chal-
lenges, recent observations suggest that this class of proteinases and other matrix-
remodeling proteinases are worth further consideration in targeting the tumor
microenvironment (46,105–107). As we learn more about the promigratory inductive
potential of specific proteolytically cleaved fragments of the ECM, we find that these
partially degraded molecules may be prime targets for therapeutic intervention—poten-
tially for use in a combinatorial manner with other therapies that specifically target tumor
cells and/or endothelia.

Successful management of malignant melanoma and other aggressive cancers may
result in targeting one or more sites in the VM cascade. Furthermore, identification of
essential regulatory pathways targeting the undifferentiated, “plastic” tumor cell pheno-
type, that do not interfere with normal biological processes, holds promise for the gen-
eration of new therapeutic strategies. The field of angiogenesis and antivascular targeting
contains both challenges and hope as we continue to explore these intriguing scientific
questions.
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Summary
Advances in surgical technique, diagnostic imaging, and adjuvant therapy have changed the manage-

ment of melanoma patients during the last 20 yr. Despite this, several challenges remain. Attempts at
using radiographic and nuclear medicine imaging to diagnose disease progression and metastatic
disease at a stage early enough to affect survival have not been successful. Similarly, a reliable method
of predicting or monitoring response to adjuvant therapy is currently unavailable. The last decade has
seen the development of multiple RNA and DNA markers that have been applied toward the diagnosis/
detection of occult disease, prediction of survival, disease surveillance, or as indicators of response to
adjuvant therapy. Molecular markers may represent tumor-associated antigens, tumor suppressor genes,
oncogenes, cell physiological and transcription factors, or cellular apoptotic mediators. Genomic DNA
and RNA molecular markers have been applied to melanoma primary tumors, regional and visceral metas-
tases, serum, cerebral spinal fluid, and bone marrow. The ability to use molecular markers as prognostic
indicators will be invaluable as clinicians seek to stratify patients for clinical trials, adjuvant treatments,
and clinical follow-up regimens.
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INTRODUCTION

Melanoma is a growing problem in the United States. Approximately 59,580 Ameri-
cans are diagnosed with melanoma annually and, of these, 7770 patients will die of their
disease (1).The prognosis for patients with localized (stage I/II) melanoma is quite good,
with an average 10-yr survival rate of 85%. With the diagnosis of regional nodal (stage
III) or distant metastatic (stage IV) disease, however, the 10-yr survival rates drop to 35%
and 10%, respectively (2).

Improved imaging modalities, such as computed tomography (CT), magnetic reso-
nance imaging (MRI), and positron emission tomography (PET) have facilitated earlier
detection of distant metastases (3–5). Such imaging modalities rely on the detection of
gross disease, however, and are limited by their ability to reliably detect tumors less than
1 cm in diameter. The early detection of metastatic disease via CT, MRI, or PET has not
been shown to confer a survival advantage, but it is plausible that the early detection of
occult disease may contribute to an overall survival advantage by identifying subgroups
amenable to more aggressive clinical and radiographic follow-up and adjuvant therapy.

Occult regional metastases are routinely identified in stage III melanoma patients
because of the widespread adoption of lymphatic mapping and selective lymphadenec-
tomy. Because the sentinel lymph node (SLN) accurately predicts the metastatic status
of the draining regional lymph node basin, and lymph node metastasis is the most
important determinant of overall survival, then the SLN status likely predicts survival
as well. The detection of metastases in the SLN is limited by the accuracy of lymphatic
mapping, surgical technique, and sampling error in pathological analysis. Even in cases
in which the SLN is deemed free of metastasis, a small but significant percentage of
patients will recur (6,7). It is possible that such patients recur because of the presence of
undetected subclinical or occult disease.

Despite these advances, the management of metastatic melanoma remains a signifi-
cant challenge. The last decade has seen the development of multiple RNA and DNA
markers that have been applied toward the diagnosis/detection of occult disease, predic-
tion of survival, disease surveillance, or as indicators of response to adjuvant therapy.
A list of markers discussed is provided in Table 1.

There is currently no accurate, validated molecular marker for melanoma. When
developing new markers, attention must be paid to the degree with which candidate
molecular markers address issues relating to the sensitivity and specificity for the disease
being detected, as well as technical and logistical considerations. To be clinically rel-
evant, a molecular marker should occur frequently in the disease population being tested.
The marker should be detectable only in malignant tissues and, if possible, be specific
for a particular tumor histology. Candidate molecular markers may be developed as
indicators of tumorigenesis, disease progression, recurrence, response to therapy, or
predictors of survival. Logistically, markers should be applied to fluids or tissues that
may be easily sampled with little or no associated morbidity and detected using a repro-
ducible, cost-effective, and high-throughput assay.

Molecular markers may represent tumor-associated antigens, tumor suppressor genes,
oncogenes, cell physiological factors, transcription factors, or cellular apoptotic media-
tors that vary in their specificity for melanoma tumor cells. Genomic DNA and RNA
molecular markers have been applied to melanoma primary tumors, regional and vis-
ceral metastases, serum, cerebral spinal fluid, and bone marrow (8,9).
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Table 1
Molecular Markers in Malignant Melanoma Quoted in This Review

Melanoma marker Nucleic acid Description

Tyrosinase RNA Enzyme in the melanin synthesis pathway
Melanoma antigen recognized RNA Protein recognized by T-cells and antibodies

by T-cells-1 (MART-1) in melanoma patients
Melanoma antigen gene 3 RNA Tumor antigen recognized by cytolytic

(MAGE-3) T-lymphocytes and antibodies
Tyrosinase-related protein-1 RNA Melanosomal membrane glycoproteins

(Trp-1) recognized by antibodies and T-cells
Tyrosinase-related protein-2 RNA Melanosomal membrane glycoproteins

(Trp-2) recognized by antibodies and T-cells
Melanotransferrin (p97) RNA Membrane glycosylated protein that

reversibly binds iron
Melanoma cell adhesion RNA Membrane glycoprotein and adhesion

molecule (MCAM)/ molecule
MUC18/CD146

Universal MAGE-A RNA Assay detecting expression of multiple major
(uMAG-A) MAGE-A gene family members
4-N-acetylgalactos- RNA Key glycosyltransferase enzyme in the bio-

aminyl-transferase synthetic pathway for the synthesis of the
(GalNac-T) cell-surface gangliosides, GM2 and GD2

Paired-box homeotic gene RNA Regulator of melanin synthesis, cell migration
transcription factor 3 (Pax3) and antiapoptosis

Retinoic acid receptor- DNA Mediates the growth inhibitory and apoptotic
(RAR- 2) effects of retinoic acid

RAS association domain DNA Potential tumor suppressor gene
family protein 1A
(RASSF1A)

O6-methylguanine DNA DNA DNA repair enzyme
methyltransferase (MGMT)

Death-associated protein DNA Ca2+/calmodulin-dependent serine/threonine
kinase (DAPK) kinase

Glutathione-S-transferase P1 DNA Member of a superfamily of glutathione
(GSTP1) transferases that catalyze the conjugation

of reduced glutathione
Inhibitor of the matrix metalloproteinases

Tissue inhibitor of metallo- DNA Tumor suppressor gene on chromosome 9p21;
proteinase-3 (TIMP3) negative regulator of the cell cycle

p16 (CDKN2, MTS1) DNA
Apoptotic protease-activating DNA Coordinator of the mitochondrial apoptotic

factor 1 (APAF-1) pathway downstream from p53
B-type Raf kinase (BRAF) DNA Serine/threonine kinase important in cellular

proliferation and apoptosis

This review seeks to address the role of DNA and RNA molecular markers in mela-
noma diagnosis, prognosis, disease surveillance, and monitoring response to adjuvant
therapy. Our emphasis will be on the sensitivity and specificity rates, and the advantages
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and disadvantages of these assays toward a goal of clinical applicability. In so doing, we
aim not to enumerate each study published on the use of molecular markers in melanoma.
Rather, it is our goal to summarize critical discoveries made by our laboratory and others
with respect to the use of DNA and RNA molecular markers as diagnostic, prognostic,
and predictive tools in the management of melanoma patients. Our approach will be to
review the role of molecular markers in parallel with disease progression from analysis
of the primary tumor to the lymph node basin, blood, distant sites, and, finally, to other
body fluids. Each section has been further subdivided to discuss our laboratory’s RNA
and DNA molecular marker experience.

PRIMARY TUMOR

The majority of melanomas are diagnosed by punch or excisional biopsies performed
by primary care physicians or dermatologists. By the time patients have been referred to
a surgical oncologist for definitive management, it is not uncommon for there to be no
clinical trace of melanoma. Furthermore, the pathologist frequently deems the re-exci-
sion specimen free of melanoma. The analysis of primary melanoma tumors is limited,
therefore, by the availability of intact samples at tertiary referral centers. As most inves-
tigators work with fresh or fresh-frozen tissue samples, rather than paraffin-embedded
(PE) archival tissues, the ability to coordinate an efficient and timely tissue procurement
method is also a limiting factor for the study of primary melanoma. When primary
melanoma tissue is obtained, the tumor is often quite small, making the isolation of DNA
and RNA extremely challenging. For these reasons, most genetic analyses of melanoma
have, unfortunately, focused on cell lines, and regional and distant metastases. In con-
trast, molecular markers have been extensively studied with respect to primary breast,
colorectal, prostate, and lung cancers, among others.

Because the Breslow depth of the primary tumor is an important prognostic indicator,
it is informative to identify genetic abnormalities in primary melanomas and correlate
them with the vertical growth phase of the lesion (10). Comparisons of the genetic and
epigenetic alterations in primary tumors relative to those of benign nevi, dysplastic nevi,
regional metastases, circulating tumor cells, and distant metastases may provide a more
complete understanding of the genetic aberrations and alterations characteristic of
oncogenesis, tumor progression, and metastasis. Such information may facilitate the
discovery of novel methods of disease prevention, diagnosis, treatment, and outcome
prediction.

DNA Markers
Melanoma is characterized by increasing levels of genetic instability with advancing

stage (11). Capitalizing on this, numerous approaches have been employed to detect
melanoma-associated genetic aberrations, such as allelic imbalances (AI) (12–16),
somatic mutations (17), or epigenetic changes in the form of promoter region CpG island
hypermethylation (Table 2) (18,19).

ALLELIC IMBALANCES

Various malignancies have demonstrated AI. Because loss of heterozygosity (LOH)
is not typical in nontumor tissues, its presence in tumors suggests the alteration of
genomic regions that may affect cellular regulatory genes, tumor suppressor genes, or
oncogenes that can regulate oncogenesis or tumor progression. Using a combination of
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Table 2
DNA Molecular Marker Studies of Primary Melanoma Tumors

Difference
Study Patients AJCC Positive in overall
(yr) (No.)  stage Markers  patients (%) Recurrence survival

Fujiwara 40 I–IV D1S214, D1S228, 85% NR NR
et al., (12) D3S1293, D6S264,
1999 IGFIIR, D9S157,

D9S161, D10S212,
D10S216, D11S925

Fujimoto 18 I APAF-1 6% NR No
et al., (14) 21 II APAF-1 33% NR No
2004 16 III APAF-1 9% NR No

2 IV APAF-1 0% NR No
Shinozaki 18 I BRAF 33% No NR

et al., (17) 16 II BRAF 31% No NR
2004 19 III BRAF 26% No NR

2 IV BRAF 100% No NR
Hoon 130 NR RAR- 2, RASSF1A, NR NR NR

et al., (19) MGMT, DAPK,
2004 GSTP1, TIMP3, p16

NR, not reported; AJCC, American Joint Committee on Cancer; APAF-1, apoptotic protease activating
factor-1; BRAF, B-type Raf Kinase; RAR- 2, retinoic acid receptor- 2; RASSF1A, RAS association
domain family protein 1A; MGMT, O6 methylguanine DNA methyltransferase; PAPR, death-associated
protein kinase; GSTP1, glutathione-S-transferase P1; TIMP3, tissue inhibitor of metalloproteinase-3.

genetic linkage and LOH analysis in patients with familial melanoma and dysplastic nevi
syndrome, many informative loci were discovered (20–22). With the exception of the
B-type Raf kinase oncogene (BRAF), mutations of tumor suppressor genes or oncogenes
occur rarely in melanoma (23–25). LOH of microsatellites, highly repetitive, polymor-
phic dimeric to hexameric sequences of base pairs, represents one of the most common
genetic alterations found in melanoma and may occur on multiple chromosomes (10).
Investigators have correlated increasing levels of AI with a significantly worse progno-
sis in various cancers, particularly colon cancer (26).

Our laboratory sought to find a correlation between genetic instability in primary
melanoma tumors and overall survival. Toward this goal, we examined a total of 60
primary melanomas of Breslow thickness 1–4 mm for LOH. A total of eight microsatellite
markers (D9S157, D9S161, D10S212, D11S925, D6S264, D1S214, D1S228, and
D3S1293) on six chromosomes were used. To correlate findings with a known clinical
prognostic factor, tumors were categorized according to Breslow thickness (Table 3).
Overall, 27% of melanomas demonstrated no LOH for any marker, 43% for one marker,
and 30% for two to four markers. Patients with LOH of two to four microsatellite markers
had significantly worse overall survival rates than those with zero or one positive
marker(s) (p = 0.011; Cox proportional hazard relative risk = 2.58).

Fujimoto et al. examined the primary tumors of 62 stage I to IV melanoma patients
for LOH in the vicinity of the apoptotic protease activating factor-1 (APAF-1) locus on
chromosome 12q22-23 (14). APAF-1 is a potential tumor suppressor gene and coordi-
nator of the mitochondrial apoptotic pathway downstream from p53. AI of this gene may
lead to oncogenic transformation, tumor growth and disease progression. Four
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Table 3
Number of Markers Positive for LOH in 60 Primary Melanomas According to Breslow Thickness

Breslow thickness LOH 0 LOH 1 LOH 2–4 Total

1–2 mm 8 10 8 26
2–4 mm 5 9 5 19
>4 mm 3 7 5 15

LOH, loss of heterozygosity.

microsatellite markers (D12S1657, D12S393, D12S1706, and D12S346) were used to
assess the 12q22-23 chromosomal region for LOH. LOH was found more commonly in
metastatic than primary tumors (70 vs 20%, respectively). The predominance of LOH
in metastatic relative to primary tumors indicates a role for APAF-1 in later stages of
disease progression. Despite this, no correlation between APAF-1 LOH in primary
melanoma tumors and survival was noted after a short 39-mo follow-up period.

EPIGENETIC ALTERATIONS: HYPERMETHYLATION

Hypermethylation of gene promoter region CpG islands and the role this plays in the
development of cancer has recently become an important area of investigation. Genes
can be transcriptionally silenced when their promoter regionCpG islands contain methy-
lated cytosines 5' to an adjacent guanine. Promoter region hypermethylation of cancer-
related genes can be as functionally significant as genetic mutations or deletions in
permitting neoplasia and facilitating tumor progression (27).

In the first report of tumor suppressor gene hypermethylation in primary human
melanoma tissues, Hoon et al. evaluated the methylation profile of 4 candidate tumor
suppressor genes in 20 primary PE melanoma tumors using methylation-specific poly-
merase chain reaction (MSP) (19). The markers used were O6-methylguanine DNA
methyltransferase (MGMT), retinoic acid receptor (RAR) -2, RAS association domain
family protein 1A (RASSF1A), and death-associated protein kinase (DAPK). The authors
reported tumor suppressor gene promoter methylation rates as follows: MGMT, 10%;
RAR -2, 70%; RASSF1A, 15%; and DAPK, 0%. Overall, 25% of specimens had no
tumor suppressor gene methylation. At least one, two, or three tumor suppressor genes
were methylated in 75, 20, and 0% of specimens, respectively. This was the first major
report of RAR -2 hypermethylation in a large series of melanoma patient tumors. To
date, no epigenetic alteration has been reported to occur with such a high frequency in
primary melanoma, suggesting a possible role of RAR -2 hypermethylation in mela-
noma development. The authors also examined a series of metastatic tumors and dem-
onstrated higher rates of tumor-related gene hypermethylation compared with primary
tumors, leading the authors to suggest that tumor-related gene methylation may play a
significant role in melanoma progression. Furthermore, this study demonstrated that the
methylation of tumor-related genes may occur early in melanoma development, before
regional or distant metastasis. Further validation studies incorporating newly discovered
tumor suppressor and tumor-related genes are currently being assessed.

MUTATIONS

Oncogene and tumor suppressor gene mutations are rare in melanoma. Deletions and
mutations of known tumor suppressor genes, such as P53 and CDKN2, have been
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reported, but occur at a low frequency and may play a limited role in nonfamilial mela-
noma (20–25). An exception to this rule is BRAF, one of three Raf proteins in vertebrates.
It encodes a key serine/threonine kinase important in the mitogen-activated protein
kinase pathway for the transduction of signals from the oncogene Ras. BRAF mutations
can significantly increase kinase activity, resulting in continuous transcription-mediated
proliferation and neoplastic growth. A nucleotide 1796 T A transversion accounts for
92% of BRAF mutations in melanoma and results in a mutant V600E amino acid. Somatic
missense mutations of BRAF were reported in six of nine (66%) primary melanomas
(28). A subsequent study, however, demonstrated essentially identical rates of BRAF
mutations in nevi of various histologies, primary melanoma, and metastatic melanoma
(29). Hence, although BRAF mutation may facilitate the neoplastic transformation of
melanocytes, its role in tumorigenesis remains somewhat unclear. When compared with
nevi that remained unchanged during a 12-mo period, initially benign nevi undergoing
structural changes were more likely to be diagnosed as melanoma and harbor a BRAF
mutation (30). This raises the question of whether BRAF mutations in benign nevi are
predictive of malignant progression.

In the largest series of primary melanomas, Shinozaki et al. examined 59 stage I to IV
primary melanomas for mutations by direct sequencing (17). The highest rates of BRAF
mutation were seen in stage IV primary tumors (100%), followed by stage I tumors
(33%), stage II tumors (31%), and stage III tumors (26%). There was no correlation
between mutation status and stage of disease, or with overall survival. Age was the only
prognostic factor that correlated with BRAF mutation in primary melanoma, with a
significantly higher mutation rate seen in patients less than 60 yr old. Debate is ongoing
regarding whether BRAF mutations correlate with melanoma development or are merely
a bystander genetic event.

LYMPH NODE/SENTINEL LYMPH NODE
The presence of lymph node metastasis is the most important prognostic factor for

predicting 10-yr survival. Wide local excision is the treatment of choice for localized
melanoma and metastectomy has been shown to improve survival in patients with distant
disease (31,32). Lymph node dissection is indicated for clinically evident lymph nodes. In
the past, melanomas with clinical or histopathological risk factors for lymph node metas-
tasis were relegated either to observation until such time as metastasis became clinically
evident or elective lymph node dissection. Because only approx 20% of patients undergo-
ing elective lymph node dissection were subsequently diagnosed with lymph node metas-
tases, a majority of patients did not obtain any therapeutic benefit from this procedure.

Lymphatic mapping and the SLN technique pioneered by Morton et al. has facilitated
the detection of sub-clinical nodal metastases within the regional nodal basin without the
morbidity associated with a complete lymph node dissection (33). A negative SLN does
not eliminate the risk of regional or distant recurrence in all patients, however, as up to
13% of patients with histopathologically negative SLNs will develop regional or distant
disease recurrence at 5 yr (6,7), presumably because of the presence of disease undetect-
able by either hematoxylin and eosin (H&E) staining or immunohistochemistry (IHC).
Thus, although the SLN technique can accurately identify subclinical nodal metastases,
it remains difficult to predict who will develop regional or distant metastases, particu-
larly among SLN-negative patients.

Because regional nodal involvement often occurs before more widespread distant
metastasis, identification of occult disease in the SLN frequently represents the earliest
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stage of metastatic disease. Depending on the status of the SLN, patients may be offered
adjuvant therapy, which may be more effective in the setting of relatively low tumor burden.

Although it is true that the tumor status of the SLN represents the status of the regional
draining lymphatic basin, if the pathological analysis of the SLN is inaccurate, then all
benefit of the procedure is lost. Standard SLN analysis incorporates both H&E staining
and IHC, usually for S100, HMB45, or melanoma antigen recognized by T-cells
(MART)-1. Routine pathological analysis is prone to sampling error, however, because
even with judicious step-sectioning, less than 5% of the SLN is sampled (34).

Messenger RNA Markers
Messenger (m)RNA markers have been quite successful in detecting micrometastatic

disease in SLNs. Our studies and others have demonstrated that molecular upstaging of
H&E- and IHC-negative SLNs can predict disease-free status and overall survival. The
upstaging of SLN using reverse transcriptase-polymerase chain reaction (RT-PCR) is an
approach that has been in use for over a decade and may incorporate single or multiple
mRNA markers. The predominant single marker used has been tyrosinase, a rate-limit-
ing enzyme of the melanin synthesis pathway. Other, more reliable, approaches use
multiple mRNA markers. Over the last decade, PCR assays have improved dramatically
and have become more reliable.

SINGLE MARKERS: TYROSINASE

Several investigators have used a single molecular marker approach to detect submi-
croscopic disease in the SLN. Boi et al., in an analysis of 74 stage I melanoma patients,
detected tyrosinase by RT-PCR in 45% of SLNs but did not perform an analysis of either
recurrence or overall survival (35).

Shivers et al. compared tyrosinase RT-PCR on the SLN with standard H&E plus IHC
in 114 stage I/II melanoma patients (36). Of 91 patients with no metastases in their SLN
by standard techniques, 52% were positive using the RT-PCR assay. With a clinical
follow-up period of 28 mo, recurrence rates were highest (61%) for those who were SLN
positive by both standard techniques and RT-PCR, whereas lowest recurrence rates (2%)
were found in those who were SLN negative using both techniques. Patients who were
pathologically negative but RT-PCR positive had an intermediate rate of recurrence
(13%). Differences among these groups with respect to survival were significantly dif-
ferent.

A series by Kammula et al. examined the SLN of 112 stage I/II melanoma patients
using tyrosinase RT-PCR compared with standard pathological analysis (37). Recur-
rence rates were calculated at two time periods, 42 mo and 67 mo. Initially, recurrence
rates were statistically different among patients who were histologically positive and
RT-PCR positive (53%), histologically negative but RT-PCR positive (14%), and his-
tologically negative and RT-PCR negative (0%). At 67 mo, however, the recurrence rate
differences between the histologically negative but RT-PCR positive (24%) and histo-
logically negative and RT-PCR negative (15%) were no longer statistically significant.
These results support the hypothesis that patients exhibit recurrent or progressive dis-
ease proportional to their tumor burden.

MULTIMARKER RT-PCR
A number of reports have documented alarmingly high false-positive rates using

tyrosinase as a single marker, questioning the assays reliability for diagnostic or predic-
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tive purposes. Investigators sought to increase the specificity of the RT-PCR assay and
address some of its inherent weaknesses by using a multimarker panel for the SLN
analysis (Table 4). Multimarker advocates site variable detection rates using tyrosinase
alone as the primary reason to abandon the single-marker approach. Using multiple
molecular markers improves the sensitivity and specificity of the assay by addressing
tumor cell heterogeneity, mRNA half-life and variations in mRNA quantity and quality
among specimens. Not all cells within a tumor will necessarily express an individual
marker. This is a binary event: either expression is present or absent as measured by the
assay. The chance that a tumor cell expresses one out of four markers, however, greatly
increases the likelihood of detection.

Although these single-marker studies were performed using frozen SLN tissues cut
by the surgeon or pathologist arbitrarily, we developed a more reliable method of sam-
pling the SLN, whereby the SLN is frozen, bivalved, and sequentially sectioned parallel
to histopathology sections. This provides a more uniform molecular assessment of the
SLN in accordance with the portion of the node submitted for histopathological diagno-
sis. Arbitrary sampling of a fresh SLN, in contrast, is prone to significant sampling bias
and error in analysis.

Bostick et al. combined tyrosinase, melanoma antigen gene (MAGE)-3 and MART-1 to
detect micrometastases in the SLN of 72 stage I to III melanoma patients and compared
this with standard H&E plus IHC (38). MAGE-3 is part of the MAGE gene family and
is expressed in male germline cells and in tumors of various histologies. MAGE-3 codes
for a tumor-associated antigen that can be recognized by T-lymphocytes. MART-1 is a
melanoma-associated antigen recognized by human leukocyte antigen-A2-restricted
tumor-infiltrating lymphocytes. A RT-PCR assay positive for two or more markers was
considered positive. RT-PCR markers were positive in 94% of histologically positive
SLN metastases and in 36% of histologically negative SLN. After a mean follow-up of

Table 4
mRNA RT-PCR Multimarker Studies of Melanoma Lymph Node Metastases

Correlated Correlated
Study Patients AJCC  with with overall
(yr)  (No.)  stage Markers recurrence survival

Bostick 72 I–III Tyrosinase, MAGE-A3, Yes NR
et al., (38) MART-1
1999

Palmieri 75 I–III Tyrosinase, MART-1 Yes Yes
et al., (39)
2001

Kuo 37 SLN + Tyrosinase, MART-1, Yes Yes
et al., (40) TRP-1, TRP-2
2003

Takeuchi, 53 SLN + MART-1, MAGE-A3, Yes Yes
et al. (13) 1 GalNac-T, Pax3
2004 162 SLN – MART-1, MAGE-A3, Yes Yes

1 GalNac-T, Pax3

NR, not reported; SLN, sentinel lymph node; AJCC, American Joint Committee on Cancer;
MAGE-3, melanoma antigen gene-3; MART-1, melanoma antigen recognized by T-cells-1; TRP-1,
tyrosinase-related protein-1; TRP-2 tyrosinase-related protein-2; B1 GalNac-T, B1 4-N-acetyl
galactosaminyl-transferase; Pax3, paired-box homeotic gene transcription factor 3.
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12 mo, RT-PCR-positive patients had a significantly higher rate of disease recurrence.
The multimarker RT-PCR assay was able to upstage a significant proportion of patients
thought to be without SLN metastases by standard histopathology. Furthermore, the
ability to upstage patients using molecular techniques was clinically verified by dem-
onstrating a survival disadvantage in patients with RT-PCR-positive SLNs. Overall,
multimarker RT-PCR was a better predictor of recurrence-free survival than H&E plus IHC.

Palmieri et al., using a multimarker panel of tyrosinase and MART-1 in an analysis of
SLNs from 75 stage I to III melanoma patients, found that the presence of both markers
was associated with a significant risk of recurrence and decrease in overall survival (39).

Kuo et al. performed a semiquantitative RT-PCR and electrochemiluminescence
analysis on 37 SLN-positive and 40 SLN-negative patients confirmed by standard H&E
plus IHC, but used tyrosinase-related protein (TRP)-1 and TRP-2 in addition to tyrosi-
nase and MART-1 as molecular markers (40). TRP-1 and -2 are melanosomal membrane
glycoproteins recognized by T-cells of patients with melanoma. Rather than frozen
sections, this study analyzed PE archival tissues. The assay sensitivity was good, with
at least one RT-PCR marker positive in 95% of cases with histologically confirmed
metastases. A significant correlation was found between the number of positive markers
and mean Breslow thickness. After a median follow-up of 55 mo, the presence of two
or more markers positive by RT-PCR significantly correlated with both disease recur-
rence and overall survival in histopathologically negative SLN.

The ability to reliably perform RT-PCR using PE specimens is a significant advance.
Reliance on frozen tissues may sacrifice tissue necessary for an adequate pathological
diagnosis. Additionally, the acquisition and storage of frozen tissues may be prohibi-
tively expensive and labor-intensive. PE tissues are readily available after a pathological
diagnosis has been made and have the added advantage of resisting mRNA degradation
enough to allow for retrospective studies.

Using another multi-marker panel of MART-1, MAGE-3, 1 4-N-acetylgalacto-
saminyl-transferase (GalNac-T), and paired-box homeotic gene transcription factor 3
(Pax3), Takeuchi et al. performed a quantitative RT-PCR (qRT) assay on 53 histologi-
cally confirmed positive and 162 negative PE SLNs (13). GalNac-T is a key enzyme in
the synthesis of cell-surface gangliosides GM2 and GD2 that are abundant in melanoma
cells. Pax3 is a transcription factor that participates in melanocyte development. The
qRT assay is a significant improvement over standard RT-PCR assays, providing a
means of quantifying individual marker positivity as opposed to relying on subjective
gel electrophoresis or Southern blot assays, and may better elucidate differential tumor
marker expression among tumors. Study end points were disease-free and overall sur-
vival. At a median follow-up of 60 mo, patients with at least one positive marker had
statistically higher rates of disease recurrence. Furthermore, patients with one, two, and
three positive qRT markers had proportional and statistically significant decreases in
disease-free survival (Fig. 1A). The authors correlated qRT marker expression with
overall survival. Patients with at least one positive marker had significantly worse over-

Fig. 1. (A) (opposite page) Kaplan-Meier curve analysis of disease-free survival according to the
number of qRT markers positive in 162 patients with histopathologically negative sentinal lymph
node (SLN). (B) Kaplan-Meier curve analysis of overall survival according to the number of
molecular markers positive in 162 patients with histopathologically negative SLN. (C) Kaplan-
Meier curve analysis of overall survival according to the qRT multimarker and histopathology
status of SLNs in 215 melanoma patients. H+E, hematoxylin and eosin; IHC, immunohistochem-
istry. (Reprinted with permission from ref. 13.)
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all survival. An increasing number of positive markers correlated with a decrease in
disease-free and overall survival (Fig. 1B).

The ability to detect molecular marker expression in SLNs has tremendous transla-
tional significance. Identification of these markers effectively stratifies patients into
categories of risk for both disease recurrence and overall survival. Those with positive
SLNs by conventional and qRT techniques experience the worst outcomes, whereas
those with negative SLN using these combined techniques will have the best prognosis
(Fig. 1C). Patients with histologically negative but qRT-positive SLN cannot be consid-
ered at low risk. Furthermore, Takeuchi et al. have demonstrated that, even among
patients with histologically negative but qRT-positive SLNs there are different catego-
ries of risk, dependent on the number of molecular markers detected (13). These findings
have the potential to serve as a basis for stratifying patients to different treatment path-
ways based on risk of recurrence and likely survival. Hence, patients at highest risk may
undergo more rigorous clinical follow-up, radiographic surveillance, and adjuvant treat-
ment, although those at lowest risk may be followed less aggressively and are perhaps
less likely to benefit from adjuvant treatment.

Validation of the prognostic role of multimarker qRT will come from the second
Multicenter Selective Lymphadenectomy Trial (MSLT)-II. Patients with negative SLNs
by H&E and IHC will undergo multimarker qRT at John Wayne Cancer Institute. Those
patients that are SLN negative by qRT will undergo routine follow-up, whereas SLN-
positive patients by qRT will be randomized to an observation arm or a completion
lymph node dissection arm. If qRT-positive lymph nodes truly represent clinically sig-
nificant occult disease, then it is expected that patients receiving completion lymph node
dissections will receive a survival benefit compared with those undergoing clinical
follow-up only. Hence, molecular upstaging of PE SLN will either be validated or
refuted. MSLT-II is the first major melanoma clinical trial to randomize patients accord-
ing to qRT assessment of their SLN. The study is currently underway, with plans to
accrue 3500 patients from over 30 countries world wide.

DNA Markers
The analysis of DNA for somatic mutations, LOH, or tumor suppressor gene methy-

lation addresses several of the problems inherent to mRNA RT-PCR assays in mela-
noma. DNA is significantly more stable than RNA, making these assays technically
easier to perform. Furthermore, mRNA expression may be variable and difficult to
quantify objectively in standard RT-PCR assays. DNA markers take advantage of
detecting a wide variety of genetic anomalies. Furthermore, analysis of DNA markers
for somatic alterations of tumor-related genes and oncogenes are tumor-specific and
therefore not as vulnerable to false-positive results as are mRNA assays. Investigators
have used DNA molecular markers as predictors of disease outcome successfully with
respect to lymph node metastases (Table 5). The use of DNA markers for the detection
of occult melanoma in the SLN is difficult, because aberrations, such as mutations, may
be reliably detected only when they are consistently elevated at a defined site.

ALLELIC IMBALANCES

Fujimoto et al. employed a panel of four microsatellite markers surrounding the
APAF-1 locus on chromosomal region 12q22-23 to detect LOH in 44 stage III patients
with regional nodal metastases and 39 with in-transit metastases (14). Primary stage III
tumors expressed LOH for at least one marker in 9%, but regional nodal metastases



Chapter 31 / Clinical Use of Molecular Markers 563

expressed LOH in 28% of cases, supporting the role of APAF-1 in melanoma progres-
sion. In a combined analysis of distant and regional nodal metastases, LOH was corre-
lated with decreased overall survival after 27 mo of follow-up (Fig. 2).

MUTATIONS

Shinozaki et al. examined 68 metastatic tumors, 20 of which were to regional lymph
nodes, for mutations of BRAF using PCR and automated capillary array electrophoresis
(17). The BRAF mutation rate was significantly higher in regional nodal metastases
(50%) compared with primary tumors (31%). Because BRAF mutations have been found

Fig. 2. Kaplan-Meier curve analysis demonstrating the correlation between loss of heterozygos-
ity (LOH) of APAF-1 and overall survival in American Joint Committee on Cancer stage III/IV
metastatic melanoma tumors. (Reprinted with permission from ref. 14.)

Table 5
DNA Molecular Marker Studies of Melanoma Lymph Node Metastases

Positive Difference
Study Patients AJCC Recurrence in overall
(yr)  (No.)  stage Tissue Markers patients (%) survival

Fujimoto 83 III LN metastasis APAF-1 36% NR Yes
et al., (14)
2004

Shinozaki 68 III/IV LN metastasis, BRAF 57% No NR
et al., (17) distant metastasis
2004

Spugnardi
et al., (18) 9 III LN metastasis RASSF1A 33%, NR NR
2003 promoter 1

RASSF1A
promoter 2 22%

LN, lymph node; NR, not reported; AJCC, American Joint Committee on Cancer; APAF, apoptotic pro-
tease activating factor 1; BRAF, B-type Raf kinase; RASSF1A, RAS association domain family protein 1A.
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in a significant proportion of benign nevi, however, it is unlikely that BRAF plays a
significant role in regional metastatic melanoma development.

EPIGENETIC ALTERATIONS: HYPERMETHYLATION

Spugnardi et al. detected hypermethylation of RASSF1A in nine regional metastases
by MSP (18). RASSF1A hypermethylation was noted in 33% of lymph node metastases.
RASSF1A and RAR-  promoter region hypermethylation was quantified in 37 stage III
melanoma patients with clinically positive lymph nodes by Yao et al. (41). Hyper-
methylation was detected for RASSF1A alone in 16%, RAR-  alone in 28%, and both in
14%. By multivariate analysis, RAR-  hypermethylation correlated with decreased
disease-free and overall survival, confirming that epigenetic inactivation of tumor sup-
pressor genes can be used as predictive markers of disease outcome.

As candidate tumor-related and tumor suppressor genes are identified, MSP will play
a prominent role in determining whether hypermethylation influences the neoplastic
process from oncogenesis to primary tumor progression and metastasis in melanoma. At
this time, it is clear that hypermethylation of promoter regions of tumor-related genes in
melanoma play a prominent role, perhaps more so than other genetic aberrations known
to date. The hypermethylation of gene promoter regions is a powerful mechanism of
silencing gene expression.

BLOOD

Because most tumors, including melanoma, often metastasize and disseminate
hematogenously, the detection of tumor-associated molecular markers in the blood is a
logical, accessible, and convenient alternative to the examination of primary tumors or
metastatic sites. The relative noninvasiveness of routine blood draws makes it possible
to monitor disease progression or response to therapeutic interventions at multiple points
in time with little or no morbidity.

mRNA Markers
Smith et al. first identified tyrosinase mRNA in the blood of stage III/IV melanoma

patients in 1991 (42). The rate of tyrosinase RT-PCR positivity varies widely in pub-
lished reports, from 0 to 100% (35–37,42–55). Subsequent authors have questioned the
specificity of tyrosinase for melanoma, detecting tyrosinase mRNA in up to 11% of
normal tissues (56). Possible reasons for these false-positives include detection of ille-
gitimate transcription, benign nevi cells, or PCR contamination. Nevertheless, tyrosi-
nase remains the most common molecular marker assayed in melanoma used either
alone or as part of a multimarker panel. The clinical usefulness of detecting circulating
blood tyrosinase mRNA was studied extensively in the 1990s, often with conflicting
results. The major disadvantage of using a single-marker approach is an unacceptable
false-positive rate. Furthermore, these early studies frequently used gel electrophoresis
to confirm expression. Such assays are inherently subjective and may fail to detect
markers that are expressed in low copy numbers.

SINGLE MARKERS: TYROSINASE

Battayani et al. detected tyrosinase mRNA in 93 stage I to IV melanoma patients
rendered disease-free surgically and found that a positive PCR assay predicted recur-
rence and rapid disease progression (44). Mellado et al. showed that tyrosinase RT-PCR
positivity correlated with disease stage in 91 stage I to IV melanoma patients (48).
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Additionally, blood tyrosinase positivity was associated with lower rates of disease-free
survival, although significance was only achieved in stage II/III patients. A later study
performed by the same authors failed to correlate tyrosinase positivity with disease
stage, but did confirm that RT-PCR-positive patients experienced significantly higher
rates of disease recurrence and lower overall survival compared with RT-PCR-negative
patients (55). Similarly, Ghossein et al. identified a statistically significant correlation
between blood RT-PCR positivity and decreased overall survival in an analysis of 73
patients with stage II to IV melanoma (53).

Conversely, several authors have sought to prove that the detection of the circulating
melanoma mRNA marker, tyrosinase, has no clinical use. Because disease stage incor-
porates several clinical factors that contribute to the risk of disease recurrence, progres-
sion, and overall survival, the ability of a molecular marker to correlate with disease stage
is not trivial. In stage III and IV disease, when tumor burden and, therefore, the number of
circulating tumor cells are presumably greatest, the detection of tyrosinase mRNA has
been highly variable, ranging from 0 to 100% (43,44). For this reason, several authors
have concluded that blood tyrosinase is of no benefit as a marker of metastatic disease
(45,49,51,52,54).

Variation among laboratories in methods of RNA purification and extraction, PCR
set-up and cycling, as well as differences in data interpretation, may be partly responsible
for these disparate findings. Factors inherent to the biology of each tumor may influence
results as well. Tumor cells may be shed in the bloodstream only intermittently, and
tumor heterogeneity may lead to clones of cells that do not express the marker being
assayed. Additionally, the presence of normal cellular transcripts detected by PCR may
dilute the tumor-related mRNA. Similarly, as we would expect fluctuations of tumor cell
shedding within each patient from day to day, so should we expect variation in the
detection of tyrosinase mRNA between patients, particularly patients in vastly different
categories, such as preoperative vs postoperative, and those receiving adjuvant therapy
vs those receiving none. Finally, the use of tyrosinase as a single marker of melanoma
progression or disease recurrence and predictor of overall survival may simply be an
inadequate one-dimensional assay for a process that is decidedly complex and multidi-
mensional. As with lymph node analysis, investigators have sought to improve the
sensitivity and specificity of the RT-PCR assay by employing multimarker panels
(Table 6) (13,34,38,40,57–61).

MULTIMARKER MRNA PANELS

The original panel used by Hoon et al. incorporated tyrosinase and the tumor-associ-
ated antigens, melanotransferrin (p97) and MAGE-3, and an adhesion-related glycopro-
tein, melanoma cell-adhesion molecule (MCAM/MUC18/CD146) (57). A four-marker
PCR assay performed significantly better than tyrosinase alone and correlated with both
disease stage and progression. An identical multimarker panel was used by the same
group to predict overall survival in a cohort of 46 stage II to IV melanoma patients
followed-up for 4 yr or longer. The number of positive RT-PCR markers significantly
correlated with both disease stage and tumor recurrence, but only approached signifi-
cance as a predictor of overall survival (p = 0.068) (59). Both MUC18 and p97 need to
be further defined and validated in other tissue and cell types.

Wascher et al. further refined this multimarker panel to incorporate MART-1 and
universal melanoma antigen gene-A with tyrosinase (60). The primer set for universal
melanoma antigen gene-A was designed to detect at least six members of the MAGE-A
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Blood mRNA RT-PCR Multimarker Studies in Melanoma Patients

Correlated Correlated
Study Patients AJCC with with overall
(yr) (No.)  stage Tissue Markers recurrence? survival?

Hoon 119 I–IV Blood Tyrosinase, p97, NR NR
et al., (57) (MCAM/MUC18/
1995 CD146), MAGE-3

Curry 123 I–III Blood Tyrosinase, MART-1 Yes NR
et al., (58)
1998

Hoon 46 I–IV Blood Tyrosinase, p97, Yes NR
et al., (59) MUC18, MAGE-3
2000

Palmieri 75 I–III Blood Tyrosinase, Yes Yes
et al. (39) SLN MART-1
2001

Wascher 30 III Blood Tyrosinase, Yes Yes
et al., (60) MART-1, uMAG-A
2003

Mocellin 40 IIBC, Blood Tyrosinase, MART-1 Yes NR
et al., (61) IIIAB
2004

NR, not reported; SLN, sentinel lymph node; AJCC, American Joint Committee on Cancer; p97,
melanotransferin; MCAM/MUC18/CD146, melanoma cell adhesion molecule; MAGE-3, melanoma antigen
gene 3; MART-1, melanoma antigen recognized by T-cells-1; uMAG-A, universal MAG-A.

family. A semiquantitative electrochemiluminescence assay was used to confirm all RT-
PCR products. The population assayed in this retrospective study was a select group of
30 stage III patients matched for known clinical prognostic factors and rendered disease-
free by surgical resection before treatment with a melanoma vaccine. Peripheral blood
specimens were obtained before the first vaccination, and before vaccinations at weeks
8 and 16. Because no validated blood markers for melanoma can reliably predict response
to adjuvant therapy, this study sought to use the multimarker RT-PCR assay to detect
occult circulating tumor cells early in the course of adjuvant therapy. If circulating tumor
cells detected by RT-PCR correlated with either disease recurrence or decreased overall
survival, then the assay would have significant clinical applications. Furthermore, be-
cause blood samples were obtained during the course of adjuvant therapy, tumor cells
detected by RT-PCR could be correlated with disease recurrence and overall survival at
these time points as well. Patients were followed-up for a median of 74 mo. Of those who
experienced recurrent disease, 53% had at least one RT-PCR marker positive in serial
peripheral blood specimens. The presence of at least one RT-PCR marker was associated
with a significantly increased risk of disease recurrence in multivariate analysis. Simi-
larly, of those patients dying during the follow-up period, 53% had at least one RT-PCR
marker positive in serial peripheral blood specimens. The presence of at least one positive
RT-PCR marker was significantly associated with a decreased overall survival (Fig. 3).
This study confirmed the usefulness of blood-based multimarker RT-PCR assays in
predicting disease recurrence, overall survival, and response to adjuvant therapy.

Using a panel including MART-1 and tyrosinase, Curry examined patterns of recur-
rence in 123 stage I to III melanoma patients who had blood drawn preoperatively and
postoperatively and were followed-up for 18 mo (58). Of note, 65% of patients with a
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Fig. 3. Kaplan-Meier curve analysis demonstrates a significant correlation between at least one
reverse transcriptase-polymerase chain reacion (RT-PCR) marker detected in peripheral blood
and overall survival in American Joint Committee on Cancer stage III melanoma patients. All
patients had been rendered disease-free surgically and received a melanoma vaccine. (Reprinted
with permission from ref. 60.)

positive result preoperatively converted to a negative result postoperatively, indicating
the importance of the temporal relationship between surgery and blood collection and the
ability of surgery, unlike adjuvant therapies, to rapidly convert patients to a disease-free
status. Up to 34% of recurrences occurring over 18 mo were not predicted by the RT-PCR
multimarker panel. Using the same multimarker panel, Palmieri et al. were unable to
demonstrate a relationship between the number of positive markers and risk of disease
recurrence or improvement in overall survival in 75 stage I to III patients (39).

Multimarker RT-PCR allows tumor-specific mRNA detection with a higher sensitiv-
ity than single marker panels. There is abundant variation in results obtained from
different laboratories, caused primarily by nonstandardized laboratory techniques and
methods of analysis. Our laboratory has pursued the use of blood-based RT-PCR to
monitor disease progression and response to therapy. We have recently reported on a
blood-based qRT assay incorporating markers initially used to upstage SLN (13). Serial
blood draws assessed by multimarker qRT successfully detected tumor cells in the blood
of stage III melanoma patients receiving neoadjuvant biochemotherapy (BC) (Koyanagi
K, personal communication, 2005). Those patients demonstrating a decrease in circulat-
ing tumor cells during therapy tumor had significantly lower rates of disease recurrence
compared with patients who showed no change in the number of circulating tumor cells.
Thus, multimarker qRT can predict treatment outcome and monitor the effectiveness of
different modes of treatment.

Circulating DNA Markers
Free, circulating, tumor-related DNA has been described in various cancers. Levels

of circulating total DNA are higher in cancer patients compared with normal healthy
volunteers (62). Circulating tumor-related DNA may originate from necrotic, apoptotic,
or physically disrupted tumor cells. Circulating tumor-related DNA may represent viable
tumor cells shed by the primary or metastatic tumor that lack the ability to metastasize,
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viable tumor cells with metastatic potential, or nonviable tumor cells. Regardless of the
scenario, free, circulating, tumor-related nucleic acids have demonstrated diagnostic
and prognostic importance and predictive relevance in multiple types of cancer, includ-
ing melanoma (Table 7) (63).

Free circulating nucleic acids in peripheral blood demonstrate genetic aberrations
similar to those found in the primary tumor (12,63). Therefore, circulating DNA may
have clinical use as a marker of disease recurrence after surgery. Similarly, the detection
of circulating tumor DNA during the administration of adjuvant therapy may be used as
a predictor of therapeutic response. Free, circulating, tumor-related DNA may be detected
as LOH of DNA microsatellites, methylated DNA, or mutations. The detection of cir-
culating DNA has broadened the role of molecular biomarkers in the diagnosis and
prognosis of melanoma and further expanded their use in monitoring patient responses
to adjuvant therapy.

ALLELIC IMBALANCES

Fujiwara et al. examined the plasma of 76 stage I to IV melanoma patients for
microsatellite loss using 10 markers (D1S214, D1S228, D3S1293, D6S264, IGFIIR,
D9S157, D9S161, D10S212, D10S216, and D11S925) on 6 chromosomes (12). LOH of
at least one marker was demonstrated in 50% of patients and correlated with disease

Table 7
Circulating DNA Molecular Marker Studies in Melanoma Patients

Difference
Study Patients AJCC Positive in overall
(yr) (No.) stage Markers patients (%) Recurrence survival?

Fujiwara 76 I–IV D1S214, D1S228, 58% NR NR
et al., (12) D3S1293, D6S264,
1999 IGFIIR, D9S157,

D9S161, D10S212,
D10S216, D11S925

Taback 57 I–IV D1S214, D1S228, 29% NR Yes
et al., (8) D3S1293, D6S264,
2001 D9S157, D9S161,

D10S216, D11S925
Fujimoto 49 IV APAF-1 pre-BC, 36%; NR Yes

et al., (15) post-BC, 36%
2004

Taback 41 IV D1S228, D3S1293, 29% NR Yes
et al., (16) D6S264,D9S157,
2004 D9S161, D10S212,

D11S2000, D14S62,
D11S925

Hoon 130 NR RAR- 2, RASSF1A, NR NR NR
et al., (19) MGMT, DAPK,
2004 GSTP1, TIMP3, p16

NR, not reported; BC, biochemotherapy; AJCC, American Joint Committee on Cancer; APAF-1, apoptotic
protease activating factor-1; RAR 2, retinoic acid receptor 2; RASSF1A, RAS association domain family
protein 1A; MGMT, O6 methylguanine DNA methyltransferase; DAPK, death-associated protein kinase;
GSTP1, glutathione-S-transferase P1; TIMP3, tissue inhibitor of metalloproteinase-3 .
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stage. This was the first major study to show a correlation between circulating DNA and
disease progression in melanoma.

Using a different panel of eight microsatellite markers (D1S214, D1S228, D3S1293,
D6S264, D9S157, D9S161, D10S216, and D11S925) on six chromosomes, Taback et al.
analyzed preoperative and postoperative bloods for LOH in 57 stage I to IV melanoma
patients surgically rendered disease free (13). Overall, LOH of at least one marker
occurred in 56% of patients and correlated with disease stage. With a median follow-up
of 21 mo, a significant risk of death was reported in stage III/IV patients with at least one
marker positive for LOH. Because no deaths occurred in the stage I/II cohort during
follow-up, survival could not be evaluated in this group.

Because genetic instability increases in melanoma with each advancing American
Joint Committee on Cancer stage, patients with regional and distant metastases represent
the ideal population on whom to identify AI. Investigators have attempted to use LOH
as a predictor of response to therapy in stage IV melanoma patients.

Fujimoto et al. employed a panel of four microsatellite markers surrounding the
12q22-23 locus to detect LOH in the sera of 49 stage IV patients treated with
biochemotherapy (BC) (15). Patients were categorized as BC responders or non-
responders. Nonresponders had significantly more LOH than did responders and over-
all, those with LOH of 12q had significantly worse overall survival.

Similarly, Taback et al. examined the blood of 41 stage IV melanoma patents receiv-
ing BC for LOH of nine markers on seven chromosomes (16). Patients were then catego-
rized as BC responders or nonresponders. Responders demonstrated clinical and
radiographic complete or partial responses, although nonresponders showed either stable
or progressive disease. At the start of BC, LOH of at least one marker was noted in only
9% of responders, but in 56% of responders, a significant difference. Those with LOH
of at least one marker had significantly decreased median progression-free and overall
survival compared with patients without LOH. This was the first study documenting the
association between circulating DNA markers and a patient’s response to adjuvant
therapy for melanoma.

The usefulness of circulating tumor-related DNA detection lies in the ability to seri-
ally assay tumor markers without sampling either the primary or metastatic tumor, each
of which may be unavailable or inaccessible. Serial determinations of biomarker status
have the most significant implications in the context of adjuvant therapy administration.

The benefit of using molecular techniques as predictors of therapeutic response is
clear. Adjuvant therapies, including immune therapy, chemotherapy, and BC, are toxic
and associated with significant morbidity and protocol noncompliance. If clinicians
could accurately predict, based on molecular marker analysis, the patients most likely
to respond, then adjuvant therapy could be offered to this group with significant benefit.
More importantly, however, patients who are not likely to respond can avoid potentially
toxic therapy that is unlikely to benefit them.

DISTANT METASTASES

It is simplistic to think that information gleaned from a primary melanoma tumor,
peripheral blood, or lymph node is identical to that from a distant metastatic site. Tumors
from distant metastatic sites often are more undifferentiated than their primary counter-
parts. Indeed, more advanced stages of malignancy are likely to harbor increasing num-
bers of genetic and epigenetic aberrations, as has been described in melanoma. Tumor
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cells at distant metastatic sites are exposed to a vastly different intercellular milieu than
their primary tumor cell counterparts, with factors, such as chemokines, cytokines,
growth factors, and adhesion molecules, dramatically influencing cellular properties.
Metastatic melanomas may even be less pigmented than primary tumors. Hence, it is not
unreasonable to seek prognostic data via the molecular analysis of these distant
metastases.

mRNA Markers
Just as was performed with primary tumors, Takeuchi et al. used a panel of three

mRNA markers consisting of tyrosinase, TRP-2, and MART-1 to detect the levels of
expression of these melanoma-associated antigens (MAA) in 35 stage IV metastatic
tumors (13). Because MAA have been shown to induce T-cell and antibody responses
in melanoma patients, the authors hypothesized that their detection in metastatic tumors
would correlate with improved overall survival. qRT of mRNA marker expression
was as follows: tyrosinase was detected in 83% of patients, TRP-2 in 89%, and MART-1 in
71%. After follow-up of 60 mo, elevated MAA levels of tyrosinase and TRP-2 signifi-
cantly correlated with improved overall survival. The authors concluded that detection
of MAA mRNA from distant metastases may be a useful predictive factor of disease
outcome. Furthermore, the loss of MAA in advanced tumors carries a poor prognosis,
whereas those patients carrying immunogenic MAA on their tumors may be more re-
sponsive to active, specific immunotherapies. This study demonstrated that disease
outcome in stage IV melanoma patients can vary according to both host immunity and
antigen expression of the tumor.

DNA Markers
LOSS OF HETEROZYGOSITY

Fujimoto et al. examined microsatellite loss around the APAF-1 locus at chromo-
somal region 12q22-23 to determine whether AI of this potential tumor suppressor gene
contributes to apoptosis inhibition and resistance to adjuvant therapy (14). A total of 29
distantly metastatic tumors were analyzed using 6 microsatellite markers. LOH of
APAF-1 was found in 38% of specimens and significantly correlated with decreased
overall survival. The loss of APAF-1 may contribute to the resistance of melanoma and
other cancers to various therapies.

MUTATIONS

The BRAF gene mutation was examined in 13 visceral metastases for sequence
mutations (17). Overall, BRAF mutations were noted in 62% of distant metastases, a
rate significantly higher than that found in primary tumors. Although other studies have
reported nearly equivalent rates of BRAF mutation occurring in nevi, primary tumors,
and metastatic tumors, thereby minimizing any role it may have in tumor progression,
our data indicate that BRAF mutations may play a part in melanoma progression, particu-
larly in later stages.

EPIGENETIC ALTERATIONS: HYPERMETHYLATION

Spugnardi et al. detected hypermethylation of the RASSF1A in 32 distant melanoma
metastases by MSP (18). RASSF1A hypermethylation was noted in 56% of samples. The
potential role of tumor suppressor gene hypermethylation in disease progression was
further examined by Hoon et al. RAR- , RASSF1A, MGMT, and DAPK promoter region
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methylation was determined by MSP in 33 PE metastatic tumors (19). The gene methy-
lation frequencies were as follows: MGMT, 27%; RAR- 2, 67%; RASSF1A, 55%; and
DAPK, 9%. Although tumor suppressor gene methylation was more common in meta-
static than primary tumors, indicating a possible role in tumor progression, no correla-
tion between methylation status and disease-free or overall survival could be made in this
patient group studied. Both a larger sample size and additional genes need to be analyzed
to more adequately assess the role of epigenetic changes as prognostic factors in advanced
metastatic melanoma.

OTHER SITES OF METASTASIS

Central Nervous System Metastasis
Treatment of stage IV melanoma is problematic. Surgical resection has been shown

to improve survival in select cases, and is the therapy of choice, when possible (31,32).
Chemotherapy alone has not been shown to improve overall survival, and response
rates have been disappointingly low (64). Chemotherapy in combination with biological
agents and immune adjuvants, or BC, has produced some of the most dramatic response
rates to date, although results of its impact on overall survival has not been demonstrated
to date (65). This may be partially explained by the fact that the majority of patients
responding to BC subsequently succumb to central nervous system (CNS) metastasis
(66). Melanoma commonly metastasizes to the CNS, with up to 54% of patients with
advanced-stage disease having brain metastases on postmortem examination (67). The
early identification of patients with CNS metastasis is difficult using standard clinical
and radiographic means of detection. Typically, brain lesions are greater than 1 cm in
diameter before they become symptomatic or evident radiographically. Investigators
have detected tumor cells in cerebrospinal fluid (CSF) using standard histopathology
methods, but with inefficient results (68).

As with the identification of occult tumor cells in circulating blood, Hoon et al.
examined the CSF of 37 patients with stage-IV melanoma using a multimarker RT-PCR
panel consisting of tyrosinase, MART-1, and MAGE-3 (9). Patients were also evaluated
by routine CSF cytology with IHC and brain MRI. Only 3% of patients were diagnosed
with occult CSF metastases using routine histopathology and IHC. MRI identified 11%
of patients with CNS metastases. By contrast, multimarker PCR identified occult CNS
metastasis in 32% of patients. The combination of MART-1 and MAGE-3 positivity was
the most sensitive predictor of disease recurrence (p = 0.04), but no combination of
markers correlated significantly with overall survival. After 4 yr of follow-up, 62% of
patients studied developed clinically apparent CNS metastases. Of these, RT-PCR
detected approx 50% in a single time-point analysis. It is possible that the sensitivity and
specificity of the assay could be improved if CSF was sampled at sequential time points
during disease surveillance. However, the clinical applicability of an assay requiring
sequential lumbar punctures remains of questionable benefit.

The discovery of sensitive and specific predictive markers of subsequent CNS metas-
tasis may be beneficial for stratifying patients into appropriate surveillance and treat-
ment subgroups. For example, those patients with positive mRNA markers in CSF may
be candidates for more aggressive brain MRI imaging to help detect metastases at the
earliest stage of clinically evident disease. Furthermore, patients without CSF mRNA
markers may be the best cohort of patients to whom adjuvant therapies, such as BC, can
be offered, because their survival will likely not be limited by CNS disease.
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Bone Marrow Metastasis
Compared with the harsh environment tumor cells encounter in the circulating blood-

stream, the bone marrow (BM) provides a relatively hospitable environment. Several
investigators have attempted to detect occult melanoma metastases in BM using
RT-PCR with the aim of using these results to predict adverse outcome, as has been done
in breast cancer (69). To date the results have been conflicting.

Ghossein et al. examined tyrosinase expression in the BM of 123 stage II to IV mela-
noma patients by RT-PCR compared with the level of expression noted in peripheral
blood (53). Tyrosinase mRNA was detected in 12% of blood samples and 16.5% of BM
aspirates. Despite this, blood tyrosinase positivity was significantly correlated with
overall survival (p = 0.03), but BM tyrosinase positivity was not.

In contrast, Waldmann et al. concluded that BM is unlikely to be a significant reser-
voir for melanoma tumor cells (70). Tyrosinase expression in blood and BM was exam-
ined in 20 stage IV melanoma patients. Tyrosinase was detected in the BM of 7 of 20
(35%) patients and the blood of 7 of 20 (35%) patients. Although this is a higher BM
tyrosinase detection rate than Ghossein reported, the authors did not pursue an outcomes
analysis with respect to recurrence-free or overall survival. In a later publication, how-
ever, the same authors reported no significant survival difference between patients with
and without tyrosinase detected in their BM (71).

A multimarker panel consisting of tyrosinase, TRP-1, Pmel 17/gp100, and MCAM/
MUC18/CD146 was used to detect occult melanoma metastases in metastatic tumors,
BM, and blood from 26 patients undergoing metastectomy for isolated pulmonary or
abdominal metastases (8). Rather than undergoing BM aspiration from the iliac crest,
however, these patients had segments of rib excised for analysis as part of routine
thoracotomy procedure at the John Wayne Cancer Institute. Tyrosinase was detected in
58% of samples, significantly higher than reported in previous series. The frequency of
mRNA expression for the additional markers was as follows: TRP-1, 27%; Pmel 17/
gp100, 54%; and MCAM/MUC18/CD146, 38%. Additionally, 66% of BM samples
expressed at least one marker and 65% expressed at least two markers. The highest rates
of marker expression were seen in metastatic tumor specimens. For all markers except
Pmel 17/gp100, marker expression was higher in BM than blood. As with peripheral
blood and lymph node studies, the multimarker assay increased the detection of BM
metastases compared with single-marker assays using tyrosinase alone.

It could be argued, however, that determining survival differences among patients
with and without detectable BM mRNA markers is least important in stage IV patients.
This population of patients, with few exceptions, has a uniformly dismal prognosis and,
therefore, any difference in BM mRNA marker expression would likely not translate into
a survival difference. Rather, the most information on the prognostic value of detecting
occult BM metastasis may be obtained from early stage patients without clinical or
radiographic evidence of regional or distant metastatic disease. Additionally, patients
with minimal metastatic disease may benefit most from adjuvant therapy. Because of
cellular heterogeneity within and between tumors, a multimarker panel may provide the
most information when seeking to definitively answer the following questions in future
studies: do mRNA marker-positive BM aspirates represent true occult metastatic dis-
ease, or merely the detection of cells in transit that are incapable of establishing a true
metastatic colony? What is the long-term significance of BM mRNA marker positivity
with respect to predicting disease recurrence and overall survival? Are these occult
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metastases more predictive in early-stage or late-stage melanoma patients? What mRNA
marker panel detects occult metastases with optimal sensitivity and specificity? These
and other questions can only be conclusively answered in the setting of a multicenter,
randomized, controlled trial using standardized laboratory techniques.

CONCLUSIONS AND PERSPECTIVES

Improving surgical techniques, diagnostic imaging, and adjuvant therapies for the
diagnosis and treatment of melanoma must be matched by a corresponding improvement
in methods of molecular diagnosis, outcome prediction, disease surveillance, and moni-
toring of response to therapy.

The molecular ultrastaging of melanoma tissues, particularly SLN, holds great prom-
ise for identifying patients with occult metastatic disease early enough to positively
effect their disease outcome. Patients are currently being enrolled in the MSLT-II trial
that will hopefully answer this question with respect to the benefit of multimarker qRT.
Similarly, we are validating the multi-marker qRT assay in the assessment of circulating
tumor cells in stage III and IV melanoma patients in the phase III multicenter Malignant
Melanoma Active Immunotherapy Trial. Circulating DNA assays are further being
validated in the setting of phase II BC trials, as well as in the Malignant Melanoma Active
Immunotherapy Trial. The ability to use molecular markers as prognostic indicators will
be invaluable as clinicians seek to stratify patients for clinical trials, adjuvant treatment
regimens, and clinical follow-up regimens. The use of molecular markers to investigate
clinical melanoma specimens, be they primary tumors or distant metastases, lymph
nodes or blood, will lead to new and more sensitive diagnostic evaluations and, poten-
tially, much-needed treatments. Because metastatic melanoma is a disease with few, and
very toxic, adjuvant treatment options, the use of molecular markers to monitor a patient’s
response to therapy will be crucial for determining who will and who will not benefit
from that therapy. At the same time, this approach may identify patients unlikely to
respond to adjuvant treatments, thereby reducing the number of patients receiving inef-
fective and unnecessary therapy.

The advent of microarray technology promises the identification of potential molecu-
lar markers and candidate tumor-related genes in the future. An emphasis on quantitative
rather than subjective or qualitative assays will be important to compare data between
and among laboratories. The role of molecular markers in the future of melanoma diag-
nosis, prognosis, and treatment can only be solidified if data on their usefulness can be
confirmed in large, multicenter, randomized, controlled clinical trials.
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Summary
Intrinsic resistance to both chemotherapy and radiotherapy remains a major obstacle in the clinical

treatment of malignant melanoma. Recent advances in cancer research have provided new insights into
the molecular mechanisms governing their intrinsic resistance. We have recently demonstrated that
DOPAchrome tautomerase (DCT), an enzyme that is well characterized for its function in melanin syn-
thesis, is highly expressed in human melanoma cells that are resistant to both drug and radiation treat-
ments. Conversely, melanoma cells expressing very low levels of DCT are highly susceptible to either
type of treatment. Overexpression of DCT in melanoma cells by transfection could confer both radiore-
sistance and chemoresistance. This review will summarize our findings, as well as discuss the possible
mechanisms by which DCT overexpression contributes to intrinsic resistance of human malignant mela-
noma.
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INTRODUCTION

Conventional cancer therapies involve the selective targeting of actively dividing
cells by either the systemic administration of antineoplastic agents or localized treatment
with ionizing radiation. There are several different classes of chemotherapeutic drugs
that exert their anticancer effects by distinct mechanisms. For example, drugs such as
cis-diamminedichloroplatinum(II) (CDDP), cyclophosphamide, and dacarbazine gen-
erate various forms of DNA damage (1). Other agents, such as paclitaxel and vinblastine
bind tubulin, thereby inhibiting the formation of microtubules (2), whereas drugs such
as methotrexate and 5-fluorouracil prevent nucleic acid synthesis (3). All of these agents
act by blocking specific events during the mitotic cycle, thereby inducing cells to undergo
apoptosis. Ionizing radiation, on the other hand, induces DNA strand breaks and dimer-
ization, which, in turn, triggers the apoptotic cascade (4).

Although radiation and chemotherapy remain first-line treatments for cancer, one of
the major limitations of these approaches is that many malignancies either acquire
resistance to these therapies during the course of treatment or are intrinsically resistant
at the time of diagnosis. Several resistance pathways employed by malignant cells have
been described in the literature. Drug efflux pumps consisting of groups of integral
membrane proteins, such as P-glycoprotein (5), multidrug resistance protein (6), lung
resistance protein (7), and breast cancer resistance protein, are expressed in a wide
variety of different malignancies (8). Resistance to DNA damage by elevated expression
of various DNA repair enzymes, including the nucleotide excision repair enzymes,
ERCC1 and XPF, O6-alkylguanine-DNA alkyltransferase, and O6-methylguanine-DNA
methyltransferase all have been widely described in resistant tumors (9,10). Resistance
mechanisms employed by cancer cells are complex and multifactorial, and are likely
heterogeneous within a tumor because of random mutations and differences in the tumor
microenvironment. As such, a thorough understanding of these resistance pathways are
of utmost importance in the effective clinical management of cancer using existing
therapies, as well as in the development of novel therapeutic agents.

The treatment of patients with melanoma can vary greatly depending on the stage at
which melanoma is diagnosed. In its early stages, melanomas grow superficially on the
epidermis and can be treated by surgical excision. However, once the primary tumor
disseminates, melanomas become extremely difficult to treat. This is because most late-
staged melanoma tumors display intrinsic resistance to chemotherapy and radiation
therapy. Indeed, melanoma is virtually unresponsive to most chemotherapeutic drugs
administered as a monotherapy (11,12). Combinations of such drugs, however, have
been shown to improve tumor response, but rarely lead to complete remission or cures.
Currently, the mechanisms underlying intrinsic resistance in melanomas remain poorly
understood. Mutations in the tumor suppressor protein, p53, have been shown to enhance
drug resistance in many cancer models. However, because most melanomas express
wild-type p53, it is widely believed that this resistance phenotype is independent of a p53
mutation (13–19). It has been reported that more than 90% of melanomas express the
antiapoptotic protein Bcl-2 (20–24) raising the possibility that Bcl-2 expression may
contribute to their intrinsic resistance. Studies by Jansen and colleagues (25) have shown
that the downregulation of Bcl-2 expression in xenograft models using antisense oligo-
nucleotide therapy targeting Bcl-2, improved sensitivity of human melanoma cells to
both dacarbazine and CDDP. Such results have also been obtained by treating melanoma
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cells with small interfering RNA (26,27). Other antiapoptotic factors, such as Bcl-xL,
Mcl-1, and Survivin have also been reported to be highly expressed in melanoma cells
and, therefore, may also contribute to the intrinsic resistance to therapies (28–31).

RETROVIRAL INSERTIONAL MUTAGENESIS AS A METHOD
OF GENERATING RESISTANT CELL LINES

In 1994, we described the use of retroviral insertional mutagenesis as a means of
rapidly generating resistant variants of drug-sensitive melanoma cell lines (32). This
method involves the infection of comparatively drug-sensitive melanoma cells with
replication-defective amphotrophic retroviruses to generate mutants of the parental cell
line. The integration of proviruses into the host cell genome generates random mutations
that can lead to the activation or inactivation of cellular genes depending on the site of
integration. For example, if the provirus integrates within a gene, the expression of the
gene may be disrupted. Conversely, if the provirus integrates between genes, the
transactivating property of the viral long terminal repeats may activate the transcription
of adjacent genes. Therefore, mutant cells that harbor a dominantly selectable phenotype
can be isolated and characterized. This approach has been used by our group, as well as
others, and has yielded several important genes associated with cancer initiation, pro-
gression, and resistance, including Fli-1, Spi-1, p53, NF-E2/p45, and CRL-1 (33–38).

In an attempt to identify genes that may be associated with drug and radiation resis-
tance in melanoma cells, retroviral insertional mutagenesis was used to create mutants
of an early-staged, drug- and radiation-sensitive human melanoma cell line. The
retrovirus used was a replication-defective, neo-containing murine stem cell virus with
an amphotrophic host range (39). Murine stem cell virus is devoid of env sequences, and
includes an extended packaging region (P+) for high viral titer and a modified 5'-untrans-
lated region with a primer-binding site for tRNAGln instead of the usual tRNAPro. Long
terminal repeats and pgk promoters are used for the expression of viral and neo RNA
transcripts, respectively (Fig. 1).

Melanoma mutants generated by retroviral insertional mutagenesis were subjected to
treatments of lethal doses of CDDP. The rationale was that among the wild-type popu-
lation of cells, some cells would have acquired a mutation that would confer CDDP
resistance. These cells can then be isolated, expanded in culture, and characterized to
determine which genes may be associated with CDDP resistance. By this approach,
several independently derived CDDP-resistant clones were established. Quite interest-
ingly, more than half of these clones showed the integration of a single provirus at an

Fig. 1. Restriction map of murine stem cell virus retrovirus.



580 From Melanocytes to Melanoma

identical site, which was designated “CDDP resistance locus 1” (CRL-1). CRL-1 was
mapped to human chromosome 3p21 (B. J. Pak et al., unpublished data). An analysis of
approx 20 kb of genomic DNA flanking CRL-1 failed to identify exonic sequences.
These results were not unexpected because proviruses often alter the expression of target
genes located as much as 80 kb from the site of integration (40). Attempts to determine
the gene(s) that are directly regulated by proviral integration have, thus far, been unsuc-
cessful.

IDENTIFICATION OF DOPACHROME TAUTOMERASE
AS A MEDIATOR OF DRUG RESISTANCE

To screen for genes that are differentially expressed in the CDDP-resistant mutants,
subtractive hybridization was employed. Messenger RNA from wild-type cells and from
one of the virally derived mutant cells were compared and yielded a single transcript,
DCT, also termed tyrosinase-related protein (TYRP)-2, which was upregulated in the
CDDP-resistant clone (41). Subsequent Northern blot analysis showed that DOPAchrome
tautomerase (DCT) was upregulated in each of the CDDP-resistant clones generated by
retroviral insertional mutagenesis. A screen of several other human melanoma cell lines,
which had been characterized as CDDP-sensitive or -resistant, showed a consistent
correlation between the relative levels of DCT expression and their resistance to CDDP
(41). That is, cell lines that express high levels of DCT were characteristically resistant
to CDDP, whereas cell lines that express little to no DCT were highly sensitive to CDDP
treatment. We further showed that the expression of DCT appeared to be restricted to
cells of melanocytic lineage and its expression was not detected in a panel of
nonmelanoma human cancer cell lines (42).

Perhaps the best evidence that DCT may play a role in CDDP resistance in melanoma
was generated from transfection studies. Wild-type cells were transfected with either a
DCT plasmid vector or empty vector. Characterization of the resulting transfectants
showed that the wild-type and empty vector cells were equally sensitive to CDDP treat-
ment, whereas each of the isolated DCT transfectants was significantly more resistant.
Increased resistance of DCT-overexpressing cells was shown to be associated with a
significant decrease in CDDP-induced apoptosis (41). We further observed that DCT-
overexpressing melanoma cells not only displayed resistance to CDDP, but were cross-
resistant to carboplatin and methotrexate (41). Both of these compounds exert their
antineoplastic effects by distinct mechanisms but, similar to CDDP, ultimately interfere
with DNA replication. Interestingly, DCT overexpression in these cells did not increase
resistance to paclitaxel, a drug that is not directly associated with DNA replication but
targets microtubule formation (2). Thus, these results suggest that DCT overexpression
confers resistance specifically to agents that interfere with DNA replication.

The association between DCT expression and resistance to DNA-damaging agents
was not restricted to cell lines and appeared to be applicable in vivo. In preliminary
studies, two human melanoma cell lines, one that expresses high levels of DCT and one
that expresses very low levels, were used to generate tumor xenografts in immunodefi-
cient nude mice. After allowing tumors to grow until they were readily palpable, these
mice were subjected to treatment with CDDP. After several days of treatment, tumors
generated from the low DCT-expressing cell line showed a significant response to CDDP
treatment, with a cessation in tumor growth in most animals, and, in a few cases, a
complete disappearance of the tumor. Tumor-bearing mice generated by the high DCT-



Chapter 32 / DOPAchrome Tautomerase-Mediated Drug and Radiation Resistance 581

expressing cell line exhibited no evidence of tumor shrinkage during similar treatment
(B. J. Pak et al., unpublished data).

MELANOGENESIS AND TYROSINASE-RELATED PROTEINS

The pigment melanin comprises a heterogeneous mixture of indoles and polymers
derived from the oxidation of L-tyrosine. Melanin biosynthesis occurs in specialized
organelles called melanosomes in cells of the retinal pigment epithelium and dermal
melanocytes, and is distributed in the skin, hair bulbs, and the eyes. Two types of mela-
nins, pheomelanin (yellow, red) and eumelanin (black, brown), are synthesized and their
relative proportions in pigment cells determine color. In mammals, melanin serves sev-
eral important protective functions, including photoprotection from solar ultraviolet
(UV) radiation, and thermoregulation because of its ability to absorb energy from vari-
ous forms of radiation. In addition, melanin is a cation chelator and, as such, has been
postulated to serve as a free-radical sink (43). The conversion of L-tyrosine to melanin
is mediated by the enzymatic activities of the tyrosinase family of proteins, which include
tyrosinase, TYRP1, and DCT (Fig. 2), and both quantity and quality of melanin synthesis
is dependent on the relative activities of these enzymes.

Tyrosinase (EC 1.14.18.1) is the rate-limiting enzyme in melanogenesis. Tyrosinase
mediates the hydroxylation of L-tyrosine to L-dopaquinone (44,45) and the oxidation
of 5,6-dihydroxyindole (DHI) to indole-5,6-quinone (46). The conversion of
L-dopaquinone from L-tyrosine was thought to involve the intermediate formation of
DOPA, which subsequently oxidizes to form L-dopaquinone. Recent research, however,
has shown that the formation of DOPA from L-tyrosine occurs largely from an indirect,
nonenzymatic pathway, independent of tyrosinase (45).

The tyrosinase gene maps to the c (albino/Tyr) locus on chromosome 7 in mouse and
chromosome 11 in human and is comprised of five exons and four introns spanning
approx 60–70 kb (47). It encodes a 2.4 kb transcript that translates into a 55-kDa protein,
which is glycosylated to a mature size of 65 to 75 kDa.

TYRP1, mapped to the brown (b/Tyrp) locus, resides on mouse chromosome 4 and on
human chromosome 9p23 (48). The gene is composed of eight exons and seven introns,
and encodes a transcript that yields a 537-amino-acid protein with a mature mass of
approx 75 kDa. TYRP1 has been suggested to function as a 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) oxidase in murine melanocytes, although this remains a sub-
ject of dispute (49,50). Recently, it has been suggested that human TYRP1 does not use
DHICA as a substrate (51).

DCT (EC 5.3.3.12) mediates the tautomerization of the red melanin precursor,
L-DOPAchrome to the colorless DHICA (52,53). In the absence of DCT, l-DOPAchrome
is spontaneously converted to the toxic melanin precursor, DHI (52,54). It has been
suggested that DCT may function to protect melanocytes against cytotoxicity caused by
DHI accumulation by limiting its formation. The DCT gene is composed of eight exons
and seven introns, and has been mapped to the slaty (Tyrp2) locus on chromosome 14
in mouse and chromosome 13 in human. The gene encodes a transcript that contains a
1.6-kb open-reading frame that translates into a mature protein of approx 75 kDa after
posttranslational processing (48).

Mutations at the DCT locus have been found in mice, all of which leads in pigmen-
tation phenotypes (55). Each of these mutations is a point mutation, designated as Dctslt,
Dctslt-J, and Dctslt-Lt, which still express the mutant form. Recently, mice deficient in
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Fig. 2. Schematic of eumelanin synthesis.

DCT have been generated, revealing a diluted coat-color phenotype, which is caused by
reduced melanin content in hair (56). Interestingly, this group demonstrated that, in
contrast to the knockout mice, the slaty mutation (Dctslt/Dctslt) has less melanin and
severely effects growth of primary melanocytes (56). This data may suggest involve-
ment of DCT in cell proliferation, in addition to its role in melanin synthesis.

EXPRESSION OF DCT

Although the primary function of DCT is in the synthesis of melanin, its expression
is not restricted to melanocytes. DCT expression has been reported in various normal and
neoplastic cell types of the neural ectodermal lineage. These include the retinal pigment
epithelium (57), retinoblastomas (58), gliomas (59), and glioblastomas (60). However,
to our knowledge, DCT expression has not been reported in cells outside of the neural
ectodermal lineage. As such, resistance mediated by DCT represents a unique mecha-
nism that is both lineage- and tissue-specific, unlike all other known mechanisms of drug
resistance.

In melanomas, DCT is reportedly highly expressed in most primary tumors and cell
lines. Orlow and colleagues (61) showed that among the tyrosinases, TYRP1 and DCT,
only DCT was consistently expressed in all melanoma tumor samples examined. Among
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the 10 independently derived human melanoma cell lines that are routinely cultured in
our laboratory, 7 have been shown to express high levels of DCT. Indeed, reverse
transcriptase-polymerase chain reaction (RT-PCR) detection of the gp100 and DCT
gene transcripts were identified in metastatic cells collected from the peripheral blood
of melanoma patients and was correlated with recurrent and/or metastatic disease (62).

DCT AND RADIATION RESISTANCE

The observation that DCT overexpression appeared to specifically confer resistance
to chemotherapeutic agents that later interfere with DNA replication prompted the
investigation into whether DCT is associated with resistance to DNA damage induced
by ionizing radiation. In a recent study, we employed retroviral insertional mutagenesis,
using the same original human melanoma cell line as in our drug resistance study, to
generate mutants that display resistance to X-ray irradiation. Characterization of these
X-ray resistant mutants showed that each independently derived clone expressed signifi-
cantly higher levels of DCT compared with the parental cell line, at both the messenger
RNA and protein levels (63). X-ray irradiation is known to induce cytotoxicity by gen-
erating DNA strand breaks and, as such, these results support the notion that DCT may
be associated with resistance to DNA damage.

Exposure to UVB irradiation also induces cytotoxicity. Unlike X-ray radiation, UVB
does not induce DNA strand breaks, but causes the formation of pyrimidine dimers,
which disrupt the mitotic pathway. An analysis of the X-ray-resistant mutant lines showed
that each one of them displayed cross-resistance to UVB radiation (63). Quite interest-
ingly, all of the CDDP-resistant clones showed cross-resistance to UVB irradiation,
whereas each of the radiation-resistant clones also showed resistance to CDDP. More-
over, the parental cells that had been transfected with DCT, which had previously been
shown to be CDDP resistant, also showed increased resistance to UVB irradiation.
Taken together, these results strongly suggest a role for DCT in conferring resistance to
DNA damaging effectors.

Recently, Nishioka and colleagues (64) reported that DCT overexpression in mela-
noma cells by transfection abrogates UVB-induced apoptosis. These results provide
further evidence of the importance of DCT in drug and radiation resistance. These results
also exclude the possibility that DCT may confer resistance by modulating intracellular
drug accumulation (i.e., regulating drug efflux pumps, such as P-glycoprotein and
multidrug resistance transporter-1), or by enhancing drug detoxification pathways (e.g.,
increased glutathione or glutathione-S-transferase activity). Nishioka et al. also suggest
that DCT overexpression may confer resistance by regulating specific apoptotic path-
ways and/or DNA repair mechanisms.

DCT AND IMMUNOTHERAPY OF HUMAN MELANOMA

Previous studies have demonstrated that various active-specific immunotherapy pro-
tocols have the potential to affect melanoma growth and progression. As such, induction
of cellular immune responses to melanocyte-specific enzymes, such as tyrosinase, is a
goal of clinical studies in melanoma immunotherapy. DCT is an attractive model antigen
for melanoma vaccine therapy because it has been shown to be highly immunogenic and
is expressed at high levels in melanocytes and melanomas at different stages of tumor
progression (65–67). Moreover, upregulation of DCT is also present in the serum of
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patients with malignant gliomas (59). Several studies over the past decade have dem-
onstrated that immunization with a DCT antigen suppressed tumor progression and
significantly enhanced survival of melanoma-bearing mice. Similarly, vaccination with
DCT-transfected dendritic cells also significantly increased antimelanoma immunity
(68–70). DNA vaccines used against DCT have also been shown to induce T-cell-
mediated protection against mouse glioblastoma (68). Taken together, these results
suggest that vaccine-induced immune responses against DCT-expressing melanoma
cells, as well as malignant gliomas, may leave behind cancer cells that are less intrinsi-
cally resistant to conventional cytotoxic agents. If so, a combination of DCT vaccination
followed by chemotherapy may improve efficacy of such a treatment.

POSSIBLE MECHANISMS OF DCT-MEDIATED RESISTANCE

Because of the restricted localization of DCT to the melanosomal compartment of
pigment-producing cells and its only reported function in melanin synthesis, our initial
investigation into its mechanism of action in conferring resistance focused on the pro-
cess of melanin synthesis. Specifically, the possibility that resistance was associated
with an overall increase in melanogenic activity, and not solely DCT, was examined. The
levels of tyrosinase, TYRP1, and DCT expression were profiled in a variety of human
melanoma cell lines and compared with their relative levels of CDDP resistance. In each
cell line examined, the extent of CDDP resistance correlated specifically with DCT
expressions and did not bear any relationship to the expressions of tyrosinase or TYRP1
(42). Moreover, the extent of CDDP resistance in these cells was not associated with total
cellular melanin content. These results suggest a specific role for DCT in conferring
resistance that is independent of overall melanogenic activity.

Given that DCT overexpression appears to be involved specifically with increased
resistance to anticancer treatments specifically targeting the DNA, and that this resis-
tance is associated with a decrease in treatment-induced apoptosis, it remains possible
that DCT may modulate components of the apoptotic cascade that are triggered in
response to DNA damage. A recent study showed DCT localization primarily in the
perinuclear/Golgi area and occasionally on the plasma membrane. Very low quantities
of DCT were detected in late melanosomes (71). These observations suggest that DCT
possibly has a second regulatory function within these cells. There has been increasing
evidence in the literature that suggests melanin-related metabolites not only serve as
pigment precursors, but also function as regulators of various cellular processes. Indeed,
these molecules are highly diffusible and can readily exit the melanosomes and enter
other cellular compartments. DHICA, the product of the DCT-mediated isomerization
of L-DOPAchrome, is a stable, highly diffusible antioxidant molecule that has been
previously shown to exhibit marked reactivity to nitrogen oxides produced by autoxida-
tion of nitric oxide (NO) (72), stimulate NO production by lipopolysaccharide-induced
NO synthase (73), and function as a potent inhibitor of lipid peroxidation (74). It remains
to be determined whether drug and radiation resistance in DCT-overexpressing mela-
noma cells is mediated through these melanin precursors. The biological potential of
melanin precursors as regulators of cellular processes, independent of their function in
the formation of pigmentation, warrants further investigation.
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STRESS-DEPENDENT MECHANISMS OF RESISTANCE IN MELANOMAS

Cytotoxicity induced by treatment with either CDDP or UVB has been shown to be
mediated, at least in part, by the activation of various cellular stress response pathways
(75,76). Thus, the manner in which cancer cells respond to stress may influence the level
of resistance to anticancer treatments. Several well-characterized signal transduction
pathways involved in the stress response, including p38/ATF, tumor necrosis factor-
associated receptor factor 2, tumor necrosis factor- , and nuclear factor- B have been
shown to play a role in modulating resistance in cancer cells (75,77–81). We have
previously noted that DCT-overexpressing melanoma cells, in addition to displaying
increased resistance to drug and radiation treatment, also showed resistance to heat
shock at 41 C (B. J. Pak et al., unpublished observation). This finding suggests a possible
association between DCT expression and stress–response pathways. It is plausible that
the differential accumulation of melanin precursors caused by DCT overexpression in
these cells may lead to the activation of the stress response, which facilitates survival
during subsequent exposure to stress. There are numerous studies that show that pre-
exposure to sublethal doses of heat stress and the resulting increase in heat-shock protein
expression protects cells from subsequent exposure to heat stress (82,83). To test this
hypothesis, melanoma cells were treated with the reducing compound, L-cysteine, which
has been shown to enhance the DCT-catalyzed conversion of L-DOPAchrome to DHICA
(84). The treatment of melanoma cells with L-cysteine resulted in a dramatic increase in
the levels of phospho-extracellular signal-related kinase (ERK), suggesting that in-
creased DCT function may lead to an activation of the ERK/mitogen-activated protein
kinase (MAPK) pathway (63). This was supported by the observation that the levels of
phospho-ERK were elevated in the DCT-transfected cell lines. Thus, these results sug-
gest that DCT overexpression, possibly through the accumulation of DHICA, activates
the ERK/MAPK pathway, and that this activation leads to downstream pathways that
result in increased resistance. To test this, melanoma cells were transfected with MEKEE,
a constitutively active mutant of MEK/MAPK (63). This leads to an increase in the levels
of phospho-ERK expression and conferred increased resistance to UVB treatment in
these cells. These results are consistent with a recent report that showed that inhibitors
of the ERK/MAPK pathway can sensitize melanoma cells to the toxic effects of chemo-
therapeutic drugs (85). Therefore, taken together, we propose, based on these findings,
that DCT overexpression in melanoma cells results in the activation of the ERK/MAPK
pathway, likely through the melanin precursor, DHICA, and that the activation of this
pathway results in increased resistance to chemotherapy and radiation therapy that targets
DNA damage. Delineation of these pathways is currently ongoing.

CONCLUSIONS AND PERSPECTIVES

The observation that the overexpression of the melanogenic enzyme, DCT, can confer
chemoresistance and radioresistance to melanoma cells offers an intriguing therapeutic
potential in the treatment of malignant melanoma. The restricted expression of DCT to
cells of the neural ectodermal lineage makes it a uniquely tissue-specific therapeutic
target. Possible treatment strategies may involve the downregulation of DCT concur-
rently with chemotherapy or radiation therapy as a means of improving the efficacy of
these treatments. Another possible application of these observations is that intratumor
levels of DCT can be assayed in melanoma patients as a means to determine whether
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these patients will be responsive to DNA-targeting chemotherapeutic agents or radio-
therapy. Presently, there is no method of determining which melanoma patients will
respond to conventional therapies, and often patients are subjected to courses of chemo-
therapy that they are not responsive to and suffer from the adverse side effects of these
drugs. Predicting which patients will be more likely to respond to DNA-targeting
agents or other classes of drugs, such as the tubulin inhibitors, by assaying their serum
levels of DCT may assist in determining the clinical strategy to be considered for the
treatment of melanoma. Studies are currently in progress to identify a therapeutically
effective means of downregulating DCT, as well as to evaluate the validity of DCT as
an indicator of tumor responsiveness to chemotherapy and radiotherapy in melanoma.
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Summary
Melanomas are intrinsically resistant to both radiotherapy and chemotherapy. Chemotherapy is not a

very effective way to treat metastatic melanomas. For this reason, therapy of metastatic melanoma has
focused on biological approaches, with some significant recent success in immunotherapy. Still, more
effective use of chemotherapy in metastatic melanoma would be a vast improvement in treatment of this
disease. The design of chemotherapy to treat melanoma has been a challenging task, because the precise
mechanisms of drug resistance in melanoma cells are largely unknown. Moreover, in addition to intrinsic
resistance of melanoma to chemotherapy, acquired resistance could be achieved by induction or selection
of heterogeneous melanoma cells with a selective growth advantage. The most common cause of
multidrug resistance (MDR) in human cancers is the expression of one or more energy-dependent
multidrug transporters that efflux anticancer drugs out of cells. Melanoma cells express a cluster of such
transporters, which include adenosine triphosphate-binding cassette (ABC)-A9, ABCB1 (MDR1, P-gly-
coprotein), ABCB5, ABCC1 (multidrug resistance-associated protein-1), and ABCC2 (MRP2/canalicu-
lar multispecific organic anion transporter). These transporters may be associated with resistance to a broad
range of anticancer drugs in melanomas. In addition, other mechanisms of resistance are also important,
including overexpression of inhibitors of apoptosis, altered expression of either oncogenes or tumor
suppressors, and drug-detoxifying properties of melanosomes. Defining and circumventing these resis-
tance mechanisms would be a major step toward the ultimate goal of improved treatment of melanomas.
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INTRODUCTION

Chemotherapy is one of the most effective approaches to the treatment of many types
of malignant tumors, especially disseminated cancers, but metastatic melanomas respond
poorly to such treatment. Unfortunately, the effectiveness of chemotherapy is limited in
cancer cells by various mechanisms that confer multidrug resistance (MDR) (reviewed
in refs. 1–4), but which of these mechanisms are responsible for the intrinsic resistance
of melanomas is not known. In many cases, drug resistance appears to be a primitive
defense mechanism that both prokaryotic and eukaryotic cells acquired during the evo-
lutionary process to defend against toxins in the environment. Thus, it is not surprising
that cancer cells can escape the cytotoxicity of structurally distinct chemotherapeutic
agents through either their inherited protective machinery or by acquired MDR during
malignant transformation or after exposure to cytotoxic agents. Indeed, the mechanisms
that give rise to MDR in cancer cells are extremely complicated, and mainly include:

1. Membrane transporter systems that control drug entry, distribution, and export (1–4).
2. Enzymatic machineries that are able to metabolize cytotoxic drugs (2,5).
3. Antiapoptotic pathways that alter cell death programs (6–8).
4. Tumor physiology and its associated microenvironment (9,10).

Figure 1 hypothesizes several potential drug resistance mechanisms that might account
for MDR in melanomas. Understanding the precise mechanisms that control the origin
of MDR cells would allow us to design rational approaches to circumventing MDR in
cancers such as melanomas.

MDR IN HUMAN CANCER AND IN MELANOMAS

Melanomas, derived from pigment-producing melanocytes, are one of the most
aggressive forms of cancer. The incidence of melanomas has increased rapidly and they
now rank sixth among the most common cancers in the United States. The drugs (listed
sequentially in descending order, according to their response rates as single agents from
20 to 12%) used in current systemic therapy include dacarbazine, nitrosoureas (e.g.,
carmustine), interleukin-2, cisplatin, interferon- , carboplatin, taxanes (e.g., paclitaxel),
and Vinca alkaloids (vinblastine and vincristine). The 5-yr survival rates in advanced
stage patients with local node involvement and distant metastases are approx 50% and
10 to 20%, respectively, which account for approx 14% of cancer deaths annually
(reviewed in refs. 11–13). The poor prognosis of melanomas mainly results from intrin-
sic and/or acquired MDR to conventional chemotherapy or biochemotherapy.

Malignant tumors may be intrinsically resistant to chemotherapy when they originate
from tissues that constitutively express molecules with the ability to confer MDR or as
a result of events related to malignant transformation (such as mutations in tumor sup-
pressor genes or activation of oncogenes) (6,7). One of the best-characterized intrinsic
MDR mechanisms is P-glycoprotein (P-gp)-mediated drug efflux. P-gp is constitutively
expressed in the epithelia of the kidney, liver, and intestines; in the endothelial cells of
the brain, ovary, testis, the adrenal cortex, and placenta; and in hematopoietic stem cells
and other circulating blood cells (2,14–17). These P-gp localizations are consistent with
its physiological roles in uptake and excretion of endogenous and exogenous substrates,
and in safeguarding blood–brain, blood–testis, blood–ovary, and blood–fetus barriers
from cytotoxic drugs. Thus, tumors arising from these tissues consistently show intrinsic
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MDR.It appears that melanomas are also intrinsically resistant to many anticancer drugs
that act by producing DNA damage, inhibiting microtubule function, or inhibiting
topoisomerases. For example, although platinum-containing drugs have been widely
used in current multiagent regimens, fewer than 20% of melanoma patients have ben-
efited from this treatment (12). Hence, intrinsic MDR is obviously a major obstacle that
is responsible for an unfavorable chemotherapeutic outcome in melanomas. The mecha-
nisms for intrinsic MDR in melanomas are largely unknown, and could be multifactorial,
as discussed in the following sections.

Alternatively, cancer cells may acquire MDR via genetic or epigenetic (e.g., the
induction of gene expression) mechanisms, usually by selection or induction of a domi-
nant factor or a specific pathway. Thus, a drug-resistant variant may arise spontaneously
from sensitive cells, consistent with certain mutation rates (18–20). Distinguishing
whether drug resistant cells originate from spontaneous mutations or by induction has
important therapeutic implications. Luria-Delbrück fluctuation analysis provides a pow-
erful genetic tool to differentiate a spontaneous mutational event from an epigenetic
alteration (18–21). Drug-resistant variants may also emerge as the result of sublethal

Fig. 1. A schema of potential drug resistance mechanisms in melanomas. Melanoma cells might
become resistant to anticancer drugs by several sequentially occurring mechanisms. Initially,
drug resistance could occur as a result of reduced drug influx (e.g., reduced endocytosis). Once
drugs enter cells, they may be pumped out of cells by energy-dependent drug efflux pumps that
are mediated by adenosine triphosphate-dependent transporters (e.g., ABC transporters). Alter-
natively, drugs could be trapped into subcellular organelles (such as the Golgi apparatus, lyso-
somes, melanosomes, and other vesicles) and exported out of cells. In cases in which drug
accumulation is unchanged, increased DNA repair and overexpression of antiapoptotic factors
(e.g., Bcl-2) can promote drug resistance. ER, endoplasmic reticulum; Golgi, the Golgi appara-
tus; I to IV, stage I to IV melanosomes, respectively.
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selection of a heterogeneous population of cancer cells (i.e., pre-existing variants) with
a selective growth advantage developed as an adaptation to stress (e.g., heat shock,
serum starvation, and hypoxia). Moreover, P-gp-mediated MDR can be acquired de
novo from P-gp-negative cells by selection of cells that overexpress this protein, and
expression of P-gp in these cells may serve as an adverse prognostic factor (22). Thus,
ABCB1/P-gp and its associated family member-mediated adenosine triphosphate-bind-
ing cassette (ABC) transporters represent prototypical models to elucidate the mecha-
nisms of MDR in human cancers, including melanomas.

THE ROLE OF TRANSPORTER-DEPENDENT MECHANISMS

P-gp belongs to the ABC superfamily of integral membrane transporters, which typi-
cally contain multiple transmembrane domains and one or two nucleotide binding
domains. These membrane proteins participate in ATP-dependent membrane transport
of structurally diverse molecules ranging from small ions, sugars, and peptides, to more
complex organic molecules (1–4,23). At present, there are 48 human ABC transporter
proteins that have been identified and classified into seven subfamilies from A to G
(http://nutrigene.4t.com/humanabc.htm). It has been clearly shown that several ABC
transporters (ABCB1, ABCC1, and ABCG2) have the capacity to confer MDR in vitro
and in vivo to many types of cancers.

In the case of melanomas, the contribution of ABC transporters to either their intrinsic
or acquired MDR is unclear. Despite frequent reports that link ABC transporters with
MDR in melanoma, some studies have questioned the role of ABC transporter-mediated
resistance mechanisms in this form of cancer (reviewed in refs. 24 and 25). One possible
reason to doubt their involvement is the lack of clinical data. In these studies, a few
melanoma cell lines or samples are usually included and mixed with other types of
cancers in both laboratory studies and clinical trials. Second, there are no well-designed
intracellular trafficking studies on the relationship between ABC transporter expression/
localization and drug distribution among subcellular organelles in melanoma cells. Third,
there is very limited or only preliminary data linking ABC transporters to the melano-
genic pathway, which has retarded our understanding of MDR in melanomas. Neverthe-
less, there is increasing evidence showing that several ABCB and ABCC subfamily
members are directly involved in contributing to the development of MDR in melano-
mas. We have recently shown that the melanoma cell lines included in the NCI-60 cancer
cell panel express a specific cluster of ABC transporters (ABCA9, ABCB5, ABCC2, and
ABCD1) messenger (m)RNAs (26,27), suggesting that a panel of ABC transporters
might be associated with both the intrinsic and acquired MDR in melanomas.

Role of ABCB (MDR-TAP) Subfamily Members
There are 11 documented members of the ABCB subfamily. The functions of several

transporters included in this subfamily (i.e., ABCB5, ABCB8, ABCB9, and ABCB10)
are not well elucidated. However, some ABC transporters (ABCB1/P-gp, ABCB2/TAP1,
ABCB3/TAP2, and ABCB5) that have been found to be expressed by melanoma cells
may have an effect on the outcome of therapy.

ABCB1/P-GP EXPRESSION IN MELANOMAS

The ability of P-gp to confer MDR in melanoma cells was demonstrated by increased
expression of ABCB1 mRNAs in melanoma cells after drug selection and by enforced
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expression of ABCB1 cDNA after transfection (28,29). Although P-gp is constitutively
expressed in a broad spectrum of normal tissues, it is not found in melanocytes (K. G.
Chen and M. M. Gottesman, unpublished data). In the case of melanomas, Goldstein et
al. initially reported that they contained undetectable levels of ABCB1/MDR1 mRNA
(30). Subsequently, Fuchs et al. examined P-gp expression by the monoclonal antibody,
C219, in primary and metastatic human melanomas and found that it was only expressed
in 1 of 37 (3%) of primary melanomas and in 1 of 27 (4%) of melanoma metastases (31).
Miracco et al. studied five melanoma cell lines (Me665/2/21, Me665/2/60, HT-144,
SK-MEL-28, and SK-MEL-5) and found only one cell line (SK-MEL-28) with detect-
able ABCB1 mRNA (32). With quantitative real-time polymerase chain reaction assays,
we have recently shown that only two (M14) out of eight melanoma cell lines (M14,
MALME-3M  LOX-IMVI, SK-MEL-2, SK-MEL-5, SK-MEL-28, UACC-62, and
UACC-257) included in the NCI-60 cell panel expressed ABCB1 mRNA (26). In con-
trast, Molinari et al. (33) reported that four untreated human melanoma cell lines (one
from a primary culture of metastatic melanoma) did not express P-gp on the plasma
membrane, but mislocalized P-gp in the Golgi apparatus. They found that P-gp modu-
lators (verapamil and cyclosporin A) could redistribute the intracellular accumulation of
drugs, such as doxorubicin (33). Induction and function of P-gp on the plasma membrane
was also observed in M14 cells after drug treatment (34).

In contrast to the above-mentioned studies, P-gp expression has been detected at
higher frequency in certain types of melanomas. For example, McNamara et al. reported
that ABCB1 expression was present in 5 of 12 (42%) ocular melanomas (35).
Upregulation of P-gp was also found in four cell lines established in short-term culture
from ocular melanoma explants. A recurrent tumor was shown to overexpress ABCB1
mRNA after local excision and radiation. Dunne et al. assessed P-gp expression by
immunohistochemistry in 108 cases of melanoma of the uveal tract, and found ABCB1
expression in 80% of cases, apparently associated with poor prognosis of this disease
(36). Using immunohistochemistry with the JSB-1 antibody, Satherley et al. revealed
that P-gp was expressed in 11 of 17 (65%) choroidal melanomas (37). Taken together,
these studies suggest that ABCB1 is not an intrinsic resistance factor in the majority of
common melanomas, but may be involved in intrinsic MDR and tumor propagation in
some specific types of melanomas, subject to the usual problems associated with accu-
rately measuring P-gp in clinical samples. In addition, the report of Molinari et al. (33)
is very interesting, because the mislocalized P-gp may sequester P-gp substrates in
subcellular organelles, thereby inactivating the drugs. This represents a possible mecha-
nism for MDR in melanomas. However, the prevalence of this mechanism, or the accu-
racy of the localization, could not be substantiated because of the small number of
samples analyzed in the study and the limited number of antibodies used for localization.
Further studies are needed to clarify this issue.

The role of ABCB1 in clinical MDR of melanomas remains elusive. Sequential stud-
ies revealed no significant increase in P-gp expression in melanoma cells during and
after chemotherapy. It is also conceivable that some types of melanomas do not usually
acquire a P-gp-mediated efflux system. Other ABCB subfamily members may be
responsible for either MDR or drug sensitivity in this human malignancy.

ABCB2/ABCB3 (TAP1/TAP2) EXPRESSION IN MELANOMAS

Both TAP1 and TAP2 are half-ABC transporters that are associated with antigen
processing by loading antigen peptides (derived from endogenous protein degradation)
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onto major histocompatibility complex class I molecules. The loaded major histocom-
patibility complex class I then leaves the endoplasmic reticulum and presents its anti-
genic cargo on the cell surface to cytotoxic T-lymphocytes, by which cancer cells could
be eliminated (reviewed in ref. 38). Impairment of the transporter associated with the
antigen processing function can be attributed to a single amino acid alteration of TAP1
(39). Spontaneous tumor regression via destruction of melanoma cells could be achieved
by the cytotoxic T-cell recognition of melanoma-associated antigen-derived peptides.
An association of TAP1 downregulation in human primary melanoma lesions with a lack
of spontaneous regression has been reported (40). It has been shown that several enzy-
matic and structural proteins of melanosomes (such as tyrosinase, tyrosine-related pro-
tein [TRP]1/gp75, silver/gp100, melanoma antigen recognized by T-cells 1 /melan-A,
and TRP2/DOPAchrome tautomerase) have been used as molecular targets for inducing
cellular and humoral responses to normal melanocytes and to melanomas (41,42).
Whether TAP1/2 plays a role in presenting specific peptides as melanoma-associated
antigens is unknown, and this could be a fruitful area of further research. Nevertheless,
TAP1/2 may represent a prognostic factor for therapy of melanomas.

ABCB5 EXPRESSION IN MELANOMAS

The human ABCB5 gene locus (on the chromosome 7 short arm) encodes a full-length
ABC transporter (12 transmembrane domains and 2 ABCs), but is usually expressed as
multiple alternatively spliced transcripts, none of which encode the entire predicted
ABCB5 protein. We have recently identified two mRNA isoforms, termed ABCB5
and ABCB5 , representing various parts of the transporter. ABCB5  mRNA predicts a
15-kDa protein that lacks the intact domain for a half-transporter protein (27). Whether
ABCB5  has a role in regulating ABCB5 transporter activity has not been determined,
but this isoform is abundant in melanocytes and in melanomas. In contrast, for ABCB5 ,
the protein topology predicts a half-transporter or more than a half-transporter, with
approx 70% similarity to ABCB1/P-gp (27,43). Both ABCB5  and ABCB5  are usually
expressed in pigmented cells (melanocytes and pigmented retinal epithelial cells) and
melanomas. However, ABCB5 /  expression was undetectable in two amelanotic mela-
nomas (M14 and LOX-IMVI) included in the NCI-60 cancer cell panel (27). Neither
ABCB5  nor ABCB5  expression was found in a panel of normal tissues (27). Another
study indicated that ABCB5  was expressed in the testes and uterus (44). Thus, the
physiological role of ABCB5 /  might be associated with a detoxification process mainly
in pigmented cells, such as melanocytes. The other physiological role of ABCB5 (the
ABCB5  isoform) may be associated with the regulation of progenitor cell fusion (43).

The pharmacological role of ABCB5 in mediating MDR in melanoma remains to be
established. We have recently shown that ABCB5 /  expression increases after drug
treatment with several different cytotoxic drugs, compared with ABCB1/P-gp. More-
over, ABCB5  and ABCB5  are not coactivated in typical MDR cell lines (such as
KB-V1 and MES-SA/Dx5), suggesting that ABCB5  might have a distinct transport
function (compared with that of P-gp) that has not yet been determined (27). At present,
a small interfering RNA directed at ABCB5 mRNA provides preliminary evidence that
ABCB5 mRNA levels are associated with multidrug sensitivity to several drugs, includ-
ing camptothecin 10-OH, 5-FU, and mitoxantrone, implying that elevated ABCB5 mRNA
expression may confer drug resistance to these agents (45). However, these results need
to be confirmed by transfecting ABCB5 cDNA into drug-sensitive cells to produce the
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MDR phenotype. Nonetheless, melanoma-specific expression of ABCB5 /  might allow
development of ABCB5 /  gene products as additional molecular markers and targets
for the differential diagnosis and therapy of melanomas.

The ABCC (CFTR-MRP) Subfamily
The role of the ABCC subfamily in mediating the MDR phenotype has been widely

reported. Several ABCC subfamily members (ABCC1/multidrug resistance-associated
protein [MRP]1, ABCC2/MRP2/canalicular multispecific organic anion transporter,
and ABCC3/MRP3) have been implicated in MDR in human cancers. These ABCC
transporters can extrude many natural product drugs out of cancer cells through a
cotransport mechanism with glutathione. MRP1 is also an active membrane transporter
for organic anions conjugated to glutathione (e.g., leukotriene C4 and glucuronate).
MRP2 can export conjugated organic anions and glutathione out of cells, whereas MRP3
fails to export glutathione and, thus, shows a narrow spectrum of MDR (3,4).

ABCC1/MRP1 is widely expressed in many normal tissues and cancers. The contri-
bution of MRP1 expression to melanoma MDR is also unclear. Thus far, only a few
studies have been documented in the literature. Depeille et al. reported that MRP1
synergized with glutathione-S-transferase M1 to protect melanoma cells from the effects
of vincristine (46), consistent with the effect of MRP1 in other nonmelanoma cancers.
Another interesting finding of Molinari et al. (33) is the absence of plasma membrane
expression of MRP1 in all examined melanoma cells. In this case, MRP1 was also
mislocalized in a Golgi-like localization in the cytoplasm. The Golgi apparatus appears
to be a compartment for trapping certain types (e.g., anthracyclines) of anticancer drugs
in some melanoma cells (33). This phenomenon is similar to KB-3-1-derived cisplatin-
resistant cells (KB-CP), in which MRP1 was present on the plasma membranes of the
parental KB-3-1 cells, but was mislocalized in the cytoplasm of KB-CP cells (47). We
have demonstrated that MRP1, located in a lighter and lower-density fraction in
KB-CP.5 cells, was co-localized with both a specific marker for the Golgi apparatus and,
to some extent, with an endoplasmic reticulum marker, suggesting that the trans-Golgi
network was involved in MRP1 mislocalization (47). It appears that MRP1 mislo-
calization might be the hallmark of the MDR phenotype, especially of cisplatin resis-
tance in human cancers, including melanomas. However, in the case of melanomas, the
mislocalization of MRP1 is intrinsic. It is conceivable that the mislocalized transporters
in the cytoplasm may function as intracellular pumps that sequester anticancer drugs into
defined subcellular organelles, such as the Golgi apparatus, lysosomes, melanosomes,
or other vesicles. Whether MRP1 is directly involved in sequestering anticancer drugs
in subcellular organelles has not been established.

ABCC2/MRP2 has also been reported to be associated with cisplatin resistance. Both
increased and decreased expression of MRP2 have been observed in nonmelanoma cell
lines (48,49), making its role as a cisplatin efflux pump uncertain. A recent study has
shown that elevated expression of MRP2 in melanoma cells causes resistance to cisplatin
by reducing the formation of platinum-induced intrastrand crosslinks in the nuclear
DNA, concomitant with decreased G2-arrest via an accelerated re-entry into the cell
cycle in cisplatin-resistant melanoma cells (MeWo CIS1) (50). Thus, MRP2 could be an
attractive molecular target for the reversal of cisplatin resistance in melanomas. When
anti-MRP2 hammerhead ribozymes were introduced into A2780RCIS cells, they showed
gene-silencing activities and reversed the drug-resistant phenotype (51). No doubt, with
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pharmacogenomic and molecular biological approaches available in the postgenome
era, we will be able to verify all of the contributions of ABC transporters to drug
resistance/sensitivity. However, other nontransporter-mediated mechanisms also have
been shown to play an important role in determining drug resistance/sensitivity in
melanomas.

TRANSPORTER-INDEPENDENT RESISTANCE MECHANISMS

Transporter-independent drug resistance is mainly attributed to insensitivity to
chemotherapy-induced apoptosis, which is determined by a broad spectrum of resistance
mechanisms that have been extensively reviewed elsewhere (6–10,24,25). Briefly, these
mechanisms include:

1. Increased DNA repair to respond to DNA-damaging agents.
2. Methylation-mediated silencing of the APAF-1 gene.
3. Overexpressed antiapoptotic proteins (e.g., Bcl-2) that impair the ability to undergo

programmed cell death.
4. Alterations of G proteins and protein kinases (Ras, B-Raf).
5. Transcription factor effectors (c-Jun, ATF2, Stat3, and NF- B) that affect tumor necrosis

factor, Fas, and tumor necrosis factor-related apoptosis-inducing ligand treatment
receptors.

Resistance to chemotherapy-induced apoptosis in melanoma cells is p53-dependent
(52), suggesting that the p53 system is also involved in the development of drug
resistance.

One unique feature of melanotic melanomas is the presence of the melanosome, an
evolutionarily modified lysosomal compartment, and its contents of melanin. Melanin
is thought to be able to bind a variety of cytotoxic materials (53,54), and, therefore, the
melanosome could act as a receptacle for cytotoxic anticancer drugs, preventing traffick-
ing to their normal intracellular targets, such as the nucleus. How cytotoxic drugs accu-
mulate within melanosomes and whether these melanosomes are retained in the cells or
extruded remains to be determined.

Finally, metal-binding proteins have an important role in regulating the homeostasis
of trace metals, such as zinc and copper, in melanocytes. Metallothioneins (MTs) are
cysteine-rich, have low molecular weights and high affinity for heavy metal ions, e.g.
zinc, copper, and cadmium (55). Weinlich et al. recently analyzed MT expression on a
large scale (760 cases) in patients with cutaneous melanoma using the monoclonal
antibody E5 on routinely fixed and paraffin-embedded tissues. They found that MT
overexpression in primary melanoma is associated with an increased risk for disease
progression (56). It also has been shown that MT expression was associated with resis-
tance to cisplatin in mouse B16 melanoma cells (57). Indeed, overexpression of MT
confers cancer-cell resistance to certain types of drugs, such as cisplatin, via unknown
mechanisms (58,59). It has been postulated that the binding of cisplatin to MTs may
prevent its further nuclear localization and, thus, reduce cytotoxicity.

CHEMOTHERAPY AND BIOCHEMOTHERAPY OF MELANOMAS

Currently, the mainstream therapy of metastatic melanomas consists of combined
drug regimens with the addition of biological modifiers (12–13,60). New clinical trials
combining dacarbazine or cisplatin with other cytotoxic agents, such as tamoxifen, or



Chapter 33 / Multidrug Resistance in Melanoma 599

interferon-  have showed promise in clinical phase II/III trials. For example, Rosenberg
et al. compared the cisplatin, dacarbazine, and tamoxifen (CDT) regimen with CDT-II
(CDT plus both high-dose interleukin-2 and interferon- ) in treatment of stage IV
melanoma and found 27 and 44% response rates, respectively (60). Eton et al. compared
the cisplatin, dacarbazine, and vinblastine with the cisplatin, dacarbazine, and vinblastine-
II regimen and found 25% and 44% response rates, respectively (60). However, there are
also reports that phase III trials failed to yield significant results compared with chemo-
therapy or immunotherapy alone (13). Thus, a proper randomized and well-controlled
trial is needed to resolve this controversy.

CONCLUSIONS AND PERSPECTIVES ON MODULATION
OF MDR IN MELANOMAS

General Considerations
Over the past decade, tremendous efforts have been made to achieve modulation of

clinical MDR through inhibition of the drug efflux pump P-gp in human cancer patients.
Although current clinical trials with several generations of P-gp inhibitors have yielded
unsatisfactory results, modulation of P-gp-mediated MDR represents a paradigm of
translational medicine. We have learned invaluable things from this process, i.e., from
identification of molecular targets to clinical phase III trials. It is clear now that the MDR
phenotype is a complicated genetic trait, usually mediated by multiple machineries.
Thus, simply inhibiting one transporter (e.g., P-gp) would not yield the desired outcome,
because of the redundancy of related ABC transporters in the human genome. Moreover,
an alternative mechanism of resistance would likely emerge, given that the predominant
resistance mechanism is inhibited and the tumor cell population is large. This is deter-
mined and programmed by the genomic instability of cancer (61,62). Thus, simultaneous
cataloging of all of the major mechanisms of resistance in a specific type of cancer would
have great therapeutic implications. Sequential inhibition of these mechanisms at the
proper time would enable us to eliminate residual cancer cells with acquired alternative
resistance mechanisms. A systematic screening method, such as array-based technolo-
gies, would facilitate the identification of molecular targets for melanomas. The unique
ABC transporter cluster (ABCA9, ABCC2, ABCB5, and ABCD1) found in melanomas
could be a potential molecular target for therapy of melanomas. However, further studies
are needed to prove their potential clinical application.

Modulation of MDR in Melanomas: An Extension of Collateral Sensitivity
Using a pharmacogenomic approach, our laboratory has recently identified a com-

pound termed NSC 73306 via analysis of the positive correlation between drug activity
and ABCB1 mRNA expression. This chemical preferentially inhibits growth of ABCB1-
overexpressing cancer cells (26). The mode of action of NSC 73306 is reminiscent of a
classical phenomenon called collateral sensitivity in drug-selected cancer cell lines,
which usually show hypersensitivity to some nonselecting agents. However, this phe-
nomenon has not been given much attention. Indeed, some melanoma MDR variants
have been shown to have collateral sensitivity to the polyamine analog (N1, N11-
diethylnorspermine) (63). Thus, discovery of such “magic bullets” that specifically kill
MDR cells would lead to the development of novel anticancer agents to treat resistant
melanomas.
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Targeting Inhibitors of Apoptosis and Cell Growth Factors
Identification of molecules involved in apoptosis of cancer cells has provided new

insights into the molecular basis for melanoma MDR. Thus, targeting of apoptotic regu-
lators may increase the sensitivity of melanoma cells to cytotoxic drugs and provide a
promising new therapeutic approach. For example, survivin, an inhibitor of apoptosis,
is expressed in melanomas and is required for maintenance of melanoma cell viability.
Downregulation of survivin expression by ribozymes could lead to human melanoma
cells sensitive to cisplatin-induced apoptosis (64). Currently, more promising new clini-
cal trials combining chemotherapy with demethylating agents, such as 5-aza-2'-
deoxycytidine, antisense Bcl-2 oligonucleotides, and RAF inhibitors are ongoing (13).
Despite the enthusiasm concerning novel strategies that target antiapoptotic pathways,
some of the effective inhibitors that have recently been developed may actually be the
substrates of ABC transporters. One example is imatinib mesylate (STI571), a potent
tyrosine kinase inhibitor that is a substrate of both multidrug transporters (ABCB1 and
ABCG2). Thus, oral administration of STI571 caused cellular resistance and subsequent
treatment failure (65). With the knowledge of ABC transporters in mind, the challenge
now is to design potent inhibitors that could bypass transporter-mediated resistance
mechanisms. Each potential new drug should be routinely screened before clinical trials
to determine whether it is a substrate of the transporters.

In summary, both intrinsic and acquired MDR are major obstacles to chemotherapy.
Several ABC transporters, including ABCB1 (MDR1), ABCB5, ABCC1 (MRP1), and
ABCC2 (MRP2/cMOAT) are implicated in melanoma MDR. ABC transporter-indepen-
dent resistance mechanisms (including antiapoptosis) are also important determinants of
drug resistance. Inhibition or prevention of MDR is the ultimate frontier in current
molecular therapeutics of cancer. Even with the best inhibitors of cancer cells, molecular
therapy of melanomas is destined to fail given that the cytotoxic molecules could not
reach their molecular targets. As more precise primary and secondary resistance mecha-
nisms are revealed, an effective therapeutic regimen could be developed, which could
lead to specific inhibition of melanomas.
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Summary
Apoptosis deficiency seems to be involved in the high resistance of melanoma to therapeutic treat-

ment. This has come into focus because the cytotoxic effects of chemotherapeutic agents via apoptosis
are known. Extensive investigations have been made analyzing the role of alterations in the apoptotic
pathway in melanoma. The molecular changes affect antiapoptotic, as well as proapoptotic, processes
and survival signals and involve various molecules. These mechanisms are also discussed in light of their
use in further therapeutical strategies. Actually, a number of these findings have already been employed
to test their therapeutical applicability in melanoma treatment. Furthermore, two concepts have been
translated from the cell system via animal models into clinical trials.
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INTRODUCTION

Most chemotherapeutic drugs act through induction of apoptosis (programmed cell
death). In 1972, Kerr et al. described an experimentally induced killing of tumor cells
that involved a coordinated cell disintegration following typical morphological changes,
coining the term apoptosis (1). The cytotoxic effect of chemotherapeutic agents appears
mainly contributed by apoptosis (2,3). The weak response of metastatic melanoma to
anticancer agents gives rise to the hypothesis that the chemoresistance of this malig-
nancy is caused by raising its apoptotic threshold (2). Inactivation of apoptosis is a
“hallmark of cancer,” an obligate ritual in the malignant transformation of benign cells
(4). As a result, these cells enhance their chances of survival and increase their resistance
to chemotherapy (3). Indeed, Staunton et al. (5) demonstrated a constitutive low level of
spontaneous apoptosis in melanoma cells compared with other malignant cell types. An
intensive search for cell death factors altered in melanoma has been made. It has been
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shown that, indeed, various molecular changes in cell-death control in melanoma are
present, and three types can be distinguished: activation of antiapoptotic processes,
inactivation of proapoptotic effectors, and reinforcement of survival signals.

PROGRAMMED CELL-DEATH PATHWAYS

Apoptosis (programmed cell death) represents a complex genetic program consisting
of several pathways that are summarized in Fig. 1. Tremendous efforts have been made
to discover and describe the molecular mechanisms of apoptosis, which are discussed
elsewhere in detail (6). Briefly, depending on cell type and stimulus, a complex net of
sensor and regulator proteins is activated and balanced and there is no unique linear or
defined pathway. However, to simplify, two main well-characterized caspase-activating
cascades that regulate apoptosis are currently known.

One cascade is triggered from the cell surface by death receptors and the other is
initiated by changes of mitochondrial membrane integrity (7). Oligomerization of sur-
face receptors is followed by recruitment of adapter molecules, such as Fas-associated
protein with death domain (FADD) and the initiator caspases-8 and -10 (8) into the
death-inducing signaling complex (DISC). The subsequent autocatalytic cleavage of
procaspase-8 or -10 is followed by activation of effector caspases (e.g., caspase-3) (9)
and induction of specific endonucleases, resulting in DNA fragmentation (10,11). These
two pathways converge with the activation of effector caspases and induction of specific
endonucleases, resulting in DNA fragmentation and cleavage of nuclear proteins essen-
tial for nuclear and cellular structure, DNA-repair, and DNA-replication (12,13).

The family of death receptors include CD95 (Fas/APO-1), tumor necrosis factor
(TNF)-R1, TNF-receptor apoptosis-inducing ligand receptor (TRAIL-R)1 and TRAIL-R2,
DR3 (death receptor 3), and DR6 (reviewed in Locksley et al., ref. 14). Among them, the
CD95 receptor, TRAIL-R1 and TRAIL-R2 are the most efficient mediators of apoptosis.
Several studies suggest that death receptor–ligand interaction is involved in tumor sen-
sitivity toward chemotherapeutic drugs (15–17). The extrinsic pathway is regulated on
multiple levels, whereas the death-inducing signaling complex can also recruit negative
and positive regulators of caspase-8 (18,19). Furthermore, in type II cells, the initial
activation of caspase-8 is not sufficient. Here, caspase-8 cleaves the Bcl-2 family mem-
ber, BID, which translocates to the mitochondrial membrane and activates the intrinsic
pathway (20). By this mechanism, the death receptor and the mitochondrial pathway is
connected.

The intrinsic pathway involves mitochondrial release of cytochrome-c, which binds
apoptotic protease activating factor (Apaf)-1, and, in the presence of adenosine triphos-
phate (ATP), coordinates a series of conformational changes that allow the oligomeriza-
tion of Apaf-1 into a ring-like complex, referred to as the “apoptosome” (21). The
apoptosome binds and activates caspase-9 into the complex (9,22,23), which, in turn,
recruits and activates effector caspases (e.g., caspase-3). These are considered as execu-
tors of apoptosis.

There are various additional points of control that can modulate apoptosis after
cytochrome-c release. The family of inhibitors of apoptosis (IAP), containing X-chro-
mosome-linked IAP (XIAP), neuronal IAP (NIAP), melanoma (ML)-IAP, and survivin,
can interfere with the formation of the apoptosome and activation of the downstream
caspases (Figs. 1 and 2). IAPs are inhibited by other proapoptotic factors released by the
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Fig. 2. Caspase regulatory proteins. The inhibitor of apoptosis (IAP) gene family encodes a group
of structurally related proteins (e.g., IAP-1, IAP-2, X-chromosome-linked IAP, survivin, and
melanoma IAP) that are able to suppress caspase function. They are thought to directly inhibit
certain caspases and are controlled by further inhibitory proteins of IAP, Smac (second mitochon-
drial activator of caspases)/Diablo (direct IAP-binding protein with low pI).

mitochondria, the second mitochondrial activator of caspases (Smac)/Diablo and Omi/
OtrA (24). Furthermore, p53 can modulate the expression of apoptotic effectors, and
heat-shock proteins can also regulate the formation of the apoptosome.

APOPTOSIS DEFICIENCY AND MELANOMA

Wild-type p53 promotes cell cycle arrest and apoptosis in response to DNA-damaging
drugs most likely by controlling transcriptional regulation of target genes, such as Bcl-2
and Bax (25,26) (Fig. 1), and acts, therefore, as a tumor suppressor. p53 mutations are
common genetic alterations in human cancer. Melanoma cell lines expressing wild-type
p53 exhibit a higher response to anticancer agents than melanoma with mutant p53 (27).
Mutation of p53 was associated with metastatic potential (28). Abnormal phosphoryla-
tion of p53 by Ck2 kinase was associated with melanoma resistance to radiotherapy (29).
A phase I dose-escalation study of single intratumoral injection of a replication-defec-
tive adenoviral expression vector containing p53 was performed by Dummer et al. in
patients with metastatic melanoma. In this study, the therapeutic approach was proven
safe, feasible, and biologically effective (30).

Another very common specific gene defect in human melanoma is mutation of acti-
vated ras (31). Ras proteins are regulators of multiple signal pathways that control cell
growth, differentiation, and apoptosis. The assumed mechanism by which the activated
ras oncogene is involved in drug resistance is an upregulation of Bcl-2 expression (32).
A decreased CD95 surface expression in ras transfectants was demonstrated in mela-
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noma cell lines (33). Indeed, overexpression of activated mutants of N-ras increase
cisplatin resistance in melanoma cells and in a SCID (severe combined immunodeficient)
mouse model (34). Improved understanding of the molecular mechanisms of Ras
processing and membrane targeting provided important tools for the development of
molecules that inhibit the association of Ras with the inner cell membrane. Such
molecules include inhibitors of farnesyltransferase, prenyl-CAAX protease, methyl-
transferase, and inhibitors, such as trans-farnesyl thiosalicylic acid (Fig. 3). Farnesyl
thiosalicylic acid, a Ras antagonist, suppresses melanoma growth in vitro and in vivo through
a combination of cytostatic and proapoptotic effects (35). Furthermore, a recent study
evaluated the effect of farnesyl thiosalicylic acid treatment in combination with
dacarbazine on established human melanoma xenografts grown in mice. A significant
tumor growth paralleled by an acceptable toxicity profile was shown in a mouse system
(36) (Fig. 3).

B-Raf, a Ras effector molecule, was found to be mutated in 66% of human melanomas
(37). Previous studies indicated that wild-type B-Raf may inhibit apoptosis downstream
of cytochrome-c release by activating nuclear factor (NF)- B (38).

Extensive efforts have been made in analyzing the involvement of death receptors in
melanoma cell death. Downregulation, loss, and mutation of CD95/Fas receptor in
melanoma have been described, resulting in triggering resistance to CD95L/Fas ligand
(39,40). A respective correlation to clinical response was demonstrated by Mouawad et
al. (41). They reported that melanoma patients with low clinical response to various
drugs (cisplatin, recombinant interleukin-2, and interferon- ) exhibited a significant
increase of soluble sCD95 and sCD95L in the plasma after drug treatment, whereas in
the plasma of responders, no changes in sCD95 or sCD95L levels were observed.

Various studies demonstrated that, in contrast to the CD95 receptor, TRAIL-R2 is
widely expressed in melanoma. Furthermore, melanoma cell lines were shown to undergo
apoptosis after exposure with recombinant TRAIL very readily, whereas melanocytes
did not demonstrate such a high TRAIL sensitivity (42). This study also showed that
TRAIL-R expression is not predictive of sensitivity. There are some known agents
available to upregulate TRAIL-R expression, such as cisplatin, betulinic acid, CD437
retinoid, and TNF-  (overviewed in Hersey et al., ref. 43). Furthermore, Griffith et al.
demonstrated increased apoptosis in melanoma cells after TRAIL-expressing adenovi-
ral infection as a possible therapeutic approach (44). Sensitivity toward death-receptor
signaling in melanoma cells was also increased using a soluble NF- B inhibitor (45).

Bcl-2 appears to influence response to chemotherapy by inhibiting apoptosis induc-
tion by many cytostatic drugs, including alkylating agents, topoisomerase inhibitors,
antimetabolites, and others. The high expression of Bcl-2 in human melanoma and other
tumors has been correlated with resistance to chemotherapy and decreased survival (46).
Furthermore, Raisova et al. showed that a low Bax:Bcl-2 ratio might be characteristic for
drug-resistant melanoma cells (47). Additionally, the oncogenic potential of Bcl-2 seems
to be involved in melanoma angiogenesis through vascular endothelial growth factor
(VEGF) mRNA stabilization and hypoxia-inducible factor (HIF)-mediated transcrip-
tional activity (48). C-Myc low-expressing compared with high-expressing melanoma
lines demonstrated an increased cisplatin sensitivity (49). In a human melanoma
xenograft in SCID mouse models, the improvement of chemosensitivity of dacarbazine
in combination with bcl-2 oligo–antisense (Augmerosen, Gentasense, G-3139) could be
demonstrated (50). Furthermore, Heere-Ress et al. demonstrated recently how antisense
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oligonucleotides reduced Bcl-XL expression and enhanced the chemosensitivity of
melanoma cell lines to cisplatin (51). A recent study showed that the simultaneous
downregulation of Bcl-2 and Bcl-XL expression and induction of apoptosis by antisense
oligonucleotides in melanoma cells of different clinical stage may provide an additional
clinical benefit (52).

Antisense oligonucleotides are short, single-stranded nucleotides that bind comple-
mentary to their respective target mRNA, thus, inhibiting translation and initiating deg-
radation of the targeted mRNA. Antisense oligonucleotides directed against specific
genes, such as Bcl-2, associated with neoplastic progression are currently being evalu-
ated in several clinical trials. Therefore, mouse systems (50) have been translated into
clinical phase I/IIa studies, in which 6 of 14 treated patients showed an antitumor response
associated with low Bcl-2 levels and increased apoptosis in melanoma biopsies (82).
Recently, a worldwide phase III study recruited 770 patients with metastatic melanoma
to compare the efficiency of the standard chemotherapy dacarbazine alone and
dacarbazine plus Bcl-2 antisense. The final analysis is currently being performed.
Antisense molecules for Bcl-XL and c-Myc are available, and clinical application can be
expected.

Caspase proteases are initially synthesized as precursor proteins with little or no
enzymatic activity. The cleaved proteins are the primary apoptotic executers, which act
in a cascade ultimately leading to the cleavage of substrates that produce the character-
istic features of apoptosis. Caspase proteases are cleaved by upstream molecules (such
as caspases, FADD ([Fas-associated protein with death domain], or Apaf-1) and are
further controlled by a variety of proteins that directly interact with proteases: IAPs and
FLICE (FADD-like interleukin-1- -converting enzyme inhibitory proteins (FLIPs).
Caspase inhibition is achieved by proteins of the IAP family (Fig. 2), which are struc-
turally related by their baculovirus IAP repeat domain. In melanoma, two members of
the IAP family (survivin and ML-IAP/Livin) and FLIP have been associated with tumor
progression. One of the best-characterized members in melanoma is survivin, which
exerts its effect by directly inhibiting caspases and was found in melanoma only (cell
lines, metastatic lesions, and invasive melanoma) compared with melanocytes (54). In
contrast to other apoptotic inhibitors, survivin expression is cell-cycle dependent. In
early mitosis, survivin, linked to the microtubules of the mitotic spindle, inhibits the
activation of caspase 3 (55). A recent study by Gradilone et al. showed a significant
correlation between survivin expression and outcome of sentinel lymph node-positive
melanoma patients (56). Antisense oligonucleotides directed against this molecule were
shown to induce spontaneous apoptosis in melanoma in vitro (54). This was proven by
the same group by a phosphorylation-defective Thr34 baculoviral IAP repeat (BIR)
mutant (the relevant domain in IAPs), which prevented tumor formation and slowed the
growth of established tumors in a melanoma xenograft model (57), suggesting that
therapeutic targeting of survivin might also be beneficial in patients with recurrent or
metastatic melanoma. An additional IAP molecule has been discovered in melanoma by
two other groups. ML-IAP/livin is expressed in developed tissues, including melano-
cytes, but is predominantly overexpressed in melanoma (58,59). ML-IAP acts directly on
the mitochondrial pathway by directly inhibiting caspase-9, caspase-3, and the
proapoptotic factor, Smac/Diablo (60). Furthermore, this molecule was identified as a
possible target for immune-mediated tumor destruction in melanoma (58,61). Further
studies found that transfection of an antisense construct against livin could trigger
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apoptosis specifically in melanoma cell lines expressing livin mRNA. This was associ-
ated with an increase in DNA fragmentation and in DEVD-like caspase activity (58).

A mitochondria-derived activator of caspase (Smac/Diablo) construct was shown in
vitro to sensitize melanoma to TRAIL-induced apoptosis as a very selective tool inhib-
iting IAP (62). There are strong reasons why caspase inhibitors can be considered char-
acteristic of the drug-resistant phenotype in melanoma cells; caspase inhibitors enhance
the ability of the melanoma cells to resist apoptosis and present a rewarding therapeutic
target.

FLIP was shown to inhibit caspase-8 and, therefore, to inhibit apoptosis induced by
receptor-associated cytokines (e.g., TNF- , CD95L/Fas ligand, TRAIL). FLIP was
shown to be overexpressed in melanoma and associated with resistance (63). Neverthe-
less, endogenous levels of FLIP do not necessarily correlate with drug response in
melanoma patients (40,64).

Apaf-1 represents an essential downstream molecule to induce apoptosis. Soengas et
al. reported cases of drug-resistant malignant melanomas in which Apaf-1 expression
was impaired (65). Here, cytostatic drugs induced cytochrome-c release, but failed to
induce caspase-9 activation. This could be reversed by reactivating Apaf-1 with the
demethylating agent, 5-aza-2-deoxycytidine, in vitro.

Various studies suggest that increased antiapoptotic, heat-shock protein (HsP) ex-
pression, such as HsP70 and HsP90, may be related to drug resistance (66,67). HsP70
antagonizes the caspase-independent apoptotic-inducing factor (AIF) (68). Hsp70 may
also interfere with Apaf-1, by inhibiting the oligomerization and/or by blocking the
recruitment of caspase-9 to the apoptosome (69). HsP70 was shown to be upregulated
in primary melanoma and cell lines (70,71), and an association with resistance to ultra-
violet radiation was seen (72). Clinical trials using 17-AAG for Hsp90 inhibition in
advanced cancer are currently ongoing (73).

Neef et al. identified the human pleckstin-homology-like domain family A, member 1
(PHLDA1)/TDAG51 gene, which was shown to be downregulated in metastatic mela-
noma and associated with apoptosis resistance (74). PHLDA1 expression was associated
with reduced cell growth, cloning efficiency, and colony formation, and increased basal
apoptosis. Chemosensitivity to doxorubicin and camptothecin was enhanced. Moreover,
recently, a group of human melanoma cell populations that are heterogeneously
susceptible to C2-ceramide-mediated apoptosis was identified (75). Studies with these
melanoma cells revealed a correlation between ceramide-mediated apoptosis and
D-NMAPPD, a ceramide analog, confirming the effect of this inhibitor on ceramide
signaling in human melanoma cells. These findings suggest ceramidase inhibitors as a
potential new therapeutical class of antiproliferative and cytostatic drugs.

NF- B is a transcription factor linked at the crossroads of life and death (Fig. 4). It
functions as a modulator of inflammation, angiogenesis, differentiation, cell cycle, ad-
hesion, migration, and survival (76). NF- B has been recognized as an possible potential
target in cancer treatment (77). In melanoma cells, NF- B can be affected by upregulation
of the NF- B subunit, p50 or Rel A, or downregulation of the NF- B inhibitor, I B (78).
Subsequently, all target molecules downstream of NF- B regulation are affected.
Therefore antiapoptotic factors, such as c-myc and TNF receptor-associated factor
(TRAF)-2, are frequently upregulated in melanoma. In melanoma, gene-transfer
approaches targeting NF- B disruption have been used, inactivating the NF- B subunit,
Rel A (79),and overexpressing I B (80).
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Fig. 4. The nuclear factor (NF)- B pathway. In the context of cell death control, NF- B modu-
lates the expression of survival factors.

Apoptosis deficiency appears to be strongly associated with the specific drug-resis-
tant phenotype (81). In this study, cisplatin resistance has been associated with reduced
caspase-9 activity and cytochrome-c release paralleled by normal DNA fragmentation,
whereas no apoptotic events could be induced in etoposide-resistant melanoma cells (81).

Recently, tremendous efforts have been made in identifying new strategies and drug
targets inhibiting apoptosis to support melanoma treatment (Table 1). Various investi-
gations in mouse systems could prove the benefit of strategies interfering with apoptotic
mechanisms in melanoma. Nevertheless, until now, these strategies could only be trans-
ferred in a few clinical trails.
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Summary
The dynamic interaction between malignant melanoma cells and the host’s immune system has a

profound influence on the development and progression of disease. Numerous studies have documented
the therapeutic potential of immunological manipulation in patients with melanoma, and many tumor-
associated antigens have been studied as possible targets of melanoma-specific immunotherapy. This
chapter outlines the most significant melanoma-associated antigens, highlighting those with the greatest
potential for influencing future treatment modalities. Specific antigens defined by T- and B-cells are
discussed, and how these antigens are recognized, processed, and manipulated by the host’s immune
system is explained. The role of gangliosides in distinguishing different stages of melanocyte differentia-
tion is described, and a 90-kDa tumor-associated glycoprotein antigen which has considerable promise as
a marker of melanoma tumor burden is introduced. Finally, this chapter reviews technological advances
in assays used to detect various melanoma-associated antigens.

Key Words: Melanoma; melanoma-associated antigens; tumor-associated antigens; immuno-
therapy; TA90.

INTRODUCTION

The malignant transformation of melanocytes to melanoma can be characterized by
changes in cytology, morphology, proliferative index, biochemistry, and gene expres-
sion. Activation of genes in transformed cells leads to overexpression and/or unique
expression of molecules, such as tumor-associated antigens. Some of these molecules
may be present in normal cells but sequestered from the immune system. In transformed
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cells, the antigens are expressed on nonsequestered sites. Tumor-associated antigens are
considered immunogenic when the host recognizes them as nonself and generates an
immune response. This chapter reviews the different melanoma-associated antigens
(MAA) (e.g., melanoma antigen gene [MAGE]-1, NY-ESO-1, and TA90) and their roles
in immune surveillance and the development/progression of melanoma.

More than 40 yr ago, anecdotal reports of an increased incidence of melanoma regres-
sion in immunosuppressed patients, such as those with congenital immunodeficiency
disorders, suggested an important immune component in the development and control
of disease (1–6). The more recent discovery of tissue-specific and common tumor-
associated melanoma antigens further supports the key role for the immune system in the
development and progression of melanoma. Additional evidence for immune modula-
tion by MAA includes the prognostic significance of lymphocytes and other tumor-cell
infiltrates (7–9), the delayed recurrence of rapidly progressive disease after successful
treatment of the primary tumor (10–12), the presence of tumor cells in lymphatics,
peripheral blood, and operative wounds without subsequent development of metastases
(13–20), and the elimination of circulating tumor cells before the establishment of
metastatic colonies (21). Ongoing investigations to identify clinically relevant target
antigens and enhance the production of corresponding autoantibodies should lead to
improvements in immunotherapy for melanoma.

EVIDENCE FOR IMMUNITY TO HUMAN MELANOMA

Spontaneous regression of primary and metastatic melanoma, although rare, has been
well documented (1–6). Published reports have correlated regression with minor viral
and bacterial infections, fever of unknown origin, changes in hormonal balance, and
congenital immunodeficiency disorders. Development of metastases that are histologi-
cally and functionally identical to the primary tumor has been reported 10 to 20 yr after
successful treatment of the primary tumor. Delayed recurrence suggests a clinically
effective antitumor response during the disease-free interval. Although biological, physi-
ological, and endocrine factors could contribute to spontaneous regression and long-
term remission, clinical evidence implicates humoral and cellular immunological
mechanisms (22,23).

HOST IMMUNE RESPONSE AND DEVELOPMENT
OF MALIGNANT MELANOMA

Because malignant melanoma is one of the most immunogenic solid tumors, it has
served as a prototype for investigations of active immunotherapy against cancer (24–27).
Determining the mechanisms of tumor escape from immunosurveillance is necessary to
formulate effective immunotherapy against tumor cells (28). Despite the highly immu-
nogenic nature of melanoma cells, as evidenced by the infiltration of tumor antigen-
specific T-cells, most tumors are not completely destroyed by the host and can lead to
progression of disease. An effective immune response against the host’s melanoma cells
requires immune recognition of target peptides in the context of major histocompatibil-
ity complex (MHC) molecules (29–31). This is particularly true for T-cell mediated
responses. In addition, co-stimulatory signals are necessary for cell-mediated immunity
(32,33). The absence of proper MHC or co-stimulatory molecule expression can prevent
an effective antitumor immune response (34). Thus, a melanoma cell that expresses
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immunogenic MAA may not induce a T-cell mediated antimelanoma response without
proper co-stimulation, even if the MAA are recognized by the T-cells. Furthermore,
many responses defined as antitumor effector mechanisms can become ineffective or
protumorigenic under certain conditions. For example, immune selection pressure could
result in outgrowth of resistant tumor variants.

RECOGNITION OF MAA EXPRESSED BY HUMAN MELANOMA CELLS

MAA have been detected by in vitro and in vivo cellular reactions and by in vitro
serological tests. T- and B-cells that recognize and reject autologous cells have been
widely used to identify MAA (35). In serological approaches, both sera from cancer
patients and antisera produced in xenogeneic hosts were used as the source of antibody.

Antigens Defined by T-Cells
Genetic (36), biochemical (37), and immunological (38) approaches have been used

to identify MAA recognized by cytolytic T-lymphocytes. MAGE-1 (39) was the first
tumor-associated antigen to be identified by a genetic approach. This antigen belongs to
a family of at least 12 closely related genes (40) expressed in variable proportions
by melanoma cells (41). Expression levels of MAGE antigens, as assessed by poly-
merase chain reaction technology, vary considerably among tissue samples and cell
lines. MAGE-2 and MAGE-3 are the most common. MAGE-1 has been detected by
specific monoclonal antibodies (MAbs) in clinical tumor specimens. The pattern of
reactivity observed was heterogeneous within individual specimens (42). When MAGE-1 is
expressed, MAGE-2 or MAGE-3 is also expressed, making it feasible to use MAGE-1
and MAGE-3 for therapeutic purposes and reduce the risk of tumor escape caused by
emergence of antigen-loss variants (41). Benign and dysplastic nevi, as well as in situ
melanomas, do not express MAGE genes (43–45). MAGE-1, -2, -3 and -4 are more often
expressed by metastatic melanoma than by primary tumors. This difference illustrates
the selective activation of certain genes during malignant transformation and progres-
sion. Immune responses to the products of these genes may serve as markers of disease
status as well as components of a therapeutic antimelanoma response.

Melanoblasts, which are precursors of melanocytes, are presumed to have a pheno-
typic pattern similar to that of early melanoma cells. MAA such as Melan-A/melanoma
antigen recognized by T-cells (MART)-1 (46–48), tyrosinase (49,50), Pme117/gp100
(37,51), gp75/tyrosine-related protein (TRP)-1 (52), and AIM-2 (53) are expressed by
normally differentiated melanocytes and by melanoma cells. These antigens are mela-
noma-specific; they are not expressed by other tumor cells. Houghton et al. (54) reported
that melanoma cells in early stages of differentiation do not express antigens that are
present during the later stages (such as tyrosinase). Using a real-time polymerase chain
reaction method, Johansson et al. (55) found that tyrosinase, TRP-1, TRP-2, and MART-1/
Melan-A expression varied from undetectable to highly detectable levels in the different
cell lines at different time intervals.

Peptides derived from these MAA have been used as targets for immunotherapy in
several clinical trials. Although a significant proportion of patients with disease limited
to the dermis, subcutaneous tissue, and/or lymphatics developed an immune response,
only a minority of patients with metastatic disease had regression of the tumor. Studies
by Slingluff et al. (56) suggest that, if a tumor does not express melanocytic differentia-
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tion proteins, immunotherapy should be directed against unique tumor antigens, as well
as more frequently encountered melanocytic antigens.

Antigens Defined by B-Cell Factors
Some MAA have been localized on the cell surface, whereas others are found in the

cell cytoplasm (57,58). The presence of antinucleolar antibodies in the sera of melanoma
patients has also been reported (59). Before the advent of MAbs, numerous studies used
patient sera to demonstrate the existence of tumor antigens in melanoma. Use of sero-
logical techniques, such as antibody-mediated cytotoxicity, immune adherence, immu-
nofluorescence, mixed hemadsorption, complement fixation, radioimmunoassay, and
enzyme immunoassay demonstrated the immunological reactivity between these anti-
gens and sera from melanoma patients. Based on the humoral crossreactivity and absorp-
tion studies, MAA can be grouped into four categories: fetal antigens, common MAA,
group-specific antigens with variable expression, and individually specific antigens.

Membrane-rich fractions prepared from melanoma tumors showed wide cross-
reactivity against sera from patients with malignancies of various histological types.
However, absorption of the sera with fetal tissue homogenates revealed that the
crossreactivity was caused by fetal antigens. Similar wide crossreactivity was observed
with the partially purified spent culture medium of a melanoma cell line, suggesting the
expression of these antigens by fetal cells and melanoma cells.

Within the last decade, serological expression cloning has been used to identify tumor
antigens that elicit a strong antibody response in cancer patients (60). The genes SSX2
(61), NY-ESO-1 (62), and SYCP-1 (63) were identified during serological expression
cloning analyses of human cancer. These genes, as well as others such as MAGE, BAGE,
and GAGE, have been named “cancer/testis (CT) antigens” (60) because they are ex-
pressed predominantly in normal testis and in cancer cells.

CT genes are considered ideal target antigens for a cancer vaccine because of their
immunogenicity and lack of expression in normal tissues. Of the various CT antigens,
NY-ESO-1 has been the most extensively studied as a potential component of cancer
vaccines (64).

There is a clear distinction between CT genes identified by messenger RNA expres-
sion analysis and those identified through immunological methods. The former genes
have immunogenic potential, whereas the latter are immunogenic in cancer patients (63).
Forty-four CT antigen families have been reported. With the exception of a few genes,
such as those of the MAGE family, there is no general evolutionary linkage between CT
genes. In addition, protein products of only 19 CT gene families have been demonstrated
to elicit an immune response in cancer. The responses were strickly humoral in 13 cases,
strictly cellular in 3 cases, and cellular plus humoral in 3 cases (63). Some of the antigenic
diversity of human malignant melanoma cells could reflect differences in serological
assay techniques, antibody sources (patient sera), and target antigen purity. Conditions
for in vitro culture are not the same as those for in vivo tumor growth; the selective
pressure of culture conditions may change antigenic expression on or in the cultured
melanoma cells. In our experience, the expression level of human MAA fluctuates
markedly with passage from one generation to another. Incorporation of exogenous
components from growth medium into the membrane of cultured cells is well docu-
mented (65), and may influence the results of serological assays. This artifact has been
minimized by preparing the target antigen from cells cultured in fetal calf serum-free
medium or other medium that is free of potentially immunogenic supplements (66).
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Hybridoma technology has allowed development of MAbs that recognize tumor-
associated antigens expressed in variable levels on autologous cells, melanoma cells,
and tumor cells of other histological types. Consistent identification of these antigens—
despite varied serological techniques and nonstandardized reagents—confirms exist-
ence of the four groups of tumor-associated antigens on melanoma cells. These
immunogenic antigens are recognized by allogeneic antibodies and their expression
significantly influences the development and progression of melanoma (67).

Gangliosides as Melanoma Antigens
Gangliosides are carbohydrates that have been used to distinguish different stages of

melanocyte/melanoma differentiation (68). These acidic glycolipids contain a hydro-
phobic ceramide moiety and are expressed by both normal melanocytes and melanoma
cells. GM3, GD3, GM2, GD2, and O-acetyl GD3 are found on the cell membrane of
melanocytic cells. Expression of some gangliosides is significantly (>1000-fold, in the
case of GD3) upregulated after malignant transformation of melanocytes (69). Regula-
tion of ganglioside expression could trigger neoplastic transformation of melanocytes
and progression of transformed cells. The diversity of ganglioside expression in
neoplastically transformed cells is governed by individual genotypic differences.
Changes in ganglioside profile of neoplastically transformed melanocytes correlate with
changes in the proliferation, migration, and metastasis of malignant cells (70).

Although this chapter is limited to the immunogenic antigens of melanoma, both
immunogenic and nonimmunogenic gangliosides play a role in transformation of mel-
anocytes and progression of the transformed cells. The presence of autoantibodies to
gangliosides has been correlated with an improved prognosis in melanoma patients
(71–73). Sialyl Lewis(a) is not immunogenic in melanoma, but its expression has been
correlated with melanoma progression (74).

Antigens Defined by Antibody Phage Display Library Method
A phage-Fab library derived from the B-cells of a melanoma patient in remission after

immunotherapy has been used to identify and isolate a 23-kDa glycoprotein (75). The
p23 antigen is on the surface and in the cytoplasm of melanoma cells, and it is expressed
at high levels by cultured melanoma cell lines, vertical growth-phase primary mela-
noma, and metastatic melanoma. The antigen is not expressed in radial growth-phase
primary melanoma, nevi, and normal skin. By identifying potentially stage-specific
MAA and determining the mechanisms involved in neoplastic progression of trans-
formed melanocytes, the antibody phage display library method (76,77) may have thera-
peutic and diagnostic potential (78).

ROLE OF IMMUNOGENIC MAA IN MELANOMA PROGRESSION
OR INHIBITION

Reactions observed in vitro between sera and autologous melanoma cells might also
occur in vivo. These reactions, which involve both tumor and host functions, could
promote or prevent tumor growth and progression (79). Efforts are underway to increase
the quality and magnitude of MAA-specific immune responses to a clinically effective
level (80). However, the possibility of antigen loss from tumor cells resulting from
immunoselection could result in immune escape and subsequent tumor progression (81–84).
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Several regulatory pathways and molecules may be involved in melanoma antigen
silencing, tumor cell differentiation, and the outcome of antitumor immune responses
(85–87). Certain melanoma antigens may be modulated by cytokines. In addition, cell
and matrix adhesion molecules, growth factors, proteases, gangliosides, and MHC class
I and II molecules contribute to the course of malignant melanoma. Antigens expressed
on melanoma cells but not on mature melanocytes may be used as markers for the degree
of cell differentiation; dedifferentiation of melanoma cells decreases their antigenic
similarity to normal melanocytes (88). Different genes responsible for expression of
melanoma antigens have been identified in various stages of the disease and may be used
as tumor markers for recurrence or progression.

Modulation of melanoma antigens has been suggested as a mechanism for tumor
progression in the presence of cytolytic T-lymphocytes. This might explain the common
finding of Melan-A/MART-1-specific tumor-infiltrating lymphocytes in clinically pro-
gressing melanomas, and it might represent a possible pathway for therapeutic interven-
tion (89). The antigen-derived T-cell response evoked by early melanoma becomes
attenuated with disease progression. A variety of cell adhesion molecules on the surface
of melanoma cells may regulate cellular cytotoxicity.

The use of MAA, antiantigen autoantibody levels, and immune complexes (IC) has
shown promise for detecting disease and for planning and monitoring treatment. Many
reports indicate that appearance of antibodies to MAA is associated with improved
prognosis. These circulating antimelanoma antibodies can bind to their corresponding
antigens and form IC. A clinically interesting example is the hypopigmentation associ-
ated with binding of antimelanoma antibodies to normal melanocytes. Serum from pa-
tients with vitiligo contains a high titer of naturally occurring antimelanoma antibodies
and reportedly induced regression of melanoma metastases in mice. Although the asso-
ciation with prognosis is not clear, the appearance of hypopigmentation in patients with
melanoma serves as evidence for the activity of antimelanoma antibodies (90).

Prognostic Role of Anti-TA90 Immunity in Melanoma
Initial studies used allogeneic antibodies to identify a high molecular weight complex

in the urine of patients with metastatic melanoma (91,92). This complex comprises
multiple subunits, including an immunogenic 90-kDa glycoprotein called TA90 (93).
TA90 is a heat-stable antigen with an isoelectric point of 6.1. It is expressed by about
75% of human solid tumors. Immunochemical analysis, including antibody-blocking
studies, revealed that TA90 is distinct from known tumor markers such as carcino-
embryonic antigen, prostate-specific antigen, CA15-3, -fetoprotein, and other oncofetal
antigens (94).

Most cancer patients whose tumors express TA90 have endogenous anti-TA90 anti-
bodies of immunoglobulin (Ig)-M and IgG isotypes. In patients with early- or interme-
diate-stage melanoma, the immune response to TA90 has been correlated with occult
nodal disease and survival (95). In addition, evidence suggests that the endogenous
immune response to TA90 might determine the postoperative outcome of patients
undergoing surgical therapy for metastatic melanoma (96). Despite the fact that tumor
cells have been detected in the blood of patients with metastatic melanoma, many of
these patients have enjoyed prolonged survival or cure after surgical resection. This
suggests that enhancement of a specific antitumor immune response might prolong
survival. In fact, melanoma patients receiving a polyvalent specific active immunothera-
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peutic (Canvaxin, CancerVax Corp, Carlsbad, CA) that contains TA90 exhibit increased
humoral (IgM and IgG) and delayed-type hypersensitivity responses (97,98). In a series
of investigations in which patients received Canvaxin after surgical resection of mela-
noma, elevated humoral and delayed-type hypersensitivity responses to Canvaxin were
associated with prolonged survival (99–101). These observations were the basis for an
immunological model to predict the survival of patients who received Canvaxin for
regional metastatic melanoma (98).

In general, the incidence and level of antibodies to TA90 or other MAA are higher
when melanoma is localized than when it is disseminated (102). Surgery and immuno-
therapy with autologous or allogeneic vaccines will affect levels of circulating antibody
in melanoma patients.

Prognostic Role of TA90-Specific Immune Complex in Melanoma
When the original high molecular weight glycoprotein complex was purified and used

to develop a murine MAb (AD1-40F4) of IgM isotype (103), Western blot analysis
revealed that AD1-40F4 recognized a 90-kDa band in urine and serum of cancer patients
(93). This epitope is different from the epitope recognized by the autoantibody in the
serum of melanoma patients (104). AD1-40F4 was used to develop a TA90-IC assay that
discriminated between normal and melanoma sera (105). This assay has a sensitivity
of 83% in detecting nodal metastases in melanoma patients undergoing lymphadenec-
tomy (94).

To test the hypothesis that the postoperative serum level of TA90-IC could have a
significant correlation with recurrence and survival in patients with thick primary mela-
nomas, postoperative TA90-IC status was correlated with disease-free survival (DFS)
and overall survival (OS). Standard prognostic factors for melanoma were then com-
pared with TA90-IC. The sensitivity and specificity of TA90-IC for predicting recur-
rence were 70% and 85%, respectively. Five-year DFS and OS rates were significantly
higher when TA90-IC was negative. At a median follow-up of 25 mo, multivariate
analysis identified postoperative TA90-IC status as the only independent predictor of
DFS (106). Therefore, a positive postoperative TA90-IC level suggests the presence of
micrometastases that may become clinically significant.

Because standard prognostic factors, including precise staging of the regional lymph
nodes, cannot accurately determine which early-stage melanomas will metastasize, and
because TA90-IC status in thick primary melanoma showed a correlation with survival,
TA90-IC was also investigated as a prognostic marker for patients with thin primary
melanoma. Patients with 1.01- to 2.00-mm primary melanomas and tumor-negative
regional lymph nodes were divided into two groups (95). Group 1 comprised 50 patients
who died of metastases within 7 yr after complete surgical treatment; group 2 comprised
50 patients who were matched with group 1 by six standard prognostic factors (including
tumor thickness, Clark’s level, and presence of ulceration), but who lived at least 10 yr
without recurrence. Excluded from study were patients whose stage I melanoma had
spread to the regional nodes (stage III disease), either at the time of lymphadenectomy
or at any time before the development of distant metastases. This eliminated the possi-
bility of studying patients with occult lymph node metastases or locoregional relapse. In
addition, this study excluded any patient who received any form of postoperative adju-
vant therapy; this eliminated the possible influence of adjuvant therapy on clinical out-
comes. All patients in both groups underwent staging of the regional lymph nodes by
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complete lymph node dissection or, more recently, by lymphatic mapping and selective
dissection of the sentinel lymph node. Postoperative sera from these patients were ana-
lyzed for TA90-IC. Standard microscopic examination determined the status of all
excised lymph nodes. The incidence of TA90-IC positivity was 82% in group 1 and 18%
in group 2 (p < 0.001). Thus, positive TA90-IC level correlated with distant metastasis
when melanoma was low- or intermediate risk by standard prognostic factors. TA90-IC
has been identified in the sera of numerous melanoma patients. The correlation between
TA90-IC and overall survival suggests that subclinical metastasis can be detected before
surgical treatment of early-stage melanoma.

A subsequent study used postoperative sera to determine TA90-IC levels in patients
with melanoma and evaluate their relationship to recurrence and survival (107). Multiple
archived serum samples were prospectively collected during postoperative surveillance
of 166 patients with American Joint Committee on Cancer stage I, II, or III melanoma.
TA90-IC results were correlated with disease recurrence and survival data. The TA90-IC
status in the early postoperative period was highly predictive of survival. Five-year
OS was 64% for TA90-IC-negative patients and 36% for TA90-IC-positive patients
(p = 0.0001). Median OS was 40 mo for TA90-IC-positive groups and 160 mo for the
negative groups. TA90-IC-positive patients had a 5-yr DFS of only 24%, compared with
74% for TA90-IC-negative patients (p = 0.0001). Median DFS was 18 mo and 160 mo
in TA90-IC-positive and TA90-IC-negative groups, respectively. In a study of 125 stage
IV melanoma patients undergoing complete resection of distant metastases, postopera-
tive TA90-IC positivity was again the most important prognostic variable for DFS (108).
Thus, there is ample evidence to suggest that a positive TA90-IC assay strongly corre-
lates with recurrence after surgical resection of American Joint Committee on Cancer
stage II, III, and IV melanoma.

CONCLUSIONS AND PERSPECTIVES

Tumor immunology represents a complex interplay of many different factors that
affect tumor cell growth. Results of various investigations of immune responses against
melanoma antigens indicate that both cellular and humoral immune responses to MAA
are critical to the development and control of progressive disease (109). Clinical reports
of spontaneous regression of melanoma and the improved outcomes seen in patients
receiving experimental vaccines are promising indications of the significant impact that
immunotherapy may have on the future treatment of melanoma. However, development
of recurrence and the progression of treated disease suggest that melanoma cells may
escape immune destruction by losing or downregulating expression of MAA targets.
Continued studies of MAA-based interactions may allow the development of antigen-
targeted immunotherapy that prevents the malignant transformation of melanocytes to
melanoma.
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Summary
Development of immunotherapeutic strategies for the treatment of patients with melanoma have far

exceeded that of any other solid malignancy, with the possible exception of renal cell carcinoma. The
rationale for use of melanoma as a model for development of immunotherapies is derived from the fol-
lowing observations:

1. Melanoma metastases and primary cutaneous melanomas are among the most common solid tumors to
exhibit spontaneous regression.

2. Local intratumoral injections of bacillus-camillus-guerin can lead to regression of not only the injected
lesions but also distant lesions, suggesting the successful induction of a systemic immune response.

3. The ability to culture tumor-infiltrating lymphocytes, which recognize melanoma cell lines that share
specific major histocompatibility complex alleles could be used to identify shared melanoma-associ-
ated rejection antigens.

Key Words: Melanoma; regression; interferon; interleukin; tumor necrosis factor.

INTRODUCTION

The purpose of this chapter will be to highlight observations that demonstrate a natural
host immune response to melanoma, which make melanoma particularly suitable to
attempts at immunotherapeutic control. Major strategies of immunotherapy will be pre-
sented, along with how these strategies have been tested in human clinical trials. The
basic categories that will be discussed include “active” forms of immunotherapy, which
require a host immune response to exert their activity; and “passive” forms of immuno-
therapy, which directly target the tumor and can theoretically generate an antitumor
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effect without a host immune response. Active nonspecific immunotherapies, in the
form of systemic administration of cytokines, and active specific immunotherapies, such
as cancer vaccines, will be discussed and compared with passive immunotherapies,
which consist primarily of monoclonal antibodies and adoptive transfer of T-cells into
the tumor-bearing host. Emphasis will be placed on the proposed mechanism of action,
antigen(s) that are being targeted, and results of phase II and phase III human clinical
trials. Although a detailed analysis of promising therapies that are in preclinical and early
clinical development is beyond the scope of this chapter, particularly novel strategies for
next-generation immunotherapies will be presented to provide a sense of the future
direction of the field.

OBSERVATIONS OF NATURAL IMMUNE RESPONSES TO MELANOMA

Spontaneous Regression of Melanoma
Melanoma is arguably one of the most unpredictable solid tumors in terms of biologi-

cal behavior, in which there is a documented incidence of spontaneous regression of both
the primary cutaneous tumor as well as distant metastases. The percentage of patients
who present with partial or complete histological regression of the primary tumor is
estimated to be as high as 25 to 40%, although the reports of sustained long-term partial
regression are rare (1–3). Interestingly, up to 15% of patients with stage IV metastatic
melanoma will live 5 yr, independent of whether they are receiving therapy (4). Many
investigators have attributed the regression of primary and metastatic melanomas to the
adaptive immune response, although others have shown evidence of alternative mecha-
nisms of tumor growth control, such as apoptosis (5,6).

 Several lines of evidence support a central role of immune mediators in spontaneous
melanoma regression. Biopsies of regressing lesions have demonstrated overexpression
of T-helper (Th)-1 cytokines, such as interferon (IFN)- , interleukin (IL)-2, and tumor-
necrosis factor- , when compared with nonregressing lesions (7). In addition, although
the reports in the literature are sparse, isolated reports of spontaneous regression of
metastatic melanoma have been associated with evidence of increased immune param-
eters, such as delayed-type hypersensitivity response to skin testing (8). Indirect evi-
dence supporting immune surveillance of primary cutaneous melanoma has been
reported in renal transplant patients who not only have a higher risk because of immu-
nosuppression, but also develop cutaneous melanoma from precursor dysplastic nevi,
which demonstrated a marked absence of lymphocytic and macrophage infiltrates (9,10).
Finally, the presence of a brisk lymphocytic infiltrate in primary cutaneous melanomas
has been correlated with improved survival (11). A retrospective analysis of 259 patients
with localized primary cutaneous melanoma with median follow-up of 12.3 yr con-
firmed that the degree of tumor infiltration by lymphocytes was an independent predictor
of melanoma-specific mortality (12).

Immune-Cell Infiltrate of Melanoma
Elegant studies directed toward characterizing the immune-cell infiltrate of primary

and metastatic malignant melanoma lesions have provided ample evidence of host–
tumor immune interaction. Immunohistochemical analysis of immune-cell infiltration
have confirmed a preponderance of T-cells, which can range from memory CD4 cells in
early (<0.75 mm) superficial spreading melanomas to CD8 cells of cutaneous origin that
express HECA 452 (13). Dermal dendritic cells that express human leukocyte anti-
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gen-D related (HLA-DR) also appear to infiltrate both vertical growth-phase and radial
growth-phase melanomas but not benign compound nevi, and the expression of HLA-DR
correlates with the degree of T-cell infiltrate, consistent with the idea that melanoma-
associated antigens are being presented to infiltrating T-cells (14). Isolation of tumor-
infiltrating lymphocytes (TILs) and long-term culture have resulted in the generation of
T-cell clones that recognize melanoma-associated antigens in the context of major his-
tocompatibility complex (MHC) (15).

A variety of cytokines has been identified within the host–melanoma microenviron-
ment that may play a role in either recruitment of T-cells, generation of T-cell effector
responses, or both. As has been identified in other solid malignancies, melanoma cells
are known to secrete proinflammatory cytokines, such as granulocyte macrophage
colony-stimulating factor (GM-CSF) and IL-1 and IL-6, and growth factors, such as
vascular endothelial growth factor and basic fibroblast growth factor, which may serve
not only as autocrine growth factors but also regulate local cell-mediated immune
responses (16–18). Interestingly, melanoma cells have been shown to express a func-
tional IL-4 receptor, which, after ligation, results in decreased cell proliferation and
increased MHC II molecule expression (19). Finally, gene-profiling studies of fine-
needle aspirations from primary and metastatic subcutaneous melanoma define a sub-
group of approx 30 genes, such as chemokines and immune response transcription
factors, which were predictive of clinical response to immunotherapy (20). Approxi-
mately one-half of the 30 genes with predictive value had function related to T-cell
regulation, suggesting that the molecular events which underlie melanoma regression
confirm T-cell-mediated mechanisms (21,22).

Tumor-Induced Mechanism of Immune Suppression
Immune-mediated tumor regression can be influenced not only by the efficiency of

the host immune response but also counterbalanced by tumor-induced mechanisms of
immune evasion. Several observations support the concept that melanoma can either
directly or indirectly induce mechanisms of immune evasion. Plasmacytoid dendritic
cells that express the tryptophan-degrading enzyme, indoleamine 2,3-dioxygenase, have
been found to induce T-cell anergy and direct toward Th2 responses. These cells have
been identified in melanoma draining regional lymph nodes in higher numbers as
compared with control lymph nodes, suggesting the induction of immunoregulatory
antigen-presenting cells (APC) as a mechanism of immune evasion (23). CD4 T-cell
clones derived from human melanoma metastases have been shown to decrease cyto-
toxic T-cell activity in vitro in an antigen-dependent fashion, suggesting the possibility
of a subset of T-cells with a suppressor phenotype (24). Melanoma secretion of immu-
nosuppressive cytokines, such as transforming growth factor (TGF)-  and IL-10, and
secretion of soluble Fas ligand may also contribute to suppression of local immune
responses and deletion of effector T-cells (25–27). Gene-profiling studies have identi-
fied suppression of interferon-stimulated genes within primary and metastatic melano-
mas, and downregulation of MHC class I expression by melanoma cells in vivo has also
been observed and is postulated as a mechanism of evasion from antigen-specific CD8
cells (28,29).

Two observations that underscore the importance of melanoma-induced immune
evasion are the presence of T-cells in melanoma patients with defective signal transduc-
tion pathways and the apparent lack of correlation of the presence of T-cell clonal
expansion and melanoma regression. Several studies in patients with both renal cell
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carcinoma and melanoma have demonstrated T-cells with defective T-cell receptor
tyrosine kinase activity, which involves the Src family kinases, lck/fyn, and the -chain
of the T-cell receptor (30–33). The putative mechanism of tumor-induced T-cell dys-
function appears to be via soluble factors, and the signaling defects are reversible by
administration of certain cytokines, such as IL-2. Melanoma-induced T-cell dysfunction
may also explain why recent studies have failed to show a correlation between T-cell
clonal expansion within TIL populations and tumor regression (34). Thus, although
natural immune responses to melanoma-associated antigens do appear to exist, limita-
tions of the innate and adaptive immune responses may be caused by the inability to
overcome melanoma-induced immunosuppressive mechanisms within the tumor–host
microenvironment.

IMMUNOTHERAPY OF MELANOMA

Systemic Cytokine Therapy
Immunotherapeutic strategies using systemic administration of recombinant human

cytokines represent the most widely studied approach to the treatment of patients with
melanoma. The concept of enhancing pre-existing natural immune responses to mela-
noma-associated antigens by the systemic administration of cytokines has been tested
both in the settings of patients with refractory metastatic disease and as adjuvant therapy
in patients with high-risk surgically resected disease. Although the efficacy of systemic
cytokine administration in generating specific immune responses may be limited by
dose-limiting toxicity and a narrow therapeutic window, systemic cytokine administra-
tion remains the only Food and Drug Administration (FDA)-approved biological therapy
for patients with either metastatic (IL-2) or surgically resected, high-risk (IFN- -2b)
melanoma.

INTERFERON -2B

Human IFNs are pleiotropic cytokines that exert a broad range of biological effects,
including antiviral, antiproliferative, antiangiogenic, apoptosis induction, and immune
cell modulation. Preclinical studies in more than 40 freshly derived melanoma tumor
cells have confirmed that IFNs exert direct antiproliferative effects and induce apoptosis
in vitro via the IFN-stimulated gene, Apo2L ligand (TRAIL) (35). IFNs appear to exert
their effects in part via phosphorylation of the intracellular-signaling protein, STAT-1,
because the antitumor effects of interferon are abrogated when administered to STAT-
1-deficient mice (36). Interestingly, the antitumor efficacy of IFN is preserved in vivo
against STAT-1-deficient melanoma tumors growing in syngeneic immunocompetent
mice, which demonstrates that stimulation of the host immune response remains an
important mechanism of activity (37). Indeed, IFNs have been known to be central
regulators of cell-mediated immune responses that involve Th and cytolytic T-cells, as
well as professional APCs, such as dendritic cells (38). Finally, IFNs mediate significant
antiangiogenic effects in preclinical tumor models via downmodulation of vascular
endothelial growth factor gene expression (39,40). These preclinical data provided the
rationale for human clinical trials of IFN- -2b in patients with advanced melanoma.

Human Clinical Trials Using IFN- -2b. Recombinant IFN- -2b administered in
patients with metastatic disease resulted in an approx 20% clinical response rate. Of note,
was that nearly one-third of the responders exhibited complete radiographic responses,
with duration of response extending from 1 to 3 yr, suggesting that IFN had significant
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activity as a single agent (41). Initial early phase studies of combinations of IFN- -2b
with dacarbazine demonstrated clinical response rates approaching 40 to 50%. However,
a randomized phase III study comparing combinations of dacarbazine with IFN- -2b
and tamoxifen showed no improvement in time to treatment failure and survival over
dacarbazine alone (42). However, because of the significant activity of IFN- -2b as a
single agent, phase III studies in patients with melanoma at high-risk for relapse soon
followed.

Numerous clinical trials of adjuvant IFN- -2b have been conducted in patients with
primary cutaneous melanoma greater than 4 mm in thickness or in patients with stage III
disease after confirmation of regional lymph node metastasis. The first Eastern Coop-
erative Oncology Group (ECOG) 1684 study consisted of 287 patients with deep pri-
mary (>4 mm thick) or regional lymph node metastatic (N1) disease, which were
completely resected and patients were subsequently randomized to treatment with either
20 million U/m2/d of IFN- -2b administered intravenously for 4 wk, followed by 10
million U/m2 of IFN- -2b three times weekly administered subcutaneously for 48 wk,
vs observation. The study demonstrated a significant improvement in relapse-free sur-
vival (p < 0.002) and overall survival (p < 0.02) with a median follow-up of 6.9 yr, and
based on this data, IFN- -2b was later approved by the FDA for adjuvant treatment of
patients with resected high-risk melanoma (43). In an attempt to determine whether a
low-dose regimen of IFN could retain the same antitumor activity while reducing treat-
ment-related toxicity, an Intergroup study E1690 compared the previously tested high-
dose IFN (HDI) regimen for 1 yr with a low-dose regimen for a total of 2 yr (44). At 52
mo median follow-up, the relapse free-survival for the HDI was significantly improved
as compared with the low-dose regimen and control observation groups (p < 0.03, two-
sided) in both node-positive and node-negative patients. Laboratory correlative studies
demonstrated increases in tumor cell MHC class II expression and adhesion molecule
expression that were dose-dependent but did not predict prolonged disease-free survival
(45). Importantly, no improvement in overall survival was demonstrated between the
three groups, although this was confounded by the fact that the overall survival in the
observation group in E1684 was significantly higher than the same group of patients in
E1690 (6 yr vs 2.8 yr). Despite several attempts to reconcile the discrepancy between
overall survival in the observation arms of E1690 and E1684, a third study E1694 was
initiated that compared 1 yr of adjuvant therapy with either HDI or a ganglioside vaccine,
GMK, consisting of the GM2 ganglioside and the adjuvant QS-21 (46). Patients with
resected stage IIb or III were randomized to either one of the two treatment arms, because
there was no observation control group. The 880 patients were randomized and the trial
was closed prematurely, after interim analysis, when it was determined that there was a
statistically significant improvement in relapse-free and overall survival in the HDI
group as compared with the GMK group (p < 0.0015 and p < 0.009, respectively).
Interestingly, in those patients treated with GMK, antibody titers to GM2 in treated
patients’ serum were detected and did appear to correlate with improved relapse-free
and overall survival. In addition, although patients treated with HDI demonstrated
improved survival overall, the largest increase in survival appeared to be in those patients
with thick primary tumors that were node negative.

Despite data from these three randomized studies that demonstrated significant
improvements in relapse-free and, in two instances, overall survival in patients treated
with adjuvant HDI, treatment-related toxicity, such as depression, fatigue, and hepato-
toxicity emerged as substantial concerns. A quality-of-life adjusted survival analysis
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was performed in patients from E1684 that suggested that patients who received HDI
experienced severe treatment-related toxicity for an average of 5.8 mo while gaining a
mean of 8.9 mo without relapse and 7.0 mo of overall survival. When stratified for tumor
burden, it was determined that the greatest quality-of-life adjusted benefit was in the
patients who were node positive (47). A recent pooled analysis of the data from the three
ECOG and Intergroup trials evaluating over 2000 randomized patients with long-term
follow-up (April 2001) confirmed that patients with high-risk, resected melanoma stage
IIb or III demonstrated improved relapse-free but not overall survival as compared with
observation (48). Although the meta-analysis confirms that IFN- -2b has significant
activity as a single agent in the adjuvant therapy of these patients, there is still consid-
erable need to improve IFN-based adjuvant therapy regarding the overall survival ben-
efit and quality of life (49).

INTERLEUKIN-2
IL-2, first described as T-cell growth factor, was initially isolated from the superna-

tants of human peripheral blood mononuclear cells after stimulation with lectins, such
as phytohemagglutinin (50,51). In vitro studies of recombinant human IL-2 have dem-
onstrated that, after binding of the high affinity IL-2 receptor on the surface of T-cells,
activation of signaling molecules within the Janus kinase/signal transducers of and
activators of transcription pathways leads to increased transcriptional activity that favors
cell proliferation. Because T-cell activation and proliferation is a central component of
most strategies of immunotherapy, IL-2 has been one of the most widely studied cyto-
kines in terms of its ability to modulate a therapeutic antitumor immune response.

Early preclinical animal models demonstrated that IL-2 was effective in maintaining
long-term T-cell lines and tumor-reactive T-cell clones in culture and represented a
significant improvement over lectins and phorbol esters (52). Culture of human periph-
eral blood lymphocytes with high concentrations of IL-2 (1000–6000 U/mL) resulted in
morphological changes that included blast formation and cytoplasmic granules (53). The
ability of the resulting cells to lyse a variety of tumor cell targets in vitro led to their
classification as lymphokine-activated killer cells (LAK). The hallmark of the LAK
phenomenon was that the effector cells lysed a number of tumor cell targets with no
apparent MHC restriction but did not lyse normal autologous peripheral blood cells. The
theory that emerged from these observations was that tumors of different histological
origins shared common or shared antigens that were recognized by LAK cells. The fact
that LAK cells did not lyse normal cells provided a significant therapeutic window and
the rationale for translation into human clinical trials.

Human Clinical Trials of Systemic IL-2 in Patients With Metastatic Melanoma.
Based on the observation of MHC-unrestricted lysis of a variety of tumor cells by
lymphocytes in cultures with high concentrations of IL-2, systemic administration of
recombinant human IL-2 was initiated in patients with metastatic disease of various
histologies (54). Rosenberg et al. reported the experience of the Surgery Branch of the
National Cancer Institute, in which over 1039 courses of high-dose IL-2 (720,000 IU/
kg of IL-2, every 8 h for 5-d cycles) were administered in 652 patients, 596 of whom had
metastatic cancer. Patients treated with either IL-2 alone (n = 155) or IL-2 in combination
with ex vivo-generated autologous LAK cells (n = 214) demonstrated a 20 to 35%
objective response rate in the setting of metastatic melanoma, renal carcinoma, colorectal
cancer, and non-Hodgkin’s lymphoma. Although the majority of the objective responses
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were partial regression, of the 18 patients who demonstrated complete radiographic
response, 10 demonstrated a duration of complete response from 18 to 52 mo.

Despite the limitations of this reported series of patients with mixed histologies and
treatment regimens, two major themes emerged. The first was that systemic administra-
tion of a biological agent that had no direct antiproliferative or cytotoxic effect against tumor
cells could result in tumor regression in a minority of patients. Thus, in contrast to the
interferons, which have been shown to exert some direct effects on tumor cells in vitro,
IL-2 therapy demonstrated “proof of principal” that immune mechanisms alone could
mediate tumor regression. The second important observation from this study was that
subsets of patients with melanoma and renal carcinoma appeared to have the highest
chance of tumor regression, which was an important finding because effective conven-
tional cytotoxic chemotherapy was lacking in those particular tumor types. Thus, the
initial experience with systemic IL-2 administration led to further randomized studies to
define the therapeutic efficacy and mechanism of action in patients with these histologies.

Subsequent studies included a phase II single-armed protocol of high-dose IL-2
therapy in patients with metastatic melanoma and renal cell carcinoma (55). Between
September 1985 and December 1992, 283 consecutive patients were treated, and a total
of 447 courses were administered. Objective response rates were achieved in 17% of
patients with melanoma (7% complete response [CR], 10% partial response [PR]) and
20% of patients with renal carcinoma (7% CR, 13% PR). Based on these and subsequent
studies, recombinant human IL-2 was approved for the treatment of patients with meta-
static melanoma in 1998. A comparison study of LAK plus IL-2 vs IL-2 alone in 157
patients demonstrated a higher objective response rate in the patients treated with cells
plus IL-2, but the difference in patients achieving complete response as well as the
development of activated T-cells with MHC-restricted tumor antigen reactivity lead to
a gradual decline in the study of LAK adoptive immunotherapy (56).

FUTURE DIRECTIONS

Despite the inherent toxicities of high-dose cytokine therapy, IFN- -2B and IL-2
remain the only FDA-approved therapies for patients either in the high-risk adjuvant or
metastatic melanoma groups. Studies that examined regimens combining IFNs and
IL-2 with each other or cytotoxic chemotherapy have yielded only modest increases in
objective response rate, but are generally limited by poor tolerability. Methods of deliv-
ering cytokines by chemical modification (pegylation of interferon) or the use of carrier
proteins, such as monoclonal antibody fragments, has resulted in diminished treatment-
related toxicity with apparent maintenance of therapeutic efficacy (57). Preclinical stud-
ies identifying novel IFN-stimulated gene pathways to enhance therapeutic efficacy, as
well as decrease resistance to IFN therapy, represent an active area of ongoing investi-
gation that may result in targeted therapies for patients with melanoma (35,58,59).

Active Specific Immunotherapy Using Vaccines
Development of therapeutic cancer vaccines for melanoma has been an area of intense

investigation in both preclinical animal models and human clinical trials. Although the
component structure of vaccines may vary from whole tumor cell preparations, tumor
cell lysates, and subcellular fractions, whole proteins and defined peptides administered
alone or with professional APCs or gene-modified tumor cells or APCs, the goal of the
vaccination is the same. Vaccines are classified as active specific immunotherapy
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because they require active participation of the host immune system to develop T-cell
responses to tumor-associated antigens. Although some vaccines have been demon-
strated to result in generation of Th responses that result in antibody production that
specifically recognizes and binds the immunogen, most vaccine approaches have
focused on the generation of antigen-specific CD8+ cytolytic T-cells. A comprehensive
review of the many vaccine strategies is beyond the scope of this chapter. However,
examples of several types of vaccines that differ in their composition, as well as resultant
immune response, will be highlighted.

WHOLE TUMOR CELL VACCINES

Morton and colleagues pioneered the modern era of the use of irradiated tumor cells
as the source of antigen for active specific immunotherapy of melanoma. Initial attempts
were focused on the use of autologous melanoma cells irradiated and admixed with
bacillus-camillus-guerin (BCG) administered intradermally. However, technical issues
surrounding the isolation and expansion of suitable numbers of melanoma cells made the
use of autologous tumor cells problematic. Culture of hundreds of melanoma explants
resulted in the outgrowth of several melanoma cell lines that could be maintained in vitro
and stored using cryopreservation methods. An allogeneic polyvalent melanoma tumor
cell vaccine was constructed by combining several cell lines that are now known to
express several known melanoma antigens, such as gangliosides, tyrosinase, gp100, and
the melanoma antigen recognized by T-cells/melanoma antigen gene proteins. The ini-
tial results of a clinical trial using the polyvalent melanoma cell vaccine (MCV) in 136
stage IIIA and IV patients demonstrated significantly increased survival in both groups
of patients as compared with historical controls, with no change in the natural history of
melanoma in a database of over 1400 patients during that time period (60). Importantly,
improved survival correlated significantly with the presence of a delayed-type hypersen-
sitivity reaction and antibody responses to the MCV, suggesting that both cell-mediated
and humoral immune responses might be contributing to the survival benefit. Although
some of the patients with stage IV disease underwent surgical resection before admin-
istration of the vaccine, 9 of 40 patients (23%) who had measurable disease demonstrated
evidence of tumor regression, 3 of which were complete responses. These initial obser-
vations were followed by three separate reports of prolonged survival as compared with
historical controls in patients undergoing vaccination with an allogeneic whole mela-
noma cell vaccine in patients with stage II, III, and IV disease after complete surgical
resection (61–63). These data are the basis for ongoing randomized phase III studies
comparing disease-free and overall survival in patients undergoing treatment with either
BCG alone or BCG in combination with an allogeneic MCV (Canvaxin™) in patients
with either stage III or stage IV melanoma after complete surgical resection. The accrual
goal to the trial in stage III patients was met in Fall, 2004, at which time the study was
closed to further accrual. The results of the randomized trial in stage III patients may
provide an alternative adjuvant therapy for patients who do not wish to be treated with
adjuvant IFN- -2b, although without data comparing Canvaxin and IFN- -2b there will
be continued debate regarding the standard adjuvant therapy for this patient population.

The correlative laboratory studies that accompanied the MCV trials have provided
several intriguing results, which may provide insight into potential contributing factors
to the mechanism of action. For example, HLA typing of a subset of 69 patients who
underwent therapy with MCV demonstrated a significant correlation between the overall
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survival of the patient and the degree of HLA class I phenotype match with the MCV
component cell lines (64). Specific HLA subtypes were also correlated with a better
(HLA-A25) or poorer (HLA-B35) outcome. Interestingly, a subset analysis performed
in stage III patients treated with an allogeneic melanoma cell-lysate vaccine, as part of
a randomized Intergroup study, demonstrated significant correlations with improved
overall survival and patients with HLA-A2 or HLA-C3 phenotype (65). Finally, patients
treated with Canvaxin that develop immune complexes against the tumor-associated
glycoprotein, TA90, have prolonged survival compared with patients that had the TA90
immune complexes before initiation of therapy (66).

TUMOR LYSATE VACCINES

An alternative method to the use of whole tumor cells is the development of tumor
lysate vaccines. These preparations have the theoretical advantage over whole tumor cell
vaccines of eliminating immunosuppressive factors released by tumor cells (such as
IL-10 and TGF- ) but retaining tumor-associated antigens that can be processed and
presented by professional APCs. Two examples of melanoma lysate vaccines that have
been tested in randomized clinical trials are the Vaccinia Melanoma Oncolysate (VMO)
vaccine and Melacine. Interestingly, both vaccines were shown to be ineffective in
improving survival in the intent-to-treat analysis, but post hoc subset analyses identified
subgroups that had improved survival.

The VMO was developed using a live vaccinia virus-augmented allogeneic mela-
noma lysate. A phase Ib study conducted in patients with American Joint Committee on
Cancer (AJCC) stage III melanoma demonstrated a statistically significant increase in
disease-free survival as compared with a matched historical control cohort (67). Labo-
ratory studies confirmed a positive correlation between serum titers of antimelanoma
immunoglobulin (Ig)G antibodies and disease-free survival. Based on the data, which
suggested that VMO may have a protective effect against recurrence in high-risk, sur-
gically resected melanoma patients, a phase III randomized double-blind study was
conducted in patients with AJCC stage III, node-positive melanoma. Patients were ran-
domized to receive either adjuvant VMO or vaccinia and followed for disease-free and
overall survival. The interim analysis of 217 patients demonstrated no benefit in disease-
free survival in patients treated with either agent (68). However, a post-hoc subset
analysis suggested that male patients between the ages of 44 and 57 yr with one to five
positive nodes appeared to have a survival benefit from VMO therapy. Two subsequent
follow-up reports confirmed this observation, with 18.9, 26.8, and 21.3% improvements
in survival at 2, 3, and 5 yr, respectively, in the specific male subset who were treated
with VMO as compared with vaccinia alone (69,70). In an attempt to determine whether
VMO demonstrated therapeutic efficacy as compared with other adjuvant therapy trials
in patients with AJCC stage III melanoma, a statistical analysis was performed compar-
ing patients treated with VMO with the survival of patients in the treatment arms of
several cooperative group trials of adjuvant IFN- -2a (71). The results suggested that
the survival of patients treated with VMO was comparable to patients treated with
adjuvant IFN- -2a in the ECOG EST 1684, which the authors propose as evidence of
therapeutic effect related to treatment with VMO.

A similar sequence of events surrounded a phase III randomized study comparing an
allogeneic melanoma lysate (Melacine) to observation in patients with surgically
resected, AJCC stage III melanoma (65). Despite a lack of therapeutic efficacy in the
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intent-to-treat analysis, a subset analysis of patient survival based on HLA type demon-
strated that patients who were either HLA-A2 or HLA-C3 had an improved survival
when treated with Melacine as compared with observation, with 5-yr, relapse-free sur-
vival of 77 vs 64% (p = 0.004). These particular HLA serotypes were associated with
response to Melacine therapy in patients with stage IV melanoma, suggesting that the
allogeneic lysate may contain processed tumor antigens that are presented by profes-
sional APCs in the context of these HLA (72). Although the therapeutic efficacy of
Melacine was not established by the prospective randomized trial, the subset analysis
supports the idea that tumor antigens processed and presented as peptides may represent
a valid strategy for vaccine development.

VACCINES USING DEFINED ANTIGENS

The discovery of melanoma-associated antigens, such as those in melanoma antigen
gene and melanoma antigen recognized by T-cells families, as well as gp100 and tyro-
sinase, ushered a new era in active specific immunotherapy using defined peptides that
would bind particular MHC motifs (73,74). Preclinical as well as clinical trials of immu-
notherapy of melanoma over the past 5 yr have been dominated by vaccine strategies
using defined antigens. Whole protein antigens or peptides that bind to specific MHC
molecules have been used alone, in combination with adjuvants, or, most commonly,
after pulsing with autologous dendritic cells (75). Route of administration of antigen-
pulsed dendritic cells has ranged from intradermal, subcutaneous, intravenous, and even
intranodal.

 Although no phase III randomized studies have been reported using defined-antigen
melanoma vaccines, a recent review of vaccine trials for patients with melanoma sum-
marizes the current state of the field (76). A review of cancer vaccine clinical trials
performed at the Surgery Branch of the National Cancer Institute in 440 patients with
metastatic melanoma yielded an objective response rate of only 2.6%. Unfortunately,
this response rate was similar to other trials performed in patients with metastatic disease
using defined melanoma antigen vaccines. Interestingly, in several of these patients,
there was measurable evidence of immunization against the defined antigen, as mea-
sured by an increase in the frequency of antigen-specific T-cells in the peripheral blood
after vaccine administration (77,78). One hypothesis that the authors present for the
presence of antigen-specific T-cells in the face of a lack of melanoma regression is that
the cells are not becoming activated at the tumor site to perform their effector function.
Evidence of immune selection within melanomas after antigen-specific vaccine therapy
has been reported in 532 melanoma lesions in 204 patients in which the tumor expression
of the target antigen was reduced, particularly when the vaccine was administered with
systemic IL-2 (79). Thus, although there appears to be clear evidence that antigen-
specific T-cells can be generated with defined antigen vaccines, with a subsequent
elimination of antigen-expressing melanoma cells, clinical tumor regression has been
difficult to achieve.

FUTURE DIRECTIONS

Active specific immunotherapy for melanoma appears to be at a crossroads with
respect to the management of patients with melanoma. Whole cell vaccination with
allogeneic melanoma cell lines that express a variety of melanoma antigens are currently
being tested in the adjuvant setting in patients with surgically resected stage III mela-
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noma, the results of which may significantly impact treatment options for patients with
melanoma. Newer generations of whole cell vaccines using melanoma cells fused to
autologous dendritic cells may provide some improvement over allogeneic vaccines
because the melanoma antigens will be presented in the proper MHC context for optimal
host T-cell response (80,81). Based on studies that have demonstrated clinical responses
in patients with metastatic melanoma after administration of intralesional granulocyte
macrophage colony-stimulating factor (GM-CSF) or in combination with a melanoma
vaccine (82,83), gene-modified whole cell melanoma vaccines that secrete cytokines,
such as GM-CSF or IL-4, are currently under investigation in human clinical trials
(84,85). Defined melanoma vaccines have demonstrated the ability to stimulate antigen-
specific T-cells in patients with melanoma. However, the observation that the immune
response may be too restricted, leading to immune selection and outgrowth of low
antigen-expressing melanoma cells, suggests that multiepitope vaccines may provide a
better potential for success in future trials.

Adoptive Immunotherapy Using Activated T-Cells
The passive transfer of immunity to the tumor-bearing host by virtue of the adminis-

tration of activated immune cells is a method that was initially established in preclinical
animal models. The translation of this technique into humans has required technological
improvements in the culturing and expansion of cells ex vivo, and has evolved into a
process that, although cumbersome, can result in the generation of billions of activated,
antigen-specific T-cells. Despite the technical hurdles of cell processing, continued
testing in human clinical trials is fueled by the occasional observation of striking regres-
sion of metastatic melanoma at visceral sites.

TUMOR-INFILTRATING LYMPHOCYTES

The observation that melanoma lesions undergoing regression were infiltrated by
immune cells stimulated interest in isolating these cells to determine their antitumor
reactivity. Intense research in this area confirmed that long-term culture of TIL from
melanoma lesions in both experimental murine models and humans resulted in the out-
growth of T-cells with high avidity for melanoma-associated antigens (86–88). Genera-
tion of high numbers of TIL in culture lead to clinical trials of adoptive transfer of these
activated cells in combination with systemic IL-2 in patients with metastatic melanoma.
Occasional dramatic clinical responses with regression of bulky metastatic tumor
provided proof-of-concept that passive transfer of immunity was achievable in select
patients. However, the practical limitations of long-term T-cell culture appeared to
outweigh the benefit to a small percentage of patients.

Recent studies have shed some insight into potential methods of improving adoptive
immunotherapy using TIL. A phase I study of nonmyeloablative chemotherapy in com-
bination with adoptive transfer of autologous melanoma-specific T-cells was devised to
induce lymphodepletion before transfer of activated cells. The theoretical premise for
this approach was to try to repopulate the tumor-bearing host immune system with the
activated transferred cells as the dominant population, as well as to eradicate suppressor
T-cells, which might limit the effectiveness of the transferred cells (89,90). Using this
treatment strategy, 18 of 35 patients with metastatic melanoma demonstrated an objec-
tive clinical response (>50% tumor reduction) (91). Interestingly, the activated trans-
ferred cells had high avidity for melanoma antigens but were reactive against several
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different antigens. This is in stark comparison to adoptive therapy using T-cell clones
that were peptide-specific and derived from peripheral blood of patients who were
undergoing defined-antigen vaccine therapy, which showed a marked lack of clinical
effectiveness (92).

FUTURE DIRECTIONS: TUMOR-DRAINING LYMPH NODE CELLS

Extensive study in preclinical animal models as well as human clinical trials have
demonstrated that lymph nodes draining a progressive subcutaneous tumor contain
antigen-sensitized T-cells, which, after activation and expansion in culture with anti-
CD3/IL-2, mediate effector function in vivo after adoptive transfer (93). One of the most
interesting findings within this body of work was that the subpopulation of T-cells that
downregulate L-selectin (CD62L) expression contain the subset of antigen-primed cells
that mediate therapeutic antitumor effects after culture activation and adoptive transfer
(94). Recent studies in mice suggest that restricted V  T-cell receptor usage within the
cells that downregulate L-selectin may correspond to antigen-specific T-cells that are
clonally derived (95). Human studies looking at lymph nodes draining a melanoma
vaccine site demonstrate that T-cells with L-selectin downregulation are skewed toward
a type 1 cytokine secretion pattern predictive of clinical response after adoptive transfer
(96). These studies provide the rationale for the use of tumor-draining lymph node cells
as a source of T-cells for adoptive immunotherapy protocols of the future.

CONCLUSIONS AND PERSPECTIVES

The observations of natural host immune responses to melanoma-associated antigens
has resulted in intense research efforts to develop immunotherapy as a treatment option
in these patients. The lessons learned from these studies appear to suggest that generation
of broad immune responses, such as that seen with systemic cytokine administration,
whole cell vaccine therapy, or adoptive transfer of T-cells with broad reactivity, may be
beneficial, in that immune selectivity of antigen-expressing tumor cells is less likely.
Also, vaccine strategies can result in generation of T-cells with antigen-specificity, but
the lack of activation of these T-cells at the tumor site may limit the efficacy in settings
of bulky metastatic disease. Further understanding of the mechanism of action of immu-
notherapy in vivo should provide investigators with a method of balancing the nature of
the immune response generated by the treatment to the immune status and the bulk of
metastatic disease of the patient. Lessons learned from human clinical trials will un-
doubtedly extend the use of immunotherapy of patients with melanoma in the future.

REFERENCES

1. Fontaine D, Parkhill W, Greer W, Walsh N. Partial regression of primary cutaneous melanoma: is
there an association with sub-clinical sentinel lymph node metastasis? Am J Dermatopathol 2003;25:
371–376.

2. Blessing K, McLaren KM. Histological regression in primary cutaneous melanoma: recognition,
prevalence and significance. Histopathology 1992;20:315–322.

3. Baldo M, Schiavon M, Cicogna PA, Boccato P, Mazzoleni F. Spontaneous regression of subcutaneous
metastasis of cutaneous melanoma. Plast Reconstr Surg 1992;90:1073–1076.

4. Balch CM, Soong SJ, Gershenwald JE, et al. Prognostic factors analysis of 17,600 melanoma patients:
validation of the American Joint Committee on Cancer melanoma staging system. J Clin Oncol
2001;19(16):3622–3634.

5. Papac RJ. Spontaneous regression of cancer: possible mechanisms. In Vivo 1998;12(6):571–578.



Chapter 36 / Host Responses to Melanoma 645

6. Printz C. Spontaneous regression of melanoma may offer insight into cancer immunology. J Natl
Cancer Inst 2001;93(14):1047–1048.

7. Mocellin S, Ohnmacht GA, Wang E, Marincola FM. Kinetics of cytokine expression in melanoma
metastases classifies immune responsiveness. Int J Cancer 2001;93(2):236–242.

8. Bulkley GB, Cohen MH, Banks PM, Char DH, Ketcham AS. Long-term spontaneous regression of
malignant melanoma with visceral metastases. Report of a case with immunologic profile. Cancer
1975;36(2):485–494.

9. Greene MH, Young TI, Clark WH Jr. Malignant melanoma in renal-transplant recipients. Lancet
1981;1(8231):1196–1199.

10. Bordea C, Wojnarowska F, Millard PR, Doll H, Welsh K, Morris PJ. Skin cancers in renal-transplant
recipients occur more frequently than previously recognized in a temperate climate. Transplantation
2004;77(4):574–579.

11. Elder D. Tumor progression, early diagnosis and prognosis of melanoma. Acta Oncol 1999;
38(5):535–547.

12. Tuthill RJ, Unger JM, Liu PY, Flaherty LE, Sondak VK. Risk assessment in localized primary cuta-
neous melanoma: a Southwest Oncology Group study evaluating nine factors and a test of the Clark
logistic regression prediction model. Am J Clin Pathol 2002;118(4):504–511.

13. Strohal R, Marberger K, Pehamberger H, Stingl G. Immunohistological analysis of anti-melanoma
host responses. Arch Dermatol Res 1994;287(1):28–35.

14. Fullen DR, Headington JT. Factor XIIIa-positive dermal dendritic cells and HLA-DR expression in
radial versus vertical growth-phase melanomas. J Cutan Pathol 1998;25(10):553–558.

15. Wang RF, Zeng G, Johnston SF, Voo K, Ying H. T cell-mediated immune responses in melanoma:
implications for immunotherapy. Crit Rev Oncol Hematol 2002;43(1):1–11.

16. Armstrong CA, Tara DC, Hart CE, Kock A, Luger TA, Ansel JC. Heterogeneity of cytokine production
by human malignant melanoma cells. Exp Dermatol 1992;1(1):37–45.

17. Shih IM, Herlyn M. Role of growth factors and their receptors in the development and progression of
melanoma. J Invest Dermatol 1993;100(suppl 2):196S–203S.

18. Kruger-Krasagakes S, Krasagakis K, Garbe C, Diamantstein T. Production of cytokines by human
melanoma cells and melanocytes. Recent Results Cancer Res 1995;139:155–168.

19. Obiri NI, Siegel JP, Varricchio F, Puri RK. Expression of high-affinity IL-4 receptors on human
melanoma, ovarian and breast carcinoma cells. Clin Exp Immunol 1994;95(1):148–155.

20. Wang E, Miller LD, Ohnmacht GA, et al. Prospective molecular profiling of melanoma metastases
suggests classifiers of immune responsiveness. Cancer Res 2002;62(13):3581–3586.

21. Wang E, Marincola FM. cDNA arrays and the enigma of melanoma immune responsiveness. Cancer
J 2001;7(1):16–24.

22. Wang E, Marincola FM. A natural history of melanoma: serial gene expression analysis. Immunol
Today 2000;21(12):619–623.

23. Lee JR, Dalton RR, Messina JL, et al. Pattern of recruitment of immunoregulatory antigen-presenting
cells in malignant melanoma. Lab Invest 2003;83(10):1457–1466.

24. Chakraborty NG, Twardzik DR, Sivanandham M, Ergin MT, Hellstrom KE, Mukherji B. Autologous
melanoma-induced activation of regulatory T cells that suppress cytotoxic response. J Immunol
1990;145(7):2359–2364.

25. Lazar-Molnar E, Hegyesi H, Toth S, Falus A. Autocrine and paracrine regulation by cytokines and
growth factors in melanoma. Cytokine 2000;12(6):547–554.

26. Conrad CT, Ernst NR, Dummer W, Brocker EB, Becker JC. Differential expression of transforming
growth factor beta 1 and interleukin 10 in progressing and regressing areas of primary melanoma. J
Exp Clin Cancer Res. 1999;18(2):225–232.

27. Real LM, Jimenez P, Kirkin A, et al. Multiple mechanisms of immune evasion can coexist in melanoma
tumor cell lines derived from the same patient. Cancer Immunol Immunother 2001;49(11):621–628.

28. Marincola FM, Shamamian P, Simonis TB, et al. Locus-specific analysis of human leukocyte
antigen class I expression in melanoma cell lines. J Immunother Emphasis Tumor Immunol 1994;
16(1):13–23.

29. Hoek K, Rimm DL, Williams KR, et al. Expression profiling reveals novel pathways in the transfor-
mation of melanocytes to melanomas. Cancer Res 2004;64(15):5270–5282.

30. Finke JH, Zea AH, Stanley J, et al. Loss of T-cell receptor zeta chain and p56lck in T-cells infiltrating
human renal cell carcinoma. Cancer Res 1993;53(23):5613–5616.



646 From Melanocytes to Melanoma

31. Bukowski RM, Rayman P, Uzzo R, et al. Signal transduction abnormalities in T lymphocytes from
patients with advanced renal carcinoma: clinical relevance and effects of cytokine therapy. Clin
Cancer Res 1998;4(10):2337–2347.

32. Kolenko V, Wang Q, Riedy MC, et al. Tumor-induced suppression of T lymphocyte proliferation
coincides with inhibition of Jak3 expression and IL-2 receptor signaling: role of soluble products from
human renal cell carcinomas. J Immunol 1997;159(6):3057–3067.

33. Becker JC, Terheyden P, Brocker EB. Molecular basis of T-cell dysfunction in melanoma. Melanoma
Res 1997;7(suppl 2):S51–S57.

34. Bernsen MR, Diepstra JH, van Mil P, et al. Presence and localization of T-cell subsets in relation to
melanocyte differentiation antigen expression and tumour regression as assessed by immunohis-
tochemistry and molecular analysis of microdissected T cells. J Pathol 2004;202(1):70–79.

35. Chawla-Sarkar M, Lindner DJ, Liu YF, et al. Apoptosis and interferons: role of interferon-stimulated
genes as mediators of apoptosis. Apoptosis 2003;8(3):237–249.

36. Lesinski GB, Anghelina M, Zimmerer J, et al. The antitumor effects of IFN-alpha are abrogated in a
STAT1-deficient mouse. J Clin Invest 2003;112(2):170–180.

37. Badgwell B, Lesinski GB, Magro C, Abood G, Skaf A, Carson W 3rd. The antitumor effects of
interferon-alpha are maintained in mice challenged with a STAT1-deficient murine melanoma cell
line. J Surg Res 2004;116(1):129–136.

38. Kayagaki N, Yamaguchi N, Nakayama M, Eto H, Okumura K, Yagita H. Type I interferons (IFNs)
regulate tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) expression on human T
cells: a novel mechanism for the antitumor effects of type I IFNs. J Exp Med 1999;189(9):1451–1460.

39. Wang L, Wu WZ, Sun HC, et al. Mechanism of interferon alpha on inhibition of metastasis and
angiogenesis of hepatocellular carcinoma after curative resection in nude mice. J Gastrointest Surg
2003;7(5):587–594.

40. von Marschall Z, Scholz A, Cramer T, et al. Effects of interferon alpha on vascular endothelial growth
factor gene transcription and tumor angiogenesis. J Natl Cancer Inst 2003;95(6):437–448.

41. Kirkwood JM, Ernstoff M. Melanoma: therapeutic options with recombinant interferons. Semin Oncol
1985;12(4 suppl 5):7–12.

42. Falkson CI, Ibrahim J, Kirkwood JM, Coates AS, Atkins MB, Blum RH. Phase III trial of dacarbazine
versus dacarbazine with interferon alpha-2b versus dacarbazine with tamoxifen versus dacarbazine
with interferon alpha-2b and tamoxifen in patients with metastatic malignant melanoma: an Eastern
Cooperative Oncology Group study. J Clin Oncol 1998;16(5):1743–1751.

43. Kirkwood JM, Strawderman MH, Ernstoff MS, Smith TJ, Borden EC, Blum RH. Interferon alfa-2b
adjuvant therapy of high-risk resected cutaneous melanoma: the Eastern Cooperative Oncology Group
Trial EST 1684. J Clin Oncol 1996;14(1):7–17.

44. Kirkwood JM, Ibrahim JG, Sondak VK, et al. High- and low-dose interferon alfa-2b in high-risk
melanoma: first analysis of intergroup trial E1690/S9111/C9190. J Clin Oncol 2000;18(12):
2444–2458.

45. Kirkwood JM, Richards T, Zarour HM, et al. Immunomodulatory effects of high-dose and low-dose
interferon alpha2b in patients with high-risk resected melanoma: the E2690 laboratory corollary of
intergroup adjuvant trial E1690. Cancer 2002;95(5):1101–1112.

46. Kirkwood JM, Ibrahim JG, Sosman JA, et al. High-dose interferon alfa-2b significantly prolongs
relapse-free and overall survival compared with the GM2-KLH/QS-21 vaccine in patients with resected
stage IIB-III melanoma: results of intergroup trial E1694/S9512/C509801. J Clin Oncol 2001;19(9):
2370–2380.

47. Cole BF, Gelber RD, Kirkwood JM, Goldhirsch A, Barylak E, Borden E. Quality-of-life-adjusted
survival analysis of interferon alfa-2b adjuvant treatment of high-risk resected cutaneous melanoma:
an Eastern Cooperative Oncology Group study. J Clin Oncol 1996;14(10):2666–2673.

48. Kirkwood JM, Manola J, Ibrahim J, Sondak V, Ernstoff MS, Rao U. A pooled analysis of eastern
cooperative oncology group and intergroup trials of adjuvant high-dose interferon for melanoma. Clin
Cancer Res 2004;10(5):1670–1677.

49. Schuchter LM. Adjuvant interferon therapy for melanoma: high-dose, low-dose, no dose, which dose?
J Clin Oncol 2004;22(1):7–10.

50. Grimm EA, Mazumder A, Zhang HZ, Rosenberg SA. Lymphokine-activated killer cell phenomenon.
Lysis of natural killer-resistant fresh solid tumor cells by interleukin 2-activated autologous human
peripheral blood lymphocytes. J Exp Med 1982;155(6):1823–1841.



Chapter 36 / Host Responses to Melanoma 647

51. Rosenberg SA, Grimm EA, McGrogan M, et al. Biological activity of recombinant human interleukin-
2 produced in Escherichia coli. Science 1984;223(4643):1412–1414.

52. Rosenberg SA, Eberlein TJ, Grimm EA, Lotze MT, Mazumder A, Rosenstein M. Development of
long-term cell lines and lymphoid clones reactive against murine and human tumors: a new approach
to the adoptive immunotherapy of cancer. Surgery 1982;92(2):328–336.

53. Rayner AA, Grimm EA, Lotze MT, Wilson DJ, Rosenberg SA. Lymphokine-activated killer (LAK)
cell phenomenon. IV. Lysis by LAK cell clones of fresh human tumor cells from autologous and
multiple allogeneic tumors. J Natl Cancer Inst 1985;75(1):67–75.

54. Rosenberg SA, Lotze MT, Yang JC, et al. Experience with the use of high-dose interleukin-2 in the
treatment of 652 cancer patients. Ann Surg 1989;210(4):474–484; discussion 484–485.

55. Rosenberg SA, Yang JC, Topalian SL, et al. Treatment of 283 consecutive patients with metastatic
melanoma or renal cell cancer using high-dose bolus interleukin 2. Jama 1994;271(12):907–913.

56. Rosenberg SA, Lotze MT, Muul LM, et al. A progress report on the treatment of 157 patients with
advanced cancer using lymphokine-activated killer cells and interleukin-2 or high-dose interleukin-
2 alone. N Engl J Med 1987;316(15):889–897.

57. Grimm EA, Smid CM, Lee JJ, Tseng CH, Eton O, Buzaid AC. Unexpected cytokines in serum of
malignant melanoma patients during sequential biochemotherapy. Clin Cancer Res 2000;6(10):
3895–3903.

58. Leaman DW, Chawla-Sarkar M, Jacobs B, et al. Novel growth and death related interferon-stimulated
genes (ISGs) in melanoma: greater potency of IFN-beta compared with IFN-alpha2. J Interferon
Cytokine Res 2003;23(12):745–756.

59. Leaman DW, Chawla-Sarkar M, Vyas K, et al. Identification of X-linked inhibitor of apoptosis-
associated factor-1 as an interferon-stimulated gene that augments TRAIL Apo2L-induced apoptosis.
J Biol Chem 2002;277(32):28,504–28,511.

60. Morton DL, Foshag LJ, Hoon DS, et al. Prolongation of survival in metastatic melanoma after active
specific immunotherapy with a new polyvalent melanoma vaccine. Ann Surg 1992;216(4):463–482.

61. Morton DL, Hsueh EC, Essner R, et al. Prolonged survival of patients receiving active immunotherapy
with Canvaxin therapeutic polyvalent vaccine after complete resection of melanoma metastatic to
regional lymph nodes. Ann Surg 2002;236(4):438–448; discussion 448–449.

62. DiFronzo LA, Gupta RK, Essner R, et al. Enhanced humoral immune response correlates with im-
proved disease-free and overall survival in American Joint Committee on Cancer stage II melanoma
patients receiving adjuvant polyvalent vaccine. J Clin Oncol 2002;20(15):3242–3248.

63. Hsueh EC, Essner R, Foshag LJ, et al. Prolonged survival after complete resection of disseminated
melanoma and active immunotherapy with a therapeutic cancer vaccine. J Clin Oncol 2002;20(23):
4549–4554.

64. Hoon DS, Okamoto T, Wang HJ, et al. Is the survival of melanoma patients receiving polyvalent
melanoma cell vaccine linked to the human leukocyte antigen phenotype of patients? J Clin Oncol
1998;16(4):1430–1437.

65. Sosman JA, Unger JM, Liu PY, et al. Adjuvant immunotherapy of resected, intermediate-thickness,
node-negative melanoma with an allogeneic tumor vaccine: impact of HLA class I antigen expression
on outcome. J Clin Oncol 2002;20(8):2067–2075.

66. Tsioulias GJ, Gupta RK, Tisman G, et al. Serum TA90 antigen-antibody complex as a surrogate
marker for the efficacy of a polyvalent allogeneic whole-cell vaccine (CancerVax) in melanoma. Ann
Surg Oncol 2001;8(3):198–203.

67. Wallack MK, Bash JA, Leftheriotis E, et al. Positive relationship of clinical and serologic responses
to vaccinia melanoma oncolysate. Arch Surg 1987;122(12):1460–1463.

68. Wallack MK, Sivanandham M, Balch CM, et al. A phase III randomized, double-blind multi-
institutional trial of vaccinia melanoma oncolysate-active specific immunotherapy for patients with
stage II melanoma. Cancer 1995;75(1):34–42.

69. Wallack MK, Sivanandham M, Ditaranto K, et al. Increased survival of patients treated with a vaccinia
melanoma oncolysate vaccine: second interim analysis of data from a phase III, multi-institutional
trial. Ann Surg 1997;226(2):198–206.

70. Wallack MK, Sivanandham M, Balch CM, et al. Surgical adjuvant active specific immunotherapy
for patients with stage III melanoma: the final analysis of data from a phase III, randomized, double-
blind, multicenter vaccinia melanoma oncolysate trial. J Am Coll Surg 1998;187(1):69–77; discus-
sion 77–79.



648 From Melanocytes to Melanoma

71. Kim EM, Sivanandham M, Stavropoulos CI, Bartolucci AA, Wallack MK. Overview analysis of
adjuvant therapies for melanoma—a special reference to results from vaccinia melanoma oncolysate
adjuvant therapy trials. Surg Oncol 2001;10(1–2):53–59.

72. Sosman JA, Sondak VK. Melacine: an allogeneic melanoma tumor cell lysate vaccine. Expert Rev
Vaccines 2003;2(3):353–368.

73. Wang RF. Human tumor antigens: implications for cancer vaccine development. J Mol Med
1999;77(9):640–655.

74. Rosenberg SA. Development of cancer immunotherapies based on identification of the genes encod-
ing cancer regression antigens. J Natl Cancer Inst 1996;88(22):1635–1644.

75. Jefford M, Maraskovsky E, Cebon J, Davis ID. The use of dendritic cells in cancer therapy. Lancet
Oncol 2001;2(6):343–353.

76. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond current vaccines. Nat
Med 2004;10(9):909–915.

77. Dudley ME, Ngo LT, Westwood J, Wunderlich JR, Rosenberg SA. T-cell clones from melanoma
patients immunized against an anchor-modified gp100 peptide display discordant effector pheno-
types. Cancer J 2000;6(2):69–77.

78. Mukherji B, Chakraborty NG, Yamasaki S, et al. Induction of antigen-specific cytolytic T cells in situ
in human melanoma by immunization with synthetic peptide-pulsed autologous antigen presenting
cells. Proc Natl Acad Sci USA 1995;92(17):8078–8082.

79. Riker A, Cormier J, Panelli M, et al. Immune selection after antigen-specific immunotherapy of
melanoma. Surgery 1999;126(2):112–120.

80. Shimizu K, Kuriyama H, Kjaergaard J, Lee W, Tanaka H, Shu S. Comparative analysis of antigen
loading strategies of dendritic cells for tumor immunotherapy. J Immunother 2004;27(4):265–272.

81. Parkhurst MR, DePan C, Riley JP, Rosenberg SA, Shu S. Hybrids of dendritic cells and tumor cells
generated by electrofusion simultaneously present immunodominant epitopes from multiple human
tumor-associated antigens in the context of MHC class I and class II molecules. J Immunol
2003;170(10):5317–5325.

82. Vaquerano JE, Cadbury P, Treseler P, Sagebiel R, Leong SP. Regression of in-transit melanoma of the
scalp with intralesional recombinant human granulocyte-macrophage colony-stimulating factor. Arch
Dermatol 1999;135(10):1276–1277.

83. Leong SP, Enders-Zohr P, Zhou YM, et al. Recombinant human granulocyte macrophage-colony
stimulating factor (rhGM-CSF) and autologous melanoma vaccine mediate tumor regression in pa-
tients with metastatic melanoma. J Immunother 1999;22(2):166–174.

84. Mahvi DM, Shi FS, Yang NS, et al. Immunization by particle-mediated transfer of the granulocyte-
macrophage colony-stimulating factor gene into autologous tumor cells in melanoma or sarcoma
patients: report of a phase I/IB study. Hum Gene Ther 2002;13(14):1711–1721.

85. Wakimoto H, Abe J, Tsunoda R, Aoyagi M, Hirakawa K, Hamada H. Intensified antitumor immunity
by a cancer vaccine that produces granulocyte-macrophage colony-stimulating factor plus interleukin
4. Cancer Res 1996;56(8):1828–1833.

86. Zorn E, Hercend T. A MAGE-6-encoded peptide is recognized by expanded lymphocytes infiltrating
a spontaneously regressing human primary melanoma lesion. Eur J Immunol 1999;29(2):602–607.

87. Seiter S, Monsurro V, Nielsen MB, et al. Frequency of MART-1/MelanA and gp100/PMel17-specific
T cells in tumor metastases and cultured tumor-infiltrating lymphocytes. J Immunother 2002;
25(3):252–263.

88. Dudley ME, Wunderlich JR, Shelton TE, Even J, Rosenberg SA. Generation of tumor-infiltrating
lymphocyte cultures for use in adoptive transfer therapy for melanoma patients. J Immunother
2003;26(4):332–342.

89. Dudley ME, Wunderlich JR, Robbins PF, et al. Cancer regression and autoimmunity in patients after
clonal repopulation with antitumor lymphocytes. Science 2002;298(5594):850–854.

90. Dudley ME, Wunderlich JR, Yang JC, et al. A phase I study of nonmyeloablative chemotherapy and
adoptive transfer of autologous tumor antigen-specific T lymphocytes in patients with metastatic
melanoma. J Immunother 2002;25(3):243–251.

91. Rosenberg SA, Dudley ME. Cancer regression in patients with metastatic melanoma after the transfer
of autologous antitumor lymphocytes. Proc Natl Acad Sci USA 2004;101(suppl 2):14,639–14,645.

92. Dudley ME, Wunderlich J, Nishimura MI, et al. Adoptive transfer of cloned melanoma-reactive
T lymphocytes for the treatment of patients with metastatic melanoma. J Immunother 2001;24(4):
363–373.



Chapter 36 / Host Responses to Melanoma 649

93. Yoshizawa H, Chang AE, Shu S. Specific adoptive immunotherapy mediated by tumor-draining
lymph node cells sequentially activated with anti-CD3 and IL-2. J Immunol 1991;147(2):729–737.

94. Kagamu H, Touhalisky JE, Plautz GE, Krauss JC, Shu S. Isolation based on L-selectin expression of
immune effector T cells derived from tumor-draining lymph nodes. Cancer Res 1996;56(19):
4338–4342.

95. Kim JA, Rao P, Graor H, Rothchild K, O’Keefe C, Maciejewski JP. CDR3 spectratyping identifies
clonal expansion within T-cell subpopulations that demonstrate therapeutic antitumor activity. Surgery
2004;136(2):295–302.

96. Meijer SL, Dols A, Hu HM, et al. Reduced L-selectin (CD62LLow) expression identifies tumor-
specific type 1 T cells from lymph nodes draining an autologous tumor cell vaccine. Cell Immunol
2004;227(2):93–102.



Chapter 37 / Future Perspectives 651

651

Future Perspectives

Vincent J. Hearing and Stanley P. L. Leong

37

Cancers arise from their normal cellular counterparts, and, in this regard, malignant
melanoma is no exception. Within this book, we have traced the origins of melanoblast
precursors, their differentiation to melanocytes, the regulation of their physiological
functions, and the pathways by which they become malignant and eventually metasta-
size. We are grateful to all authors who have made this book the first of its kind to trace
the biology of melanocytes and their subsequent development to melanoma, and which
details the current state of knowledge of mechanisms that underlie those processes.
Melanoma is a highly aggressive cancer and with even small increments in Breslow
thickness (measured in millimeters), the clinical behavior of the tumor rapidly worsens
from a relatively curable disease to a highly aggressive and fatal disease. In contrast,
breast and colon cancers develop more aggressive behaviors only with significantly
higher tumor burden, for example, a T2 lesion is 2 cm in breast cancer, and, often, several
centimeters are noted in primary colon cancers before they become overtly aggressive.
Based on relatively small size increments, slight changes in cell volume can substantially
affect the clinical behavior of melanoma.

In most instances (>95% of cases), melanoma is represented by a cutaneous distribu-
tion and, therefore, careful surveillance and awareness of any atypical lesions on the skin
will allow clinicians to identify earlier stages of lesions to prevent progression or
advancement of melanoma to a more aggressive stage. A very challenging question is
why the white population is most affected by melanoma. Does this result from intrinsic
genetic differences between different racial groups that are reflected by different levels
of pigmentation that might explain the different incidences of melanoma in different
racial populations? If that is the case, what are the genes responsible for such differ-
ences? The nagging question of whether melanoma forms as a result of the effects of
ultraviolet radiation on melanocytes also needs further investigation. If that is the case,
are melanocytes from the white population more vulnerable to such processes of carcino-
genesis? Perhaps epidemiological studies can answer the question of whether white
populations living in northern Europe with relatively lower levels of sun exposure will
have lower incidences of melanoma than whites who have migrated to areas with higher
exposure to ultraviolet radiation (1). The role of ultraviolet radiation in the carcinogen-
esis of melanoma also needs to be further defined. Although multiple melanomas may
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occasionally occur in an individual, the majority of patients present with only one site
of melanoma. The obvious question that arises is why a certain site gives rise to mela-
noma, whereas other sites in the same patient remain undisturbed. It is known that
anatomical sites influence the outcome of a patient, for example head and neck melano-
mas appear to be more aggressive (2). Is the distribution of melanomas in the head/neck
or in the extremities/trunk a random or nonrandom process?

The chapters in this book detail the current state of our knowledge about biochemical
and molecular events that occur in melanocytes and in melanoma cells, the stepwise
progression in the transformation of melanocytes to malignant melanoma, and eventu-
ally in the metastasis of the tumor (see Fig. 1 in Chapters 10 and 15 for schematics of this
sequence). However, there are still many gaps in our understanding of these complex
processes. The challenges for future studies will be to define the precise molecular
mechanisms involved in each step. Once such mechanisms are understood, potential
approaches and therapies can be devised, either to divert or halt such progression and/
or to prevent the subsequent progression of the tumor to its more aggressive form.

The issue of lymphatic metastasis through lymphatic channels vs systemic dissemi-
nation through vascular channels also needs to be further explored. Are the two different
modes of metastasis a reflection of the intrinsic biology of melanoma? Can it be that
certain melanomas with specific molecular features will initially spread through lym-
phatic channels to sentinel lymph nodes and then later disseminate through the vascular
system, as in the incubator hypothesis? On the other hand, do molecular markers exist
that can define melanoma cells at primary sites that will disseminate through the vascular
system simultaneously, as in the marker hypothesis (see Chapter 23)? Are these two
processes clonally or epigenetically determined?

This book has summarized the latest findings in the development and differentiation
of melanocytes and their progression to malignant melanoma. It is clear that we are still
faced with a number of important but unanswered questions that should be resolved in
the years to come, which should lead to a better understanding of the mechanisms
involved in the progression from normal melanocytes to malignant melanoma. The
ultimate goal is not only to study the basic biology of such progression but also, hope-
fully, when the mechanisms involved have been elucidated, to develop strategies for the
precise and effective clinical diagnosis and treatment of malignant melanoma. It is also
our hope that clinicians will soon be able to test new hypotheses developed in research
laboratories and to then report those clinical observations to basic research scientists,
which will allow further characterization of mechanisms involved in the transformation
of melanocytes to melanoma.
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DNA methyltransferase (DNMT) and Rb tran-
scription, 225, 226

DNA microarrays in proteomics profiling, 419
DNA repair capacity (DRC)

in dysplastic nevi, 444, 447
and melanoma risk, 441, 443, 444–449

DOPA. See 3,4-Dihydroxyphenylalanine (DOPA)
Dopachrome-tautomerase (Dct)

and ASIP, 355
in Brn2-ablated cell lines, 155, 157, 158
DNA binding in, 75
expression of, 5, 19, 38, 57–58, 76, 253, 582–583
gene locus/function, 581
immunotherapy, 583–584
in melanin production, 102, 105–106, 349
and Mitf, 76
as molecular marker, 553, 559, 560, 570
mutations in, 581–582
and P protein expression, 359
resistance to

chemotherapy/radiotherapy, 577, 580–581,
583, 585–586

mechanisms of, 584
and Sox10, 76
transcriptional regulation of, 272

Dormancy in melanoma, 430; see also Regression
in melanoma

Dorsal-lateral pathway
Kit expression in, 15–16
in melanoblast migration, 28
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Doxorubicin, chemosensitivity to, 612
Doxycycline and Ras mutations, 281
Drug detoxification proteins, identifying, 414
Drug resistance. See Chemotherapy, resistance
Dysplasia defined, 516, 520
Dysplastic (atypical) nevi. See Nevi, dysplastic
Dysplastic nevus syndrome

chromosome aberrations in, 366, 368–370, 555
described, 516
familial, 368, 370
imaging, 406
as risk factor, 190, 441

E
E1a gene in cancer, 375
E2F family proteins

in cell cycle regulation, 367, 369
clinical applications, 237–238
in melanocyte development, 228–229
structural domains of, 227
transcription by, 224–226, 268

Eastern Cooperative Oncology Group (ECOG)
1684 study, 637, 638, 641

ECM proteins. See Extracellular matrix (ECM)
proteins

ECOG (Eastern Cooperative Oncology Group)
1684 study, 637, 638, 641

Edn3 (Endothelin 3) gene
in melanocyte development, 8, 13, 14, 15, 41
mutations in, 14

Efflux mechanisms in drug resistance, 578, 583,
591–593, 599

Efnb gene, 8, 13
Eicosanoids in skin inflammation, 84–86

-Endorphin in hMC regulation, 89
Endostatin effects, 546
Endothelial cells, 544, 545
Endothelin-1 (ET-1)

in apoptosis inhibition, 188
and Brn2 expression, 158
in pigmentation regulation, 81, 82, 87–89,

248–249
and UVR, 90, 92

Endothelin-3 (EDN3) in Brn2 expression, 154, 158
Endothelin receptor B (Ednrb) pathway

binding in, 87
in Brn2-ablated cell lines, 157, 159
in melanocyte development, 8, 14, 41
mutations in, 14–15, 53
in neural crest cell proliferation, 6
in skin pigmentation, 248

Environment; see also Sunlight exposure as risk
factor; UV radiation

and genetics, 279–280
melanocyte response to, 103–107, 202–203
as risk factor, 279–280, 369
and study data, 314–315, 321

Enzymes
defects in DNA repair, 300
in immune response, 635
in metastasis, 385, 417

EphA2 (Erythropoietin-producing hepatocellular
carcinoma-A2) in angiogenesis
vasculogenesis, 536, 538, 539, 540, 545–546

EphB. See Ephrin-B (EphB)
Ephrin-B (EphB)

expression in melanoblasts, 5
in melanoblast migration, 13
in melanocyte development, 8, 13

Epidemiological studies, 312–316, 319–320, 446–448
Epidemiology of melanoma, 442
Epidermal melanin unit described, 82, 169
Epidermis; see also Pigmentation, cutaneous

DNA damage to, UV induced, 108–111, 273
melanin distribution in, 107
melanocytes in, 4, 104, 105
ulceration in, 458

Epigenetic alterations in melanoma, 556, 564,
570–571

Epstein-Barr Virus (EBV) in gene delivery
therapy, 505, 506

ERCC1 repair enzyme in drug resistance, 578
ERK gene; see also MEK-ERK pathway

activation of, 252, 256, 585
in apoptosis inhibition, 125
inhibition of, 128–129
in melanoma pathogenesis, 127–129, 132, 276
pathway interactions with, 135, 251, 275

Erythema as risk factor, 442
Erythropoietin-producing hepatocellular carci-

noma-A2 (EphA2) in angiogenesis
vasculogenesis, 536, 538, 539, 540, 545–546

Escherichia coli, MS profile of, 412
Esterase activity, extracellular, 417
ET-1. See Endothelin-1 (ET-1)
Eumelanin

DNA damage via, 295
and photoprotection, 333, 348
in skin color regulation, 82, 83, 581
synthesis of, 88, 273, 355, 582

European descent populations
ASIP variants in, 356
melanoma prevalence in, 651
P protein gene in, 357

Extracellular matrix (ECM) proteins
binding receptors in, 48, 382, 480, 481
and cell survival, 249, 388
and cellular transport, 129
expression in melanoblasts, 5, 13
and integrins, 380
and vascular mimicry, 534, 538–539
and Wnt signaling, 119

Extravascular migratory metastasis described, 388
Eyes

color and melanoma risk, 354, 356–358, 447
melanocytes in, 29, 30
Mitf in, 36, 42, 59
samples, SELDI analysis of, 418
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F
Familial melanoma. See Hereditary (familial)

melanoma
Farnesyl thiosalicylic acid and melanoma

progression, 609, 610
Fas-associated protein with death domain

(FADD) in apoptosis, 606, 611
Fas gene

in drug resistance, 598, 606, 608–609, 612
in immune response, 635
in melanoma development, 371–373
regulation of, 374, 385

Fetal antigens in MAA reactivity, 622
FGF. See Fibroblast growth factor (FGF)
FGF-2. See Basic fibroblast growth factor (bFGF,

FGF-2)
FHL-2 protein in -catenin activation, 211, 217
Fibroblast growth factor (FGF)

activation of, 233
in Brn2 expression, 154
and CDK activity, 232
in Erk inhibition, 128

Fibroblasts
and actin, 383
and hMC proliferation, 84
in human pigmentation, 89–90, 92, 104
life span of, 205–206
Rb promoters in, 229
senescence in, 185, 186, 187, 217
and UV damage, 442, 444

Fibronectin
in angiogenesis/vasculogenesis, 536
in melanocyte development, 7, 13, 382

Field cells, 203–205
FISH in identification of chromosome aberrations, 205
Fish models; see also Zebrafish models

advantages of, 303
Mek inhibition, 253
PI3K, 258
Src kinases, 256
Wnt proteins, 173
Xmrk expression in, 250, 253

FKBP12, regulation of, 507
FKBPr38, regulation of, 507
FKHR in Pax3 activation, 130
FLIPs described, 611, 612
Fluorescence microscopy described, 400, 401
Fluorescence molecular tomography described, 401
Fluorescence resonance energy transfer (FRET)

described, 403
Fluorescent dyes in proteomics profiling, 412, 414
Fluorescent probes described, 399–400
5-Fluorouracil (5-FU), mechanism of action, 578
c-FMS in Mitf regulation, 38
Focal adhesion kinase (FAK) in VM, 539, 540
Forkhead family in Pax3 activation, 130

Forskolin and MITF, 55
Fos expression and AP-1, 133
Foxd3 gene in melanocyte development, 9, 16
Freckles

defined, 331
and melanoma risk, 354, 360, 442, 519

Frizzled (FZD) receptors
in Mitf regulation, 56
in Wnt signaling, 120, 121, 123, 173–176

Fyn kinase
activation of, 257
function of, 256

G
GADD45, induction of, 299

-Galactosidase in benign nevi, 190
GalNac-T ( 4-N -acetylgalactos-

glycosyltransferase) as molecular marker,
553, 559–562

Gangliosides as antigens, 623, 637
Gel quality and quantification

in 2D-PAGE, 412–415
in MudPIT, 422

Gender and prognosis, 460, 461, 469, 526–527
Gene delivery in gene identification, 504–505,

579–580
Gene expression

in aggressive melanoma, 533–535, 545–546
in drug resistance, 593–594
in melanocytes

described by gene, 7–10, 156
identifying, 6, 29, 31, 347–350
Mitf, 56–59

of micrometastasis in SLNs, 436
molecular studies of, 317, 415–417
pigmentation, interactions, 359–360
and provirus, 579
RB/E2F, control of, 225
silencing by Rb, 226

Gene identification, gene delivery in, 504–505,
579–580

Genotype assays, DRC, 448
GGR. See Global genome repair (GGR)
Glioblastoma

gene inactivation in, 271, 280
vaccination for, 584

Glioma, malignant and Dct expression, 584
Global genome repair (GGR)

described, 294, 296
mechanism, 298–299

Glucocorticoid-based therapy as protective, 332
Glutathione-S-transferase (GST) deficiency and

melanoma risk, 443–444
Glutathione-S-transferase P1 (GSTP1), 553, 555, 568
Glycine receptor, imaging, 402
Glycogen synthetase kinase (GSK)-3

in -catenin phosphorylation, 120, 121
in pathway interactions, 135, 232, 258
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GM-CSF. See Granulocyte macrophage colony-
stimulating factor (GM-CSF)

GMK vaccine, 637
Goat models of melanoma, 317
GP100 protein

in bone marrow metastases, 572
expression of, 583
MAGE recognition by, 621
in melanin production, 102, 105

GPCR signaling, 274, 276
GPM6B gene in Brn2-ablated cell lines, 157
G protein and PAR-1, 492
Granulocyte macrophage colony-stimulating

factor (GM-CSF)
in immune response, 635, 643
in melanoma proliferation, 379, 380

Griscelli’s syndrome, 91
Growth factors/receptors in melanocyte develop-

ment, 8, 13–16; see also individual factor
by name

Growth pattern, stage I/II tumors in prognosis, 462
GSK-3. See Glycogen synthetase kinase (GSK)-3
GST. See Glutathione-S-transferase (GST)
Guanosine triphosphatase (GTPase) family, 126

H
Hair color in melanoma risk, 348, 353–354, 356,

447; see also RHC phenotype
Hair follicles

BMPs in, 14
melanocytes in, 4, 13, 234

Hair follicles, melanoblast migration in, 6
Hamster models

MIA, 481
HDAC. See Histone deacetylase (HDAC)
HDGF. See Hepatoma-derived growth factor

(HDGF)
Hearing issues

and melanocytes, 29, 31
Sox10 and, 73

Heat shock protein 70 (Hsp70) expression in
melanoma, 612

Heat shock protein 90 (Hsp90) expression in
melanoma, 374, 612

Heat shock resistance and Dct expression, 585
Hepatocyte growth factor (HGF)

and AP-2 , 491
in cell signaling, 250, 256–257, 274
in Erk inhibition, 128
regulation of, 130
in Src kinase activation, 256

Hepatocyte growth factor (HGF)/scatter factor
(SF)

in ATF2 regulation, 134, 135
in melanoma, 233
in normal melanocytes, 130
in signal pathway activation, 274, 276–277
synthesis of, 84, 85, 86

Hepatoma-derived growth factor (HDGF), 415
Hereditary (familial) melanoma

described, 266, 269
diagnosis of, 302–303
genetic basis of, 266–273, 368, 442–443
Mediterranean populations, 336–340

Heregulin, function of, 250
Herpes thymidine kinase gene, expressing, 238
Heterochromatin protein 1 and Rb transcription, 225
HETEs (Hydroxyeicosatetraenoic acids), 86
HGF. See Hepatocyte growth factor (HGF)
HGF–MET–PAX3 pathway, 129–131
Hgf transgenic model, 280
High-dose interferon therapy (HDI), 637–639
High-mobility group (HMG) transcription factor

family
LEF-1/TCF. See LEF-1/TCF transcription

factor
MATF. See MATF (melanoma-associated

transcription factor) described
SOX10. See SOX10 gene

Hirschsprung disease
and ETBR, 87
neural crest cell defects and, 19
and Sox10, 73

Histology in melanoma diagnosis, 520–521
Histone deacetylase (HDAC)

function of, 215, 216
and Rb transcription, 224, 225, 236–237

Histopathological studies, 316
HLA-DR (human leukocyte antigen-D related), 635
HMB/pmel17/silver regulation by Mitf, 61
hMC. See Human melanocytes (hMC)
HOX genes in pigmentation, 103–104
hTERT. See Human telomerase reverse

transcriptase (hTERT)
Hue angle defined, 334
Hue defined, 335
Human melanocytes (hMC)

and bFGF, 86
HETEs and, 86
leukotrienes and, 86
MC1R, 88–89
prostaglandins, 85–86
regulation of, 84, 89
thromboxanes, 85–86

Human models
ARFs, 188
B-Raf, 127
CDKN2A, 188–189
cell senescence, 185–187
Dct-mediated drug resistance, 580–581
melanoblast migration, 6
Mitf mutations, 52
skin color, 82–83
Sox10, 72–73
tyrosinase, 57

Human telomerase reverse transcriptase (hTERT)
in human cells, 185
in melanoma, 202
in senescence, 187, 188, 190–192
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Hyaluronate binding, 382
Hydroxyeicosatetraenoic acids (HETEs), 86
Hypermethylation in melanoma progression, 556,

564, 570–571
Hypersensitivity response, modulating, 625, 634, 640

I
IAPs. See Inhibitors of apoptosis (IAPs)
ICAM-1 expression

and AP-2 , 490, 491
and VEGF, 386

ICAT protein
in melanoma pathogenesis, 120, 121
in Wnt pathway regulation, 122

Identification
of drug detoxification proteins, 414
gene delivery in, 504–505, 579–580
gene expression in melanocytes, 6, 29, 31,

347–350
of markers, 414–415, 435–438, 504–505, 509
mobility changes, 413
proteins. See Protein identification

IEF. See Isoelectric focusing (IEF)
IKK and TRAF2, 132–133
Imatinib mesylate (STI571) in MDR modulation, 600
Immune response; see also B-cell factor antigens;

T-cells
Canvaxin in, 625
and disease progression, 619–620
to gene delivery therapy, 505, 584
to MAAs, 619–620, 624, 635, 636
natural described, 634–636
TA90, 624–626

Immunoglobulin (Ig)-G and TA90, 624, 625
Immunoglobulin (Ig)-M and TA90, 624, 625
Immunotherapy

about immunotherapy, 636–644
active described, 633
adoptive, 643–644
cytokines in, 636–639
and Dct, 583–584
Dct and, 583–584
development of, 633–634
IFN- 2b in, 636–639, 641
IL-2 in, 638–639, 643
MAAs in, 620–622, 626
passive described, 633–634
L-Selectin in, 644
TILs in, 643–644
tyrosinase in, 583
vaccines in, 639–640

Incidence of melanoma
by age, 313–314, 316, 321, 322
by anatomical site, 313, 314, 316, 651–652
in men, 313, 330, 447
by occupation, 314–315
and radiotherapy, 270

rise in, 265, 266, 291, 369
in US, 366, 430, 442, 552, 592
in women, 313, 330, 447

Incubator hypothesis vs marker hypothesis, 433–436
Indoleamine 2,3-dioxygenase in immune

response, 635
Inhibitor of cyclin-dependent kinase- 4 (INK4)/

alternative reading frame (ARF). See
INK4/ARF locus

Inhibitors of apoptosis (IAPs)
in caspase inhibition, 611
described, 606–608

INK4A. See p16INK4A protein
INK4/ARF locus in melanoma development, 226,

266, 268–269, 271, 273
INK4 family members, CKI described, 228
Inositol-3,4,5-triphosphate (IP3) kinase pathway, 93
Insulin growth factor-1 (IGF-1)

and -catenin, 174, 176
in Brn2 expression, 159
in melanocyte growth, 379

Insulin growth factor-1 (IGF-1R) receptor
activation of, 233
inhibition of, 235–236

3 1 Integrin, binding in, 380
3 3 Integrin, binding in, 380
4 1 Integrin, binding in, 482
4 5 Integrin, binding in, 482
6 1 Integrin, binding in, 380

Integrin-linked kinase (ILK) described, 233
Integrins

, binding in, 380, 481, 482
3, 380–381, 492

 antibodies and MIA, 481
-integrins

and prognosis, 463
regulation of, 379–381, 482, 507
in RGP vs VGP, 525

in collagen binding, 382
and ECM molecules, 482
in melanocyte development, 7, 13, 129, 233,

249–251, 257, 380–381
osteopontin and, 255
and SCF, 87
3 Integrins

and angiogenesis, 380–381
expression in melanomas, 381
and PAR-1, 492

Interferon-
in chemotherapy regimens, 598–599, 609
protein response to, 414
response rate as single agent, 592

Interferon- 2b in immunotherapy, 636–639, 641
Interferon-

and Fas expression, 373
in regression, 634

Intergroup study E1690, 637
Interleukin-1 (IL-1)
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in Brn2 expression, 159
in immune response, 635
in skin inflammation, 84–85, 92
and tyrosinase activity, 378
in VGP melanoma, 379

Interleukin-2 (IL-2)
in chemotherapy regimens, 599, 609
in immunotherapy, 638–639, 643
in regression, 634, 636
response rate as single agent, 592

Interleukin-4 (IL-4) receptor in immune response,
635, 643

Interleukin-6 (IL-6)
in cell signaling, 250
in immune response, 635
and melanocyte proliferation, 378–380
regulation of, 134, 372
in skin inflammation, 84–85

Interleukin-8 (IL-8)
in Brn2 expression, 159
in cell signaling, 250, 378, 379
in Erk inhibition, 128
and PAR-1, 492

Interleukin-10 (IL-10)
in cell signaling, 250
in immune response, 635

Interleukin-24 (IL-24) in Brn2 expression, 159
Invasion of tumor cells

defined, 522
and MIA, 481
and PAR-1, 492
in prognosis, 459
regulation of, 506–507
and vascularity, 508–510

Ion cyclotron resonance (ICR) instruments
described, 410

Ion trap instruments, 3D described, 410
Isoelectric focusing (IEF) in proteomics profiling,

411–412
Italy

CMM in, 330–331
melanoma studies in, 446–447, 449

J
JAK proteins

in apoptosis inhibition, 126, 131–132
deregulation of, 259
and IL-2, 638
in melanocyte survival, 129

Jamaican descent, MC1R variants in, 350
JNK activation

by cadherins, 174
by TRAF proteins, 132

Jun expression
and AP-1, 133
and ATF2, 134

K
Kaposi’s sarcoma, 545
Keratinocytes

in apoptosis inhibition, 188
and arachidonic acid, 86
and bFGF, 86
described, 81, 169, 522
in human pigmentation, 89–90, 103, 104, 248
and melanocytes, 82, 83, 84, 91, 249, 267,

378, 379
p53 mutations in, 372
renewal capacity of, 82
UV response, 107, 111

Keratins in metastasis, 383
Ki-67 antibody

in cell proliferation, 377, 381
in RGP vs VGP, 525

c-Kit gene
and AP-2 , 489, 491
and SCF, 87

Kitl expression
function of, 29
in melanocytes, 9, 15, 32, 41
in UV-induced melanogenesis, 248

Kit signal transduction pathway
expression of, 15–16, 29, 250
in melanocyte specification, 5–6, 9, 13, 14, 32, 41
and Mitf, 38, 253–254
mutations in, 15, 29, 87

Korean descent populations, ASIP variants in, 356

L
L65P mutant in melanoma susceptibility, 338, 339
Lactic dehydrogenase (LDH) in prognosis, 469
Laminin

in angiogenesis/vasculogenesis, 536, 538, 539,
541, 543, 545

expression in melanoma, 388, 481, 482
Laminin in melanocyte development, 7, 13
Lectin gene in melanocyte development, 7
Lef1 gene expression

and Dct, 77
in melanocyte development, 7
and Mitf, 19, 37, 40, 59, 75, 76

LEF-1/TCF transcription factor
and -catenin, 174, 217
in gene transcription, 120, 121, 122
in melanocyte development, 7
in Mitf regulation, 54, 56
and Rb/E2F, 232

Lentigo maligna melanoma (LMM)
bFGF in, 387
described, 201–202, 205, 376
development of, 312, 313, 321
growth pattern in, 462

Lesions, pigmented. See Nevi
Leukotrienes, hMC response to, 86
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Level of invasion in prognosis, 459
LIM protein family domains described, 217
Lipase activity, extracellular, 417
Lipid peroxidation and UVR, 295
LKB1 described, 277–278
Loss of heterozygosity (LOH)

in diagnosis, 554–556, 568–570
as marker, 562, 563
prevalence in melanoma, 277, 278

Lung involvement in melanoma, 431
Lymphatic endothelial hyaluronan receptor-1 as

marker, 509
Lymphatic endothelial marker (LYVE-1) in SLN

metastasis, 437
Lymphatic mapping, benefits of, 557
Lymph node dissection, benefits of, 557
Lymph nodes/system

in cancer staging, 456
development in melanoma, 386–387, 509
DNA markers in, 563
and metastasis, 430, 431, 437, 504, 552, 652
in prognosis, 557
and survival rates, 436, 552
in targeted therapy, 545, 644

Lymphocytes
imaging, 402
infiltration of and prognosis, 461–462
Melan-A/MART-1, 624
response, RGP vs VGP, 525, 526
tumor cell lysis by, 638
and UV damage, 442, 444

Lymphokine-activated killer cells (LAK), 638, 639
LYVE-1 in aggressive melanoma, 543

M
M0 senescence described, 186–187, 190
M1 senescence described, 185, 188
MAA. See Melanoma-associated antigens (MAA)

-2 Macroglobulin in Brn2-ablated cell lines, 157
Macroscopic spectral imaging described, 406
MAGE-1, 621
MAGE-2, 621
MAGE-3. See Melanoma antigen gene (MAGE)-3
Magnetic resonance imaging (MRI) of metastasis,

552, 571
Major histocompatibility complex (MHC) in

immune response, 620, 635, 642
MALDI-TOF

history of, 411
limitations of, 414, 418

Mammalian models
birds. See Avian models
chicken. See Chick models
mice. See Mouse models
Mitf, 56
M-Mitf, 74
proteomics profiling of, 420
rats. See Rat models, octamer binding proteins
Sox10, 72

MAPK pathway
activation of, 121, 154, 248, 585
and B-Raf, 125–127
and Brn2 expression, 122
in melanoma pathogenesis, 201, 274–276, 319
in Mitf regulation, 38–39
mutations in, 198, 199
and PAR-1, 492
pathway interactions with, 135, 232–233
and Spitz nevi, 376–377
in TRAF regulation, 125

Marker hypothesis vs incubator hypothesis, 433–436
Markers

antigens as, 624
APAF-1, 553, 555–556, 563, 568, 570
CDKN2A, 553, 555
DAPK, 553, 555, 556, 568
detection in blood, 564–568
developing, 552–554, 597
DNA. See DNA, markers
expression of, 559
GalNac-T as, 553, 559–562
identifying, 414–415, 435–438, 504–505, 509
LOH, 562, 563
MAGE-3, 559–562, 565–567
MART1, 559–562, 570
MCAM/MUC-18, 553, 555, 565–567
melanotransferrin (p97) as, 553, 565–567
MGMT, 553, 555, 556, 568
MIA as, 485
mRNA. See mRNA markers
p16 protein, 553, 555
PAX3 gene, 553, 555, 559–562
in prognosis, 462–464, 467–468, 551
serum, 485
TIMP3, 553, 555
tyrosinase, 553, 558, 559, 560, 570
TYRP1, 553, 559, 560
uMAG-A, 553, 565–567

MART1
in Brn2-ablated cell lines, 155, 158
in CNS metastases, 571
MAGE recognition by, 621
as molecular marker, 559–562, 570
in prognosis, 463, 464
regulation by Mitf, 58, 61, 105–106

Mascot software url, 411
Mass spectrometry in proteomics profiling, 410–411
Mast cell growth factor (MGF) in normal

melanocytes, 130
MATF (melanoma-associated transcription

factor) described, 483
MATP/AIM1, regulation by Mitf, 58
Matrix metalloproteinases (MMPs)

about MMPs, 384–385
and AP-2 , 491
in apoptosis inhibition, 126, 129
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expression, inducing, 126, 381, 382, 507
in melanocyte development, 13
as targeted therapy, 546
and VM, 539, 540, 545

MBP (Myelin basic protein) in Brn2-ablated cell
lines, 157

MC1R. See Melanocortin-1 receptor (MC1R)
MCAM/MUC18. See Melanoma cell adhesion

molecule (MCAM)/MUC-18
Mcl-1 in drug resistance, 579
MDM2 (murine double-minute 2) protein in cell

cycle regulation, 367
MDR. See Multidrug resistance (MDR)
Mediterranean populations, melanoma in, 330–331
MEK–ERK pathway

activation of, 121, 251, 254, 274
targeting, 135–136

Melacine, 641, 642
Melan-A/MART-1 lymphocytes, 624
Melanin

DNA damage associated with, 295
in drug resistance, 598
as photoprotection, 295, 581
production of, 102–103, 273
regulation of, 36, 57, 81
response to UV, 106–107
in skin pigmentation, 82–83, 106
synthesis, 348–349, 514, 581
and tyrosinase, 83

Melanoblasts
Brn2 levels in, 152, 153
described, 28
formation of, 3, 4, 18
MAGE genes in, 621
migration of, 5–6, 12, 13, 28
regulation of, 19, 102
survival and Mitf, 57

Melanocortin-1 receptor (MC1R)
about human MC1R, 271, 350–353
and ASIP, 359
in Brn2-ablated cell lines, 159
in Erk activation, 254
and hMC, 88–89
and melanoma risk, 250, 336, 340, 359–360, 443

-MSH and, 88, 252, 272, 350
mutations in, 250, 266
and P gene, 359–360
signaling via, 272
in skin pigmentation, 104–105, 248, 271–273,

349, 353–355
variants, predicting, 353

Melanocortins and hMC, 88–89
Melanocytes

about melanocytes, 3, 81, 82, 102, 247, 514, 522
cadherin shift by, 176–177
cells, properties of, 28, 169
cell signaling/adhesion in, 7–13, 42
dendricity of, 92, 104, 267

density/distribution, 105–106
deregulated signaling in, 250–258
development of

about, 3–6, 19, 52, 267
and Brn2, 151–153
genes in, 7–10, 32, 38
Mitf in, 10, 18–19, 34–35, 56–59, 76, 252
PAX3 gene, 9, 17–18, 32, 130–131
and B-Raf, 557
and Rb-E2F, 228–229
Sox10 in, 9, 17, 71, 73–74, 76
transcription factors in, 9–10, 16–19, 32,

158, 482
Wnt/ -catenin-signaling pathway, 6, 11–13,

17, 44, 56
DNA damage to, UV-induced, 107–111
and environment, 103–107
human. See Human melanocytes (hMC)
in human pigmentation, 82, 89–90, 176
imaging, 406
MAAs in, 624
migration of, 4, 5
normal, physiological signaling in, 248–249
P-gp in, 595
in photoprotection, 82, 83, 169, 248
progression, genetic mechanisms of, 203–206
Rb deficiency in, 233–237
response to UVR, 90–91, 105–106
and skin pigmentation, 28–30, 41, 55, 57–58,

103–104
survival of, 57, 82, 84, 92–93, 126, 258
transformation

about transformation, 619–620
genetic regulatory mechanisms of, 483,

490, 491
rates and sunlight, 311

vs nevi, 515–517
-Melanocyte-stimulating hormone ( -MSH)

and ASIP, 356
and MC1R, 88, 252, 272, 350
in melanin synthesis, 348–349
and melanocyte proliferation, 249, 253, 370
in Mitf regulation, 55, 75–76, 254, 257
in pigmentation regulation, 81, 82, 85, 88, 248
synthesis of, 88

-Melanocyte-stimulating hormone ( -MSH) in
pigmentation regulation, 88

-Melanocyte-stimulating hormone ( -MSH) in
pigmentation regulation, 88

MelanoDerm cultures, response to UVR, 111
Melanoma

2D-PAGE analysis of, 413–417
about melanoma, 19, 592, 651
animal models of, 303–304, 316–317
Brn2 in, 153–155
cells, properties of, 28, 44
chromosome/gene changes in, 120, 199, 202–206,

265, 375–376, 555; see also DNA
classification of, 201–203, 267, 430
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clonal autonomy in, 379, 387
cutaneous (CMM). See Cutaneous malignant

melanoma (CMM)
development. See Development of melanoma
diagnosis. See Diagnosis
and DRC, 446–448
epidemiology of, 442
expression of octamer binding proteins in, 151
growth factors in, 378–380
hereditary. See Hereditary (familial) melanoma
and histological dysplasia, 521
imaging, 406
incidence

by age, 313–314, 316, 321, 322
by anatomical site, 313, 314, 316, 651–652
in men, 313, 330, 447
by occupation, 314–315
and radiotherapy, 270
rise in, 265, 266, 291, 369
in US, 366, 430, 442, 552, 592
in women, 313, 330, 447

misdiagnosis of, 198
ocular, 202, 595
pediatric, 273, 368
progression. See Progression
and Rb, 229–233
recurrence. See Recurrence in melanoma
regression. See Regression in melanoma
regulatory pathways in, 378–380
repair deficiencies associated with, 299
RGP. See RGP (radial growth phase) melanoma
risk factors. See Risk factors for melanoma

development
signal pathways in. See Signaling pathways
in situ, 522, 523
and Sox10, 77
sporadic, 443
susceptibility to. See Susceptibility to melanoma
target pathways in, 302–303
transition, RGP to VGP, 491
tumor, model of, 542
uveal. See Uveal melanoma
VGP. See VGP (vertical growth phase) melanoma
and XP, 296

Melanoma antigen gene (MAGE)-1, 621
Melanoma antigen gene (MAGE)-2, 621
Melanoma antigen gene (MAGE)-3

about MAGE-3, 621
in CNS metastases, 571
as marker, 559–562, 565–567

Melanoma-associated antigens (MAA)
classification of, 622
expression, detecting, 570
immune response to, 619–620, 624, 635, 636
in progression/inhibition of melanoma, 623–626
recognition of, 620–623
as vaccines, 642

Melanoma cell adhesion molecule (MCAM)/MUC-18

in angiogenesis/vasculogenesis, 536
and AP-2 , 489, 491
in bone marrow metastases, 572
as molecular marker, 553, 555, 565–567
regulation of, 379, 382–383

Melanoma cell vaccine (MCV), 625, 640–641
Melanoma inhibitory activity (MIA)

described, 475–477, 485–486
in prognosis, 463, 464
protein

characterization/structure of, 478–481
expression, effects of, 482
function of, 481–482

regulation of, 475
as serum marker, 485
transcriptional regulation of, 482–485

Melanoma in situ (MIS) described, 522, 523
Melanosomes

Dct expression in, 584
in drug resistance, 596, 598
in melanin synthesis, 102–103, 581
movement, regulation of, 91–92
response to UVR, 111
in skin pigmentation, 82, 83, 102
transfer of, 104

Melanotransferrin (p97) as molecular marker,
553, 565–567

MelCAM
in apoptosis inhibition, 126
and N-cadherin, 172

Men
melanoma incidence in, 313, 330, 447
prognosis for, 527
ulceration in, 458
VMO in, 641

Metallopanstimulin-1 (MPS-1) described, 378
Metallothioneins (MTs)

in drug resistance, 598
in prognosis, 463, 464

Metastasis
actins in, 383–384
and angiogenesis, 385–388, 503, 504
AP-2  and, 492
biology of, 504
bone marrow, 572–573
brain, 385
CNS, 571
distant in prognosis, 569–571
enzymes in, 385
growth requirements of, 379
imaging, 403–404, 552
lymph node, 381, 652
MAGE genes in, 621
and Met expression, 276
and MIA, 482
NF- B inhibition of, 133, 503
and oncogene expression, 375
and PAR-1, 492, 498
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patterns of
about, 429, 430, 528
pre-SLN era, 430–431
SLN era, 431–433
and survival rates, 434

predicting, 185, 377, 416, 417, 430–436, 528,
552, 573

and prognosis, 429–436, 468–469, 503–504,
527, 625

in RGP melanoma, 526, 528
RhoB, inhibition by, 126
sites of, most common, 430
and staging, 429, 431, 434, 436–437
systemic, 429, 430, 432, 433, 435, 438
and telomerase activity, 374
and vascular involvement, 507
and VEGF, 386

c-Met expression in HGF/SF signaling, 130, 276–277
Met expression in Ras transformed cells, 130, 131,

256–258
Methotrexate, 578, 580
Methylation of DNA, 226, 598
Methyl CpG-mediated transcriptional repression, 216
O6-Methylguanine DNA methyltransferase (MGMT)

in drug resistance, 578
hypermethylation in, 571
as molecular marker, 553, 555, 556, 568

MeWo cell lines, PAR-1 promoter activity in,
496, 497

MGF. See Mast cell growth factor (MGF)
MGMT. See O6-Methylguanine DNA

methyltransferase (MGMT)
MIA. See Melanoma inhibitory activity (MIA)
MIB-1 antibody in cell proliferation, 377
Microsatellites

LOH in, 555, 570
and prognosis, 462, 554–556, 562–563, 568–569
in RGP, 525

Microtubule inhibition by chemotherapeutic
agents, 578, 580

Migration
defined, 522
of melanoblasts, 5–6, 12, 13

Minimal erythema dose (MED) defined, 335
Mitfmi-b allele described, 36
Mitf (microphthalmia associated transcription

factor)
about Mitf, 28–31, 51–52, 62
activation

by SKI, 217–218
by Wnt, 122

in angiogenesis/vasculogenesis, 536, 538
in Brn2-ablated cell lines, 155, 157, 158, 159
in cell proliferation/differentiation, 41–44
expression of, 5, 19, 34
function of, 29, 52, 93, 129
and Fyn inhibition, 256, 257
isoforms of, 53

in Mek/Erk activation, 253–254
in melanocyte development, 10, 18–19, 34–35,

56–59, 76, 252
in melanocyte function, 105–106
modifications, posttranslational, 38–41, 59
mutations in, 35–37, 74–75
and Pax3, 17
and PI3Ks, 258
promoter, repression of, 162
protein-protein interactions, 59–61, 248
regulation of

described, 60, 71, 122
posttranslational, 37–44

and Slug, 18
Sox10 gene and, 19, 37, 53–55, 71, 74–76
in Spitz nevi, 199
stability of, 40, 59
structure/products of, 31–34
transcription of, 34, 272

Mitfmi–rw allele described, 36
Mitfmi–sp allele described, 36
Mitfmi–vit allele described, 36, 42
Mitogenicity

defined, 523
in prognosis, 525, 526

Mitosis, inhibiting, 578
MLANA

in angiogenesis/vasculogenesis, 536
in Brn2-ablated cell lines, 155, 158
regulation by Mitf, 58, 61, 105–106

ML-IAP/livin described, 611
MM96Lc8D cell lines, Brn2 ablation in, 155–158
MM96Lc8LC cell lines, Brn2 ablation in, 155–159
M-Mitf

-catenin/LEF-1/TCF response and, 56
cell lineage specificity of, 38, 52
expression of, 35, 36, 53, 74–75
regulation of, 37, 53–56

MMPs. See Matrix metalloproteinases (MMPs)
Mobility changes, identifying, 413
Molecular studies of melanoma, 317
Monoclonal antibodies (MAbs) in MAA

recognition, 623
Mouse models

Adamts20 gene, 13
agouti, 355
antisense oligonucleotides, 611
AP-2 , 490
ARF, 187–188, 278
ATF2, 134
Bcl2, 42
bFGF, 387
B-Raf, 127, 251
Brn2, 38, 153
cadherins, 12, 170

-catenin, 12
CD44, 382
Cdk4, 270
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CDKN2A, 188–189
cell senescence, 185
cyclin D1, 376
dacarbazine, 609
Dct, 76, 581–582, 584
DNA-deficient, 303–304
doxycycline, 281
Ednrb gene, 14–15
Efnb, 13
eicosanoids, 86
Foxd3, 16
Fyn, 256
IFNs, 636
Kit, 15–16, 29, 87, 248
limitations of, 303, 317
LOH, 278
MC1R, 88, 353
melanoblast migration, 6, 28, 30
melanoma development, 317
melanosome transfer, 104
c-Met, 276–277
MIA, 481–482
Mitf, 31, 36, 52, 57, 257
neural cell migration, 5
osteopontin, 255
p16, 251, 253, 269, 278
p53, 278–279
Pax3, 17, 37, 56
PTEN, 277
Rb, 283
Rb/E2F, 228, 229, 231, 233–237
ribozyme therapy, 505–507
Ski, 212–215
Snail family genes, 18
Sno, 212, 214
Sox9, 16
Sox10, 17, 55, 72–73
Tcfap2 , 18
tyrosinase mutations, 57
UV exposure in melanoma induction, 292, 302
VGP vs RGP, 525
VM, 543, 544
Wnt/ -catenin-signaling pathway, 7, 11, 12

mRNA markers
about mRNA markers, 553–554, 558
assessing, 436, 559, 562, 622
detection

in blood, 564–567
in distant metastases, 570

MRP1 protein in MDR, 597
MRP2 protein in MDR, 597–598

-MSH. See -Melanocyte-stimulating hormone
( -MSH)

MSTag software url, 411
MudPIT (Multidimensional protein identification

technology) described, 420–422
Multicenter Selective Lymphadenectomy Trial

(MSLT)-II described, 562, 573

Multidrug resistance (MDR)
and ABC transporters, 594
about MDR, 599–600
causes of, 591, 592

Multiphoton microscopy described, 400
Mutations

B-Raf. See B-Raf mutations
in drug resistance, 593–594
fixation of, 444
frequency differences in, 369
in PAR-1, 496
pathways targeted by, 273–278
prevalence in melanoma, 556–557, 563–564, 570
proviruses and, 579
UV-signature, 280, 301–302, 444

MXI1 in tumor suppression, 277
c-Myc gene

in apoptosis modulation, 609, 611, 612
in cell crisis, 375

Myc gene in cancer, 61, 120, 128, 279, 375
MYO5A gene in Brn2-ablated cell lines, 157, 158

N
NAV2 gene in Brn2-ablated cell lines, 157
Near-infrared (NIR) spectrum probes described,

400, 406
Nerve growth factor (NGF)

in melanocyte protection, 82, 85, 87, 92, 93, 249
synthesis of, 84

Nest formation in melanocyte transformation,
515, 517, 521, 524

neu gene in cancer, 375, 491
Neural crest cells

formation of, 4–6, 56
marker expression in, 28, 72
migration of, 6, 11–14
Sox10 in, 17, 72, 73

Neuron development, imaging, 402
Neurotrophin-3 (NT-3) in melanocyte survival,

84, 85, 87
Nevi

about nevi, 197, 331, 514
chromosome aberrations in, 199, 200, 205
classification of, 184–185, 189, 197–198
common acquired, 514–515, 519, 527–528
compound defined, 515, 517
dermal defined, 515
dysplastic; see also Dysplastic nevus

syndrome
AgNOR expression in, 378
described, 198, 515–517
DNA repair capacity (DRC), 444, 447
imaging, 406
immune response to, 634
in Italian population study, 331–334, 338
MAGE genes in, 621
microvessel density in, 387
as risk factor, 198, 340–341, 442–443,

517–521, 527–528
VEGF in, 386
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formation of, 248–249
genetic basis of, 189–191
imaging, 404–406
melanin in, 295
melanocytes in, 249
melanocytic described, 197–201, 376–377,

514–521
in melanoma risk, 315–316, 321, 322
MIA in, 476, 477
misdiagnosis of, 198
mutations in, 189, 518, 557
number of as risk factor, 519
senescence in, 183, 190
vs melanocytes, 515–517

Nevi with architectural disorder and cytological
atypia (NAD). See Nevi, dysplastic

Nevoid melanomas described, 515
Nevomelanocytes. See Nevi
NF- B signaling pathway

about NF- B, 614
activation of, 121, 125, 126
in drug resistance, 585, 598, 609
in metastasis, 503, 506–507
regulation of, 132–133
as therapy target, 612
in tumor invasiveness, 508–510

NGF. See Nerve growth factor (NGF)
Nitrosoureas, response rate as single agent, 592
Nodal status and clinical outcome, 430
Nodular melanoma (NM) described, 201–202
Northern European descent, MC1R variants in,

350, 353
Notch signaling and apoptosis, 544, 545
Nr-CAM activation by SKI, 217–218
NSC 73306 in MDR modulation, 599
NT-3. See Neurotrophin-3 (NT-3)
Nuclear receptor co-repressor (N-CoR) protein in

transcriptional repression, 215
Nucleotide excision repair (NER)

cleavage efficiency in, 293
deficiencies, consequences of, 295–296
mechanisms, 296–299
in melanoma development, 292, 444–449
of UV-induced DNA damage, 293–295

Number of nodes in prognosis, 464–465
NY-ESO-1 gene, expression of, 622

O
OBF1 interactions, 162
Occupation and melanoma incidence, 314–315
Oct-1 factor, cellular expression of, 150, 162
Oct-2 factor, DNA binding in, 151, 162
Octamer binding proteins, expression of, 151
Ocular melanoma, 202, 595
Oculocutaneous albinism type 1 syndrome, 57,

103, 155
Oculocutaneous albinism type 2 syndrome, 357,

359–360

Oculocutaneous albinism type 3 syndrome, 359
Oculocutaneous albinism type 4 syndrome, 58
Oligonucleotides in proteomics profiling, 419
OMSSA software url, 411
Oncogenes in melanoma pathogenesis, 374–377
Onecut2 in Mitf regulation, 38
Opossum models, advantages of, 303
Optical coherence tomography (OCT) described,

401–402, 406
Optical imaging

applications in melanoma, 403–406
fundamentals of, 399–402
optimizing, 402–403

Osteonectin
in Brn2-ablated cell lines, 157, 159
described, 382

Osteopetrosis and mitf expression, 36, 59
Osteopontin and Mek/Erk, 255

P
p14ARF in melanoma, 231, 303, 337
p16INK4A–cyclin D–CDK4/6–RB pathway in

melanoma development, 268–270, 337
p16INK4A protein; see also CDKN2A

in benign nevi, 190
encoding of, 303
expression, measuring, 369
function of, 269, 339, 367–370
inactivation of, 228, 268, 275
location of, 366
in melanoma susceptibility. See Susceptibility

to melanoma
in nevi senescence, 183
in senescence, 185, 186, 188–189, 205, 268–270
in Spitz nevi, 199, 201, 275
as therapy target, 280
and UVR in melanoma development, 270,

279, 303
p16 protein

as molecular marker, 553, 555
and prognosis, 463

p19ARF gene and p53 gene mutations, 236
p21 protein

and AP-2 , 490, 491
in cell cycle regulation, 367, 372
and CKI activity, 228
in M1 senescence, 185, 188
in metastatic melanoma, 231, 232, 236
in TGF-  repression, 216
in UV damaged DNA, 299

p27 protein
and CKI activity, 228
expression and Mitf, 42
and Rb/E2F, 231
regulation of, 381

p38 gene
activation by TRAF proteins, 132, 134
in drug resistance, 585
stress kinase and Mitf regulation, 40
and tyrosinase expression, 248
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p53 gene
and ARF, 271
in benign nevi, 190
CLDC based therapy and, 505
clinical trials of, 613
in DNA repair, 296, 298, 299, 302
in drug resistance, 578, 598, 608
mouse models of, 278–279
mutations in melanoma development

apoptosis-inducing, 337, 370–372
and p19ARF, 236
senescence and, 185–188, 191–193
UV-specific, 318, 444
and XP, 296

and prognosis, 463
in senescence, 206, 370
suppressing, 228, 231, 269, 367
with UV signatures, 292, 444

p53–Mdm2 negative feedback loop, imaging, 403
p65 protein

and metastasis, 506–507, 509
in MIA inhibition, 484
and tumor vascularization, 503

p73, repression of, 236
p75 nerve growth factor receptor, 385
p97 (melanotransferrin) as molecular marker,

553, 565–567
p107 in Rb/E2F, 228–230, 238
p130 in Rb/E2F, 228–230, 238
p300 and Brn2, 161
Paclitaxel

mechanism of action, 578
resistance to, 58
response rate as single agent, 592

Pagetoid pattern described, 521, 522, 524
Papillary renal cell carcinomas, 61
PAR-1. See Protease-activated receptor (PAR)-1
PAR-21. See Protease-activated receptor (PAR)-2

in melanosome transfer
Paracrine factors

in cell-cell signaling, 119–123, 274
in skin pigmentation, 83–87, 91, 92, 93,

105–106, 248
in VGP, 379

PAS (Periodic acid-Schiff) staining in VM imaging,
534, 537, 539, 541, 543

PAX3 (Paired homeodomain transcription factor
3) gene

in Brn2-ablated cell lines, 158, 160–161
function of, 29, 130
in melanocyte development, 9, 17–18, 32,

130–131
and Mitf expression, 19, 37, 53, 54–56, 75, 158
as molecular marker, 553, 555, 559–562

Paxillin phosphorylation and SCF, 87
PDGF. See Platelet-derived growth factor (PDGF)
PeptideSearch software url, 411
Performance status in prognosis, 469

Periodic acid-Schiff (PAS) staining in VM imaging,
534, 537, 539, 541, 543

Peutz Jeghers syndrome described, 277
P-glycoprotein (P-gp) in drug resistance, 592–595,

599; see also ABC transporters in drug
resistance

Phenotype
DRC and melanoma risk, 444, 448
MC1R associations with, 353–355
MDR, ABCC subfamily in, 597–599
and melanoma risk, 348, 369, 370
metastatic, 375, 385–388
pigmentation

P protein gene and, 352, 357–358
and tyrosinase, 352, 358

and prognosis, 526–527
RHC

and melanoma risk, 271–273, 291, 336,
353–354

P gene in, 360
and telomerase activity, 373
VM, 537–539, 545

Pheomelanin
and ASIP, 349
and cancer risk, 273
DNA damage via, 295
and photoprotection, 333, 348
in skin color regulation, 82, 581
synthesis, 88, 273, 355

PHLDA1 gene in apoptosis resistance, 612
Phosphatidylinositides in array-based proteomics, 419
Phosphorylation

of -Catenin, 120, 174
CREB, 37–38, 93, 272
of Mitf, 33, 38–40, 56, 59, 60
paxillin, 87
of Rb protein, 130, 268, 269
of serines, 226
of threonine, 120, 226

Photoprotection, melanocytes in, 82, 83, 169, 248
PI3K (Phosphatidylinositol-3 Kinase) pathway

about, 123–126
Akt signaling, 256–258
and PAR-1, 492
pathway interactions with, 135, 174, 232–233
and PTEN, 277, 318–319
targeting, 136
in VM, 539

PIAS3 protein and Mitf regulation, 39, 59–60
Piebaldism, 87
Pigmentation

in Brn2-ablated cell lines, 155, 158
cutaneous

in humans, 82–83
measuring, 334–336
melanin synthesis/distribution, 82–83
melanocytes and, 28–30, 41, 55, 57–58,

103–104
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and melanoma risk, 354, 356–357, 442, 447
regulation of, 81, 83–87, 89–90, 101, 102, 107
role of, 82, 340, 341

development of, 28–30, 41, 55, 57–58, 72
gene interactions in, 359–360
and MAAs, 624
and MC1R, 271–273, 351–352
phenotype and melanoma risk, 348, 369, 370
UV-induced, 81, 82, 83, 90–92, 102, 248, 348
and UV sensitivity, 334–336

Pit-1 factor, cellular expression of, 150
PKCI/HINT1 and Mitf regulation, 60–61
Plasticity of cells and vascular mimicry, 534–537,

544, 545
Platelet-derived growth factor (PDGF)

and PAR-1, 492
in VGP melanoma, 379

Platelet endothelial cell-adhesion molecule-1 in
cell adhesion/invasion, 507

Pmel17 gene
in bone marrow metastases, 572
MAGE recognition by, 621

Pocket proteins
described, 224
inactivation of, 229

Pol-  in DNA repair, 301, 302
Pol II in DNA damage repair, 298, 299
Pol-  in DNA repair, 301, 302
Polymerase chain reaction (PCR)

in molecular staging, 436–437
RT-PCR. See RT-PCR

Polymorphisms in melanoma
ASIP g.8818A/G, 356
DRC, 448–449
germline, 265, 269
GST, 443–444
MC1R. See Melanocortin-1 receptor (MC1R)
testing, 350, 443

Positron emission technology (PET), 552
Posttranscriptional regulation of Mitf, 38–41, 59
POU domain transcription factors

in cell regulation, 149
DNA binding in, 150–154
in Mek/Erk activation, 254–255
and Sox family genes, 161

P protein (pinkeyed dilution) gene
and melanoma risk, 360
and pigmentation phenotypes, 352, 357–358

PQBP-1 and Brn2, 161
Prevalence. See Incidence of melanoma
Prognosis

and age, 460, 461, 467, 469
and anatomical site, 460, 461, 467, 527
distant metastasis in, 569–571
factors influencing

about, 455–456, 469–470, 513
stage 1/2, 456–464
stage 3, 464–468
stage 4, 468–469, 634

gender and, 460, 461, 469
invasion of tumor cells in, 459
and MAA antibodies, 624–626
and metastasis, 429–436, 468–469, 503–504,

527, 625
microsatellites and, 462
number of nodes in, 464–466
regression and, 462
thickness of tumor and

classification of, 457
genetic abnormalities, identifying, 554
mortality rates, 458, 460–462
survival, predicting, 467, 508, 513, 527

TMR in, 460–461
vascular density and, 462
vascular factors in, 507–509
and vascular mimicry, 534, 541

Programmed cell death. See Apoptosis
Progression

about progression, 431–432, 490, 513–514
hypermethylation in, 556
and immune response, 619–620
inhibiting, 609, 610
and MAAs, 623–626
molecular basis of, 521–527, 544–546

Progression, genetic basis of
about progression, 184, 192–193, 366–370, 409
and cell senescence, 185–187, 189
Clark model

described, 184–185, 189, 459, 514
genetic basis for, 189–191

markers. See Markers
mechanisms, 203–206, 525
PAR-1, 491–498
SKI protein, 212–215
stages and expression of proteins, 415–417, 482
vascular factors in, 507–508, 533–537

Proliferating cell nuclear antigen (PCNA)
described, 377
and p53 expression, 372

Proliferation mechanisms
genetic in melanoma, 203–206
and Mek/Erk, 253
in nevi, 199–201

Promyelocytic leukemia protein (PML)
in senescence, 217

Proopiomelanocortin (POMC), synthesis of, 88
Prostaglandins, hMC response to, 85–86
Protease-activated receptor (PAR)-1

about, 489, 498
DNA binding in, 492–493
expression, regulating, 493–497
gene regulation by, 496–497
in melanoma progression, 491–498
promoter, deletion analysis of, 495–496

Protease-activated receptor (PAR)-2 in melano-
some transfer, 91
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Protease activity, extracellular, 417, 418
Protein identification

2D-PAGE. See 2D-PAGE
about, 409–412
low-abundance, 420, 421
MudPIT, 409–412
SELDI. See SELDI

Protein kinase C (PKC)
activation of, 121
and PAR-1, 492
and Wnt5a, 123

Protein kinases, proteomics profiling of, 419
Protein phenotype and cell line classification,

416–417
Protein pockets. See Pocket proteins
Protein tyrosine kinases (PTKs), 374
Proteomics profiling

about, 409–411
activity-based, 417
array-based, 419–420
and bioinformatics, 422
bottom-up (shotgun), 420–422

Proto-oncogenes in melanoma pathogenesis, 120,
374–377

Proviruses and mutations, 579
Psoriasis and DRC, 446
PTEN gene

in melanoma pathogenesis, 121, 123–124,
128, 192, 277–278, 318–319

in pathway interactions, 135
and PI3K/Akt, 256, 277

PTKs. See Protein tyrosine kinases (PTKs)
PU.1 and Mitf regulation, 59

Q
Quadrupole instruments described, 410
Quantification

in 2D-PAGE, 412–415
in MudPIT, 422

R
Rab5  in Brn2-ablated cell lines, 157
Rab25 in Brn2-ablated cell lines, 157
Rab27a in Brn2-ablated cell lines, 157, 158
Rab38 gene, 155, 157
Radial growth-phase (RGP) melanoma. See RGP

(radial growth phase) melanoma
Radiotherapy

about radiotherapy, 578–579, 591
and melanoma incidence, 270
resistance

Dct, 577, 583, 585–586
p53 in, 608

B-Raf mutations
about B-Raf mutations, 303, 609
and Brn2 expression, 154, 255
and CDK activity, 223
in distant metastases, 570
in drug resistance, 598

frequency and melanoma type, 203
in Mek/Erk activation, 251, 252, 254
in melanocyte transformation, 557
in melanoma maintenance, 282
in melanoma pathogenesis, 275–276, 319
as molecular marker, 191, 553
in nevi, 189, 198–199, 518
pathway interactions with, 127–129, 135, 233
and PTEN, 256
signal transduction via, 121, 122
and sun exposure, 376
targeting in treatment, 136

RAF proteins in MAPK activation, 275–276
Random nuclear atypia described, 517
Raper-Mason scheme, 102
H-Ras

clinical trials of, 613
in melanocytic nevi, 199
mutations

in melanoma proliferation, 275–276, 375
in Spitz nevi, 376
and VEGF, 282

RAS association domain family protein 1A (RASSF1A)
hypermethylation in, 564, 570–571, 571
as molecular marker, 553, 555, 556, 568

Ras gene
clinical trials of, 613
in drug resistance, 598, 608–610
in Fas regulation, 374
in melanoma maintenance, 281–282
mutations

in Mek/Erk activation, 252
in melanoma pathogenesis, 128, 130,

275–276, 444
in nevi, 198–199, 518
and B-Raf, 127

pathway interactions with, 135, 232, 233, 251,
254, 274

proteins, function of, 127
and PTEN, 256
senescence, resistance to, 370
signal transduction in, 121, 557
transformation and LKB1, 278

K-Ras mutations
in melanoma proliferation, 275
and VEGF, 282

N-Ras mutations
in drug resistance, 609
in melanoma proliferation, 189, 191, 223, 275, 319
in RGP/VGP melanoma, 523
and V599E B-RAS, 276

RAS/RAF/MEK/ERK Pathway
described, 251–255
and MAPK activation, 274

RASSF1A. See RAS association domain family
protein 1A (RASSF1A)

Rat models, octamer binding proteins, 151
Reactive oxygen species in melanogenesis, 348
Receptor tyrosine kinases (RTKs)
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activation of, 86–87, 274
and Brn2 expression, 122
and cadherins, 169, 177–178
in melanomas, 233, 250
in signal pathway activation, 275, 636
in VM, 539

Recurrence in melanoma
and immune response, 620
lymph nodes, 430, 557, 560
and P-gp expression, 595
predicting, 377, 403, 564–567
and TA90, 626
types of, 204–205
vascular factors in, 508

Regression in melanoma
and apoptosis, 206
immune-mediated, 635–636, 639
and immune response, 620, 625–626
and metastasis, 430
and prognosis, 462
spontaneous, 596, 633, 634

RelA, clinical trials of, 613
Relapse, detecting, 403
Rel family described, 133, 613
Reproducibility

in 2D-PAGE, 412–413
in MudPIT, 421

Resistance, mechanisms of
about resistance, 578–579, 585, 591–593
apoptosis deficiency, 605–606
chemotherapy. See Chemotherapy, resistance
and HSPs, 612
senescence, 370
transporter-dependent, 594–598
transporter-independent, 598

Ret gene expression and Pax3, 17
Retinal pigment epithelium (RPE)

development of, 29, 34–35, 52, 59
and Mitf mutants, 31, 42, 44, 58
and M-Mitf deficiencies, 35
pigment regulation in, 41
tyrosinase expression in, 57–58

Retinoblastoma (Rb) protein
clinical applications, 237–238
described, 223, 224, 227
functions of, 233–237, 367–370
inactivation of, 187, 279
in M1 senescence, 185–186
melanoma and, 229–233, 268, 269, 270
phosphorylation of, 130, 268, 269
regulation of, 226–228, 230
in senescence, 206
and SKI, 215, 216
transcriptional regulation by, 224–226, 237
and UV mechanisms, 283

Retinoic acid receptor-  (RAR- 2)
hypermethylation in, 564, 571
as molecular marker, 553, 555, 556, 568

Retroviral insertional mutagenesis described,
579–580, 583

RGP (radial growth phase) melanoma
about RGP, 185, 267, 416, 514, 523–525
apoptosis in, 190–191
B-cell antigen in, 623
biology of, 525–526
HLA-DR in, 635
mutations in, 127, 128
prognosis, 513, 526

RHC phenotype
and melanoma risk, 271–273, 291, 336, 353–354
P gene in, 360

Rho kinases
deregulation of, 259
metastases, inhibition by, 126
and PAR-1, 492

Ribozyme therapy, 505–507
Risk factors for melanoma development; see also

UV radiation; Xeroderma pigmentosum (XP)
described, 319–320, 331–340
dysplastic nevi, 198, 340–341, 442–443,

517–521, 527–528
MC1R gene mutations, 250
pheomelanin, 273
RHC phenotype, 271–273, 291, 336, 353–354

RNA interference (RNAi) in targeted therapy,
136, 155, 579

RPE cells. See Retinal pigment epithelium (RPE)
RPG melanomas. See RGP (radial growth phase)

melanoma
RTKs. See Receptor tyrosine kinases (RTKs)
RT-PCR

in marker development, 558–562
in prognosis, 464, 468, 564–565
quantitative RT-PCR (qRT), 560–562
sensitivity of, 571

S
S27 ribosomal protein described, 378
S-100  protein in prognosis, 463, 464
Safety margins, effectiveness of, 204
San descent, MC1R variants in, 350
Sarcoma, risk of and Rb, 270
SB2 cell lines, PAR-1 promoter activity in, 496, 497
SBCL2 cell line, 2D-PAGE analysis of, 414
Scatter factor (SF). See Hepatocyte growth factor

(HGF)/scatter factor (SF)
SCF. See Stem cell factor (SCF)
SELDI described, 418–419
E-Selectin

in angiogenesis/vasculogenesis, 536
regulation of, 134

L-Selectin in immunotherapy, 644
Selective sentinel lymphadenectomy (SSL),

applications of, 431, 435, 438, 504
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Senescence
cellular, types/mechanisms, 185–187, 189
in fibroblasts, 185, 186, 187, 217
hTERT in, 187, 188, 190–192
INK4a/ARF locus, 268–270
p16INK4A protein in, 183, 185, 186, 188–189,

205, 268–270
p53 gene in, 206, 370
PML in, 217
premature (oncogene-induced), 201
Rb protein in, 185–186, 206
resistance to, 370
telomeres in, 185, 187, 190–191, 205–206,

373–374
and UVR, 370

Sensory neurons, induction of, 12
Sentinel lymph nodes (SLNs)

marker expression, detecting, 562
in metastasis, 430–433, 552
in prognosis, 557–558
sampling method, 559
in staging, 456, 573
and survivin, 611

Serines
in Mitf phosphorylation, 33, 38–40, 59, 60
phosphorylation of, 226

Serological techniques in MAA classification, 622
SH3 domains described, 478, 480, 481
Shedding phenotype described, 417
Shotgun (bottom-up) proteomics profiling, 420–422
Signaling pathways; see also individual pathway

by name
about signaling pathways, 258–259
activation

and HGF/SF, 274, 276–277
and RTKs, 275, 636

altered and apoptosis, 125, 126, 132, 217–218
autocrine factors in, 250, 256–257
balance alterations in, 415
bFGF in, 250, 384
HGF in, 250, 256–257, 274
interleukins in, 250, 378, 379
in melanoma

alteration of, 121, 128
mutations targeted by, 273–278
targeting in treatment, 135–136

paracrine factors in, 119–123, 274
stress response, 585
VM, 539, 540, 544, 545, 546

Silver staining in proteomics profiling, 412
SILV/Pmel17/GP100

in Brn2-ablated cell lines, 155, 157, 158
regulation by Mitf, 58

c-Ski gene, 212, 216; see also SKI protein
Skin pigmentation. See Pigmentation, cutaneous
SKI protein

described, 211–212
functions of, 215–218
structure of, 212–215
as targeted therapy, 218–219

Slug gene expression
in Brn2-ablated cell lines, 157, 158, 159
in melanocyte development, 9, 18
and Sox10, 17

Smac/Diablo, inhibition of, 611–612
Smad proteins in TGF-  repression, 211, 215–216
Snai2/Slug gene

in melanocyte development, 9, 18
promoter regulation by Mitf, 58–59
regulation of, 158

SnoN protein
in breast cancer, 212
functions of, 212, 216
structure of, 212
in TGF-  repression, 211

Software for MS/MS data analysis, 411
Solar keratoses in melanoma development, 321, 322
Sox6 protein in MIA inhibition, 484
Sox9 gene in melanocyte development, 9, 16–17
Sox10 gene

in Brn2-ablated cell lines, 157, 158, 159
function of, 29, 71–73, 76–77
in melanocyte development, 9, 17, 71, 73–74, 76
in melanoma, 77
and Mitf expression, 19, 37, 53–55, 71, 74–76, 158
and -MSH, 76
mutations in, 75
promoter, regulation by Brn2, 162

Sox family genes and POU domain transcription
factors, 161

Sp1 transcription factor
described, 493–494
in PAR-1 regulation, 494–497

SPARC. See Osteonectin
Specificity protein (Sp)-1, 489
Spitz nevi

AgNOR expression in, 378
described, 198–199, 201
genomic instability in, 376–377
H-Ras amplification in, 275–276

-integrins in, 381
VEGF in, 386

Splice forms, Mitf, 53
Src kinases

and Cortactin, 256, 257
in immune response, 636
in Mek/Erk, 255–256

Sry-box in Sox protein binding, 71
SSX2 gene, expression of, 622
Staging of melanoma

AJCC guidelines, 455–456, 459, 508, 513,
528, 569

and metastasis, 429, 431, 434, 436–437
PCR in, 436–437
and prognosis, 625
SLNs in, 456, 573

STAT1, function of, 131, 636
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STAT3
in drug resistance, 598
and Mitf, 62
in tumor cell lines, 131

STAT proteins
in apoptosis inhibition, 125, 126, 129
deregulation of, 259
described, 131–132
imaging, 406

Steel factor. See Kitl expression
Stem cell factor (SCF)

in apoptosis inhibition, 188
in Brn2 expression, 154
in Brn2 induction, 255
in melanocyte protection, 82, 85
in melanoma proliferation, 379, 380
synthesis of, 84, 86–87
in UV-induced melanogenesis, 248, 249, 252
and UVR-induced apoptosis, 93

Stem cell retrovirus, restriction map of, 579
Stress in drug resistance, 585
Sub-Saharan descent, MC1R variants in, 350
Sumoylation in transcription factor activity, 40
Sunburns as risk factor, 279, 280, 442, 519
Sunlight exposure as risk factor, 202–203, 265,

266, 441–444
Superficial spreading melanoma (SSM)

described, 201–203, 205
growth pattern in, 462, 521, 522

Survival rates; see also Prognosis
detection via molecular markers, 560–562, 572
factors influencing

about, 455–456, 469–470, 513, 552
stage 1/2, 456–464
stage 3, 464–468
stage 4, 468–469, 634

IFN therapy, 637, 638, 641
MCV, 640, 641
and metastasis, 429–436, 503–504, 527, 592
predicting, 565
TA90 and, 624–626
vascular factors in, 507–509
VMO, 641, 642

Survivin
about survivin, 611
clinical trials of, 613
in drug resistance, 579, 600, 608

Susceptibility to melanoma
CDH1 gene in, 338
CDK4, 187, 231, 266, 268–270, 337–339
CMM4, 187
conferring, 187, 317
genes involved in, 443
L65P mutant in, 338, 339
p16INK4A protein

and CDK activity, 223, 226, 238, 337
deficiency in melanocyte transformation, 251
mutations in, 187, 231, 368
in nevus formation, 249, 253

predicting, 340, 449

Suv39H1 and Rb transcription, 225
SYCP-1 gene, expression of, 622
Synergy in Sox10/Mitf binding, 76–77

T
TA90 protein

about TA90, 624
in prognosis, 624–626

Tamoxifen
in chemotherapy regimens, 598–599
and IFN 2b, 637

Tanning response
and melanoma risk, 442, 447
regulation of, 81, 82, 105
study definition of, 331

TAP1/TAP2 (ABCB2/ABCB3) expression in
melanoma, 595–596

Taxanes, response rate as single agent, 592
TBF- , Transforming growth factor  (TGF- )
TBP and Brn2, 161
Tbx2, regulation by Mitf, 58
T-cell factor (TCF) and MIA inhibition, 483–484
T-cells

anergy, inducting, 635
responses to melanoma, 620–622, 624, 635–636

Tcfap2  gene in melanocyte development, 9, 18
TCR. See Transcription coupled repair (TCR)
Telomerase in cell immortality, 373–374
Telomeres

in cell senescence, 185, 187, 190–191, 205–206,
373–374

function of, 373
Tenascin and cell adhesion, 482
Texas study of melanoma, 447–448
TFE3 in cancer, 61
TFEB transcription factor, 52, 61
TFEC transcription factor described, 52
TFIIB and Brn2, 161
Therapy; see also Chemotherapy; Radiotherapy

about therapy, 578–579, 613
adjuvant, 434, 504, 551, 566, 572
gene, 504–505
protective, 332
resistance, overcoming, 134, 283, 545,

585–586, 592
ribozyme, 505–507
surgical resection, 435
targeted

angiogenesis, 545–546
apoptosis inhibitors, 600
genes as, 280–282
liposomal, 375
MAA-derived peptides, 621–622, 624
NF- B signaling pathway, 612
RNAi, 136, 155
SKI, 218–219

Thickness of tumor and prognosis
classification of, 457
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genetic abnormalities, identifying, 554
mortality rates, 458, 460–462
survival, predicting, 467, 508, 513, 527

Threonine, phosphorylation of, 120, 226
Thromboxanes, hMC response to, 85–86
Tie pathway in angiogenesis, 386
TILs. See Tumor-infiltrating lymphocytes (TILs)
Time-of-flight (TOF) instruments described, 410
TIMP3 (Tissue inhibitor of metallo-proteinase-3)

in Brn2-ablated cell lines, 157, 159
as molecular marker, 553, 555

TIMPs (tissue inhibitors of metalloproteinases)
regulation of, 384, 385
in VM, 540

Tissue autofluorescence in optical imaging, 400
Topoisomerase inhibitors, inhibition of, 609
Total lymphocyte infiltration (TIL), 525, 526
TP53. See p53 gene
TRAF2 interactions in cell regulation, 132, 133
TRAF (tumor necrosis factor receptor-associated

factors) in apoptosis inhibition, 125,
132–134, 612

TRAIL in apoptosis, 612, 636
TRAIL-R1 in apoptosis, 606
TRAIL-R2 in apoptosis, 606, 609
Transcription

by E2F family proteins, 224–226, 268
factors. See Transcription factors
by Rb proteins, 224–226, 237
regulating, PAR-1, 493–495
repressing, 216, 226

Transcription-coupled repair (TCR)
described, 294, 296
mechanism, 298–299

Transcription factors; see also individual factor
by name

bHLHLZ. See bHLHLZ (basic helix–loop–helix–
leucine zipper) transcription factors

in cellular senescence, 186–187
in melanoblast regulation, 6
in melanocyte development, 9–10, 16–19, 32,

158, 482
and mitf expression, 36, 40, 43
POU domain in cell regulation, 149–150
regulation of, 61–62
sumoylation in, 40

Transdifferentiation, 545
Transforming growth factor  (TGF- )

and AP-2 , 491
Transforming growth factor  (TGF- )

in -integrin regulation, 381
in cell signaling, 250
in CXCR4 expression, 385
in immune response, 635
in melanocyte inhibition, 84–85, 135, 379–380
regulation of, 134
repression of, 211, 215–216
in VGP melanoma, 379

TRPM1/Melastatin1, regulation by Mitf, 58, 61
Tubulin binding by chemotherapeutic agents,

578, 580
Tumor, model of, 542
Tumor burden in prognosis, 465–467, 651
Tumorigenicity defined, 523, 526
Tumor-infiltrating lymphocytes (TILs)

in antigen recognition, 633, 635–636
in immunotherapy, 643–644
in prognosis, 461–462, 634

Tumor lysate vaccines, 641–642
Tumor maintenance, concept of, 281
Tumor mitotic rate (TMR) in prognosis, 460–461
Tumor necrosis factor-  (TNF- )

apoptosis by, 385, 612
in drug resistance, 585, 598, 609
in melanocyte proliferation, 379–380, 384
in regression, 634
regulation of, 132, 134, 378
in skin inflammation, 84–85, 92

Tumor necrosis factor receptor (TNFR) super-
family in cell regulation, 132–134, 385

Tumor-suppressor genes in melanoma pathogenesis,
120, 122

Tumor thickness. See Thickness of tumor and
prognosis

Tumor ulceration and prognosis, 458–460, 466–467,
508, 509

Two-dimensional PAGE
gel quality and quantification in, 412–415
in proteomics profiling, 410–412
1205Lu cell line, 2D-PAGE analysis of, 417

Two-hit model for cancer development, 224
Tyrosinase

in angiogenesis/vasculogenesis, 536, 538
and ASIP, 355
and BMP-2, 14
in bone marrow metastases, 572
in Brn2-ablated cell lines, 155, 158
in CNS metastases, 571
detection in blood, 564–565
and eicosanoids, 86
expression of, 15, 28–29, 253
and Fyn inhibition, 256
gene locus of, 581
in immunotherapy, 583
inhibition by IL-1, 378
MAGE recognition by, 621
and melanin content, 83, 102–103, 105–106, 581
and Mitf expression, 55, 57, 248
as molecular marker, 553, 558, 559, 560, 570
in molecular staging, 436
and pigmentation phenotypes, 352, 358
in prognosis, 463, 464
transcriptional regulation of, 272, 349

Tyrosinase promoter 2 (TYRP2). See
Dopachrome-tautomerase (Dct)
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Tyrosinase-related protein (TYRP1)
in angiogenesis/vasculogenesis, 536, 538
and ASIP, 355
in bone marrow metastases, 572
in Brn2-ablated cell lines, 155, 157, 158
in drug resistance, 584
expression of, 248, 253, 358–359
gene locus/function of, 581
MAGE recognition by, 621
in melanin production, 102, 105–106, 349
as molecular marker, 553, 559, 560
and PI3K, 256
repression of, 162

Tyr-RAS+, Ink4a/Arf –/– model, 281–282

U
UBC9 and Mitf regulation, 59
Ulceration of tumor

and prognosis, 458–460, 466–467, 508, 509
in RGP, 525

Universal MAGE-A (uMAG-A), 553, 565–567
Urokinase plasminogen activation (uPA),

regulation of, 129
Uveal melanoma

gene expression in, 533–534, 537
Ki-67 expression in, 377
lymphatic vessels in, 543
and MC1R, 354–355
molecular studies of, 541–543

UV radiation
in apoptosis, 108, 110–112, 247, 249, 583, 585
DNA damage via, 107–111, 128, 250, 293–295,

348, 583
and MAPK activation, 154
melanin response to, 106–107
and melanocyte density/distribution, 105–106
and melanocyte function, 105–106
in melanoma development

incidence, rise in, 265, 266, 291, 369
molecular basis of, 279–280, 291, 292, 442–444
and p16INK4A, 270, 279, 303

mutagenesis via, 301–302, 368
and the Rb pathway, 283
and senescence, 370
sensitivity to and pigmentation, 334–336
signature mutations, 280, 292, 301–302, 444
and skin pigmentation, 81, 82, 83, 90–92, 102, 248

V
V599E B-Raf allele in melanoma cell lines,

127–128, 135–136, 276
Vaccines

CT genes, 622
and Dct, 584
defined antigen, 642
ganglioside, 637
in immunotherapy, 639–640
tumor lysate, 641–642
whole tumor cell, 640–641

Vaccinia Melanoma Oncolysate (VMO) vaccine, 641
Validation in shotgun proteomics, 421
Vascular density and prognosis, 462
Vascular endothelial growth factor (VEGF)

in angiogenesis, 386–387, 509, 536, 543, 609
and AP-2 , 491
in immune response, 635
PTKs and, 374
and Ras mutations, 282

Vascular factors
analysis, molecular, 509–510
in melanoma progression, 507–509, 533–537

Vasculogenesis
VE-Cadherin in, 536, 538, 539, 540, 545–546
collagens in, 536
described, 534–536
EphA2 and, 536, 538, 539, 540, 545–546
fibronectin in, 536
laminin in, 536, 538, 539, 541, 543, 545
MCAM/MUC-18, 536
Mitf, 536, 538
MLANA in, 536
E-Selectin and, 536
in tumor networks, 541–543
tyrosinase and, 536, 538
and TYRP1, 536, 538

Vasculogenic mimicry (VM)
biological implications of, 539, 541–544
described, 533–537
inhibiting, 545–546
phenotype, 537–539, 545
signaling cascade, 539, 540, 544, 545, 546

VGP (vertical growth phase) melanoma
about VGP, 185, 267, 416, 514, 523–525
apoptosis suppression in, 191–192
biology of, 525–526
growth requirements of, 379, 385
HLA-DR in, 635
prognosis, 513, 526–527

Vimentin in cell adhesion, 383, 384
Vinblastine

in chemotherapy regimens, 599
mechanism of action, 578
response rate as single agent, 592

Vinca alkaloids, response rate as single agent, 592
Vincristine, response rate as single agent, 592
Vitiligo, autoimmune-based, 77
Vitronectin receptor, regulation of, 380–381
VM. See Vasculogenic mimicry (VM)

W
Waardenburg-Hirschsprung disease and Sox10, 73
Waardenburg-Klein Syndrome and Mitf expression, 53
Waardenburg-Shah Syndrome and Mitf expression, 53
Waardenburg syndrome

described, 53, 73, 130, 158
genes causing, 159
Mitf expression in, 29, 40, 52, 59
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White spotting in Kit heterozygotes, 38, 40, 87
Whole tumor cell vaccines, 640–641
WM266-4-AP-2 cell lines, PAR-1 promoter

activity in, 495, 496, 497
WM266-4 cell lines, PAR-1 promoter activity in,

495, 496, 497
WM793 cell line, 2D-PAGE analysis of, 417
Wnt1 gene

described, 119–120, 122
and Frizzled receptors, 173

Wnt3a gene and Frizzled receptors, 173
Wnt5a expression in melanoma, 121–123, 155, 176
Wnt/ -catenin-signaling pathway

about, 119–123
and Brn2 expression, 154–155
deregulation of, 259
and Frizzled receptors, 120, 121, 123, 173–176
gene ablation, consequences of, 173
in melanocyte development, 6, 11–13, 17, 44, 56
and Mitf expression, 19, 37, 40, 56, 75, 76
pathway interactions with, 135, 173–176
SKI expression in, 217–218
in skin pigmentation, 104

Wnts gene in melanocyte development, 7
Women

melanoma incidence in, 313, 330, 447
prognosis for, 527
ulceration in, 458

X
Xenopus models

Foxd3, 16
Mitf, 35

neural cell development, 4, 12
Snail family genes, 18
Sox9, 16
Sox10, 17, 72

Xeroderma pigmentosum (XP)
described, 295–296
genes in DNA repair, 298–299
mutations in, 301, 441
and NER defects, 292, 444
in pediatric melanoma, 273

Xmrk receptor in hereditary melanoma, 250, 253–256
XPC/HR23B complex in DNA repair, 296–297, 448
XPD gene expression in melanoma risk, 334, 448
XPE (DDB1/DDB2) in DNA repair, 296–297
XPF repair enzyme in drug resistance, 578
XRCC1

in BER, 300
polymorphisms in, 449

XRCC3
induction of, 299
polymorphisms in, 449

Y–Z
Yes, function of, 256
Zebrafish models

Kit, 16
Mitf, 19, 35, 52, 56, 74–75
neural crest cell derivatives, 11
Pax3, 17
Snail family genes, 18
Sox10 in, 17, 73, 76
Tcfap2 , 18




