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PREFACE

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 I is devoted to elucidating processes involved in the transformation
of melanocytes to malignant melanoma. Finally, Part III focuses on mechanisms



vi Preface

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, php

Stanley P. L. Leong, MD
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1 The Origin and Development
of Neural Crest-Derived Melanocytes

Debra L. Silver and William ]. Pavan

CONTENTS

INTRODUCTION

CELL SIGNALING AND ADHESION

S1IGNALING THROUGH GROWTH FACTORS AND RECEPTORS
TRANSCRIPTION FACTOR NETWORKS AND CELL SPECIFICATION
CONCLUSIONS AND PERSPECTIVES

REFERENCES

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.

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

Time -

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 at22 d in humans. Neural crest cells develop in arostral 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 (/3). 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 (/8). 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 (/9).

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 Kif (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 (/66). 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 (/9,30). 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 (37). 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 ., Tcfap2c.,
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/B-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), B-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,
Wntl and Wnt3, are expressed in the dorsal part of the neural tube (3,4, 7,9), and 3-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 Wn#/B-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 Wntl 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.

B-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 Tcfcauses significantly reduced expression of the pigment cell marker,
Mitf, but with no effect on other neural crest markers, such as Sox/0 (50).

In vivo and in vitro studies also indicate that the Wn#/B-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 Wntl causes an expansion of Slug and Sox/0 expression, whereas
injection of GSK-3[3, a Wnt antagonist, prevents their expression, consistent with a role
for Wnt signaling in induction of early melanoblast markers (37). Similarly, expression
of Wnt! 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/B-catenin signaling may
promote both melanoblast induction and melanoblast differentiation.

Somewhat paradoxically, however, B-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 B-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 Wntl and Wnt3a (/66), and perhaps cell-restricted expression of
Whnt inhibitors (4) could explain how this pathway promotes sensory neuron and mel-
anoblast induction.

In addition to signaling through the Wnt pathway, f-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 Il 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-cadherinis 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 arole 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, arole 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 o.-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 (/67). 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
aresult of redundancies with other metalloproteases, such as Adam 17, whichis 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 (7/-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-f§ 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, Ednrbl 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. Ednrb*/Ednrb' 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 Ednrb'*Z 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 /Edn3 s
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 KI/7T 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 (27,22,100,101). In situ hybridization and immunobhis-
tochemical studies indicate that Kirl (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 (Kitl%") are hypopigmented, indicating their requirement for melanocyte develop-
ment (/02). The spatiotemporal regulation of Kit signaling is likely to be important
because Kir'®"/Kir*s" embryos which contain a mutation in the regulatory domain of Kit,
display ectopic Kif in defined regions in which Kitl is normally expressed (/00), 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 Kit/ null allele, S/, and mice homozygous for a Kitl
allele, Sid, which eliminates only the membrane form of Kit/, 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). Kit"/Kit" and Kir*" heterozygous and homozygous embryos
have an overall decreased density of melanoblasts butrelatively normal distribution, and
these phenotypes are exacerbated in older embryos (30,7103), 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,/04). 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 (/05). 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 (/06). In vitro studies also indicate that Kit signaling promotes melano-
blast proliferation because treatment of neural crest cultures with Kitl causes anincreased
number of Dct-positive cells (27). 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 Kitin survival and migration in mice, Nf/ mice, which
have increased melanoblast survival, were crossed to Kif 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 (/08). 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 (/,5,7109). In Xenopus embryos, a
dominant negative Foxd3 inhibits neural crest cell differentiation and overexpression of
Foxd3induces expression of neural crest markers (//0). However, an independent group
has shown that Foxd3 overexpression in Xenopus prevents neural crest formation (/09),
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 atagged form of Foxd3 in chick neural tube prevents neural crest cells from migrating
along the dorsal-lateral pathway beneath the epidermis (/) (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 (/11).

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 Sox/0 expression (12). Depletion of Sox9 in Xenopus results in a
loss of neural crest progenitors and Sox/0 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 (1/12) (Fig. 1, no. 2,3). These studies implicate Sox9 in melanocyte development,
however, Sox9 knockout mice are embryonic lethal (//3) 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. Sox/0 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 (/79), however, the levels of Sox/0 expression may decrease
during melanoblast development in vivo (W. Pavan, unpublished observation).

Studies of Sox/0 mouse mutants suggest that it is required for both specification and
survival of melanoblasts. Sox/0P°" mice have an insertional mutation in Sox/0, render-
ing it either nonfunctional or possibly dominant negative (179). Sox10Z mice harbor
a f-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 Sox10P°"/+ embryos transiently lose expression of D¢t but have
only a slightly reduced population of melanoblasts, as indicated by Kit expression
(115,120).In E10.5 Sox10P°" homozygous embryos, the neural crest cells also undergo
apoptosis, as indicated by increased terminal deoxynucleotidyl transferase biotin-dUTP
NICK END labeling (TUNEL) staining (//9). Consistent with studies in the mouse,
analysis of the colorless Sox/0 zebrafish mutant also reveals a role for Sox/0 in neural
crest survival and migration, and in pigment cell differentiation (/17).

Studies in Xenopus and in cultured cells suggest that Sox/0 is sufficient for melano-
cyte differentiation. Overexpression of Sox/0 in Xenopus causes ectopic pigment cells
(37). Interestingly, these studies also showed that Sox/0 expression is dependent on Wnt,
Slug, and Sox9, indicating that Sox/0 may be a downstream target of these molecules.
Sox10 transactivates expression of melanocyte genes, including Mitfand 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 developmentis 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, Pax3%"/+ mice are semidominant and hypopigmented
on their ventrum, whereas homozygous mutant mice are embryonic lethal (128). Pax35P/
Pax3P 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 Pax3” and LacZ driven by a Wnrl
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, Tyrp/ (130),and acts synergistically with Sox/0
to activate Mitf (123,131) and Ret (121). Because PAX3 is expressed in human mela-
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noma (/32,133) and is mutated in WSI, II, and III (/34-136) (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 (/37) (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. Snai2@Z/Snai2'*Z and Snai24!/Snai24! mice, which
contain loss-of-function alleles of Snail2, exhibit alow penetrance of hypopigmentation
at their extremities and on their head, and exhibit dominant genetic interactions with Kit
mutants (/0,139). In Xenopus, Slug depletion inhibits Sox/0 expression (37) and Slug
overexpression results in ectopic melanoblasts (/40). 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 o (transcription factor activator protein
[AP]-2, o) transcription factor family is also required for melanocyte development. In
mice and zebrafish, Tcfap2 o 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 o (mont blanc) exhibit defects in neural crest
development and specifically in pigment cell differentiation (38, /142,143). Mice lacking
Tcfap2 o only in the neural crest lineage have belly spots similar to those seen in Sox/0
and Pax3 mutants (/44). 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 (/47).
Expression of Mitfis 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 (/48).

In vivo studies have suggested that Mitf is necessary for melanocyte survival and
differentiation. Mitf™/+ mice are hypopigmented on their ventral side and Mitf™/Mitf™
mice lack any pigmentation (128, 149). Mitf™/+ 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.

Mitfhas 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 (/50,151). In addition, misexpression of Mitf in zebrafish results in ectopic
melanocytes (/52). Indeed, in vitro and in vivo studies in mice suggest that Mitf is
upstream of the melanocyte-specific genes, Tyr, Melastatin, Tyrp 1, 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
isregulated by a complex series of transcription factors and signaling pathways, includ-
ing Sox10, Pax3, CREB, and LefI (whichis activated by WNT/B-catenin signaling) (54).
Mitf can cooperate with Sox 10 to transactivate expression of melanocyte specific genes,
such as Dct (122,159). Consistent with such synergistic interactions, Sox/0”" and
Mitf"i double heterozygotes exhibit dramatically increased hypopigmentation (123).
Experiments in zebrafish have led to the proposal that Mitfis the only relevant target gene
of Sox10 that is needed for melanoblast development (/60). 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 Mitflevels
istightly regulated (1617). MITF haploinsufficiency is associated with the human disease,
WSII (162), and MITF is expressed in primary melanoma (/25,163,164) (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 (/68).

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, forinstance, engage in comparable complex behaviors thatinclude 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. I). 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 adorso-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 Ila, 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 (/0), although the sensitivity to
ototoxic drugs may be increased (/7).

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 Sox /0,
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. Sox/0 and
Pax3 encode transcription factors that, although more widely expressed than Mitf, acti-
vate atleast one of the many Mitfpromoters in vitro (/3—15). Kitl and Kitencode aligand/
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 (/7-19). 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 areview, 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).

Mirr: 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-9' 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 (PHLH-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 Mitfis 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
adorsolateral 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“yga-9” was the ninth transgenic line made with a transgene comprised of a mouse vaso-
pressin promoter, 3-Gal reporter, and human vasopressin polyA signal.
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34 From Melanocytes to Melanoma

Mitfis 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 la—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 bBHLH-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 Mitfin melanocyte and RPE developmentis 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, Mitfis 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. Mitfis 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 Mizf 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. 5/, 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, itis clear that Mizf-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 (47), 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: itrecruits 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
Whnt 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-Mitfis 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 (2/). 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/f-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 OTX1/0OTX2 (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 Chx/0 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 Mitfwas 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 Mitfalleles 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 p9ORSK,
itself activated by ERK1/2 and other kinases (/8). Although S73-phosphorylated MITF
can be conveniently detected because of its reduced electrophoretic mobility (/7), 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 S7T3LA substi-
tution yields a protein with a two- to threefold lower activity compared with wild type,
asoriginally tested in the presence of constitutively active RAF and wild-type MEK (17),
or later without these activators (/8). 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 Mitftarget genes or MITF protein itself, which also has
potential acetylation sites; acetylation has been demonstrated to modify the activity, for
instance, of NF-kB (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 (/9) 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 (/9) followed by proteasome-mediated
degradation. Forinstance, 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 (/8). 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 arecentreview,
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 (SAEI/SAEII) 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 (917,92).

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-38, which
is inhibited in the canonical Wnt/B-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[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 f3-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 Kir heterozygotes if they carry dominant-
negative Mitfalleles but notif they carry Mitfnull 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 (700),
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 (/03). Accord-



Chapter 2 / MITF and Melanocyte Development 41

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 (/05) would not seem to
provide the required element of specificity. Furthermore, Mitfis 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 Mitfis
downregulated in differentiated cells, as is the case in the RPE? And finally, what
precisely is the set of genes through which Mitfregulates 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), Martl,
Silver, OAl, Ink4a, Cdk2, Mifl, 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 Kit/, 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 Miff 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 (/73,114), 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 Mitfbecause 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).
Invitro evidence suggests that Bc/2 and Mitfmight 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 (/17). 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 (//8,119). It is tempting to speculate, therefore, that if Miff 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), Mitfis 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 (//79). This factor is instrumental in the rapid downregulation of Mitf
in the future neuroretina, because, in Chx/0 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 Chxl0-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 Chx/0 mutation
(114,115).p27Kipl, 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 Mitfinhibits cell cycle progression in the Chx/0-mutant retina by stimulating
p27Kipl 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 (/22). A similar mechanism may operate in melanocytes,
in which Mitfstimulates p21 expression (/23). Nevertheless, other studies show that Mitf
activates the T box gene, Thx2, which in turn represses the p21 promoter through a
GTGGTA motif (124). Moreover, Cdk2, whose product promotes G1—S progression,
is stimulated by Mitfin some cell lines (/11,125). 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 (/26). It would therefore be of interest to analyze
which isoforms are expressed in melanomas with Mitf gene amplifications (/27). 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 Mitfin Regulating Cell Proliferation

Observation Reference

1. Evidence consistent with inhibition of cell proliferation

Hyperproliferation of RPE cells in Mizf 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 B-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 Thx2 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 (/26). 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 (/28). 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:



44 From Melanocytes to Melanoma

overexpression of MYOD will override mitogenic stimulation, and overexpression of
Cyclin D1 will override MY OD-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/B-catenin pathway is constitutively active, and when
suppressed, for instance, by dominant-negative TCF, interferes with growth (/30). 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, Mitfis 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 notexpressed 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 Mitflocus 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. /0) or melanophores in zebrafish null for Miztf (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 (/3).

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

MITFis amember of the MiT family of basic helix-loop-helix—leucine zipper (bHLH-
LZ) transcription factors (5). MITF maps to mouse chromosome 6 D3 (//) and chromo-
some 3p12.3-14.1 in humans (6,/3). Additional members of the MiT family are TFE3,
TFEB, and TFEC, which have a similar genomic organization with conserved intron/
exon boundaries (/4). 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 (/5-17), 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 (27). 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 (/3,23-26). 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 (317). E- and Mc-MITF are expressed in mast cells (/8,32), 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 (/9) 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 Mitf*? (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) orits 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 itis 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 a-melano-
cyte stimulating hormone (a-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
B-catenin release from its inhibiting complex, translocation to the nucleus, and activation of
LEF-1/TCF. Although the signaling pathways affecting SOX 10 and PAX3 are poorly understood,
PAX3 canbe 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, o.-melanocyte-stimulating hormone (0.-MSH) (50,51). o.-MSH binds to the
seven-transmembrane Melanocortin 1 receptor (MCIR), 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/ATF]1 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 a-MSH pathway
and subsequently inhibited by an antagonist of MC1R (50,51,55). This cAMP response
of M-MITF through CREB/ATF]1 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 (5/). 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 Sox/0 mutations (59), and
the identification of WS4 patients with SOX /0 mutations (42,60), helped identify SOX 10
as a possible regulator of MITF. In situ hybridization using Dom mice, in which Sox/0
is ablated, has revealed disturbances of Mitf expression (6/). Although Sox/0 is not
required for proper development or early migration of the neural crest, postmigratory
neural crest cells in mice lacking Sox/0 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 SOX/0 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 3-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-38 (GSK-3f). In this complex, GSK-3f phosphorylates B-catenin,
thereby marking it for ubiquitination and subsequent degradation (73). In the presence
of WNT signals, the canonical pathway allows for the accumulation of B-catenin by
inhibiting GSK-3f. The accumulated B-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 (8/—83). M-MITF is one of the targets of the WNT
pathway as a downstream effector of WNT1 and WNT3a (23,84-86). Wntl and Wnt3a
appear to have redundant roles in melanocytes, as demonstrated by loss of melanocytes
in Wntl--/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/p-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
B-catenin in the nucleus, despite the lack of intrinsic mutations, suggesting that its
stabilization has been dysregulated by an as yet poorly understood mechanism (97).
Importantly, M-MITF can rescue growth suppression of melanoma cell lines after dis-
ruption of the B-catenin/LEF-1/TCF complex (89).

CRITICAL ROLES OF MITF IN THE MELANOCYTE LINEAGE

In light of the pigmentation defects in Mitf"/™ 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 Mitf"V'' mice, which are born with slightly lighter
than normal coat color that turns white prematurely (/2,92). A similar, although more
accelerated, phenotype was observed with Bc¢l2 knockout mice, 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*~ BcI27~ 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. /00). Expression of T'yr
isrestricted to melanocytes and RPE cells via a proximal promoter (reviewed inref. /01),
and is probably amplified by an upstream distal enhancer (49, /02—104). The identifica-
tion of Tyrpl and dopachrome tautomerase (Dct)/Tyrp2, tyr-related genes involved in
later steps of melanin synthesis (/05-107), enabled analyses of promoter sequences, in
a search for common elements that would account for the spatiotemporal expression of
pigment-producing enzymes (/08—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 (/5), lead to the hypothesis
that Mitf mightregulate 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 (/5,48,49,111-114). In addition,
inhibition of Mitf activity downregulated Tyr and Tyrpl transcription (115,116),
strengthening the upstream role of Mitf in regulation of pigmentation. Interest-
ingly, overexpression of wild-type Mitf in either mouse B 16 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) (/16). 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 (/11,114), 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 MITF'$%- 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 (/77) or SOX10
(114) in DCT/TYRP?2 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 (1 /8—120). Recently, two other
commonly used melanoma markers, SILV/Pmel17/GP100 and MLANA/MART1, were
found toberegulatedby MITF (7/27). SILV is amelanosomal matrix protein, and although
its function is still unknown, an insertion altering its C-terminus induces the silver coat
color phenotype in mice (/22,123). MLANA/MART] 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 MITFis 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 (/27). 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 (/28). Interestingly, MATP/AIM 1
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/Melastatinl, a
potential calcium channel protein (/29). Expression levels of TRPM1 inversely corre-
late with melanoma metastasis (/30), although the functional role and importance of
TRPMI 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
Tyrpl promoter (132). However, because Tbx2 has been implicated in suppression of
cell senescence through downregulation of Cdkn2a (p194RF) (133) and Cdknla
(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 (/37) and to downregulate
E-cadherin expression in breast cancer (/38) might suggest arole 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 (/40). On activation of
the Kit/MAPK pathway, MITF is phosphorylated on Ser73 by MAPK1 (ERK2) (7/40).
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 RPS6KAT1 (RSK1) kinase (a direct target of ERK), which leads to
ubiquitin-mediated proteolysis (/42). Lysine 201 of MITF appears to be a potential
ubigitination 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-3f3 was
seen to enhance MITF transcriptional activity in reporter assays (/44 ). 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 (/45). 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 (/46). In osteo-
clasts, MITF was reported to bind PU.1, an Ets family transcription factor expressed in
hematopoietic cells (/47). MITF acts downstream of PU.1 during osteoclast develop-
ment, and mutations in PU.1 or MITF can cause osteopetrosis (reviewed in ref. /48). An
additional transcription factor that was shown to interact with MITF is Pax-6 (/49).
Because both Mitf mutations and Pax-6 mutations cause eye abnormalities, this interac-
tion might be important for normal RPE differentiation in vivo (/49).

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 (/43). 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 ERK?2.
p9O0RSK, 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-3f3,
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 (/517). 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 (/53). Analogous to the MITF inhibition by PIAS3, MAPK-
induced phosphorylation of MITF releases PKCI inhibition (/54).

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, abHLH-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. /55). In these instances, the bPHLH-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 eventinvolves the recent identification
of TFEB translocations in papillary renal cell carcinomas (/56—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 (/58). 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 (/57,158). Similar promoter sub-
stitution was shown to be the mechanism for ¢-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 aclinically 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 (/18,161-163). It is notable that expression of MITF
targets such as TRPM 1/melastatinl, 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 (/64) 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; B-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 acommon DNA-binding domain, the Sry-box (/,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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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.

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
Sox101is 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 (/9,20). However, subtle differences in Sox10 expression may
exist between different species. In Xenopus, for instance, Sox/0 seems to be turned on
sooner in cells of the premigratory neural crest than in mice (75,19,20).

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 Sox/0 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-
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tation and enteric nervous system formation (/4,15), no such haploinsufficiency has
been observed in the zebrafish (21).

In zebrafish, Sox/0 is inactivated in several allelic variants of the colorless mutant
(21).Inmice, a spontaneous, truncating mutation (Dominant megacolon, Dom, Sox104™)
(15,16) and a targeted mutation that removes the complete open reading frame of
Sox10 (Sox10<Z) (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 Sox 10 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 (3/); in influencing fate decisions (23,32); and,
at a later stage, in terminal differentiation of already specified precursor cells (33).

Because Sox 10 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
anearly one (/9).Ithasalsobeenreported that Sox 10 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 (/5,27,23). 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
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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
amechanistic 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+™i and Sox 10*Pom 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 effecton Sox10-dependent activation of the M promoter. However, Sox 10
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/14/1
CAAT/,G-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); B-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 o.-melanocyte-stimulating
hormone (0.-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 Sox 10 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, aresidual 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, Sox 10 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 Sox 10 are expressed alone (i.e., myoblasts and oligo-
dendrocytes).

An interesting cross talk has also been identified between o.-MSH-dependent stimu-
lation of the Mitf promoter and Sox10 (48). The a-MSH pathway is primarily needed to
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activate pigmentation genes in melanocytes through Mitf. Although a-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 oi-MSH after mutation of the major Sox10
binding site. Second, tissue restriction of the a-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
B-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 B-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 B-catenin,
thereby interfering with Wnt signaling (49), arguing that B-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 thatatleast one other gene in addition to Mitfis 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*Pom or Sox10*12Z 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 Sox 10 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 (57). 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 Sox 10 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, Sox 10-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 B-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 Sox10is 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 Sox 10 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 Sox 10 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 a-melanocyte-stimulating hormone (o-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, a-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 (/). 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 (/,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 (/3—/8). 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 (/9-21). 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 (37,32 ), 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 thatresults fromincreased 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
(MCI1R). 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-a (TNF-a) (41,42) and eicosanoids, such as prostaglandin (PG) E,, leukotriene
(LT) By, LTC,, and LTD, (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 (/3,49). 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-1ct, IL-1f3, IL-6, and TNF-o with dose-dependent
inhibition of proliferation and melanogenesis (59). Another inhibitory cytokine for
hMC is transforming growth factor 3 (TGFf), known to be an important autocrine
regulator of epithelial cell proliferation and differentiation (60,61). Treatment of cul-
tured hMC with TGFp-1 inhibited their proliferation, suggesting a paracrine role for this
cytokine (617). In addition, cultured hMC synthesize the primary cytokines IL-1o 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-1a KC/MC - ND -
IL-1B KC/MC - ND -
IL-6 KC - ND -
TNF-a KC - ND -
ACTH KC/MC + + +
a-MSH KC/MC + + +
B-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 +
PGF2a MC + ND +
LTB4 MC + ND -
LTC4 KC + ND +
LTD4 KC + ND +
PGF 2a KC/MC ND ND ND
12-HETE MC ND ND ND
TGFpB KC/FB - ND -
DDK1 FB - ND -

IL, interleukin; TNF-o., tumor necrosis factor-oi; ACTH, adrenocorticotropic hormone;
a-MSH, o-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-1PB, suggesting that these factors act as autocrine regulators (62). Interestingly, the
primary cytokine IL-1o has been shown to upregulate the synthesis and release of
endothelin-1 (ET-1) by human keratinocytes and ci-melanocyte stimulating hormone
(a-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 PGE; and PGE, with dose-
dependentinhibition of proliferation and increase in tyrosinase activity, and to PGA | and
PGD, with reduction in proliferation and tyrosinase activity (69). Normal hMC were
shown to respond to LTC, and LTD, with a pronounced increase in proliferation (70).
Comparison of the responses of hMC to PGE,, thromboxane B,, LTC4 and LTD,,
revealed that all four eicosanoids increased the amount of TYRP-1 as well as the cell
perimeter, cell area, and number of dendrites; with LTC, being the most effective (71).
Both LTD, and LTC,increased tyrosinase activity. In comparison, PGD,, LTB,, LTE,,
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 LTB, 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)-a, which are activated by their natural ligand LTB, (72). Human
melanocytes also responded to PGJ2, which binds to PPARY, by increasing tyrosinase
activity (Abdel-Malek et al., unpublished results). Recently, it was reported that hMC
express EP1 and EP3 receptors, the receptors for PGE,, as well as FP receptors, the
receptors for PGF,, (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 PGE, and PGF,,, (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 PGF,, 12-HETE, and LTB,, 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 (/3,49). 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 (/3), 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). Inhumans, piebaldism thatis 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 amitogen 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 G 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 resultin Hirschsprung’s disease, characterized
by spotting, caused by loss of melanocytes from certain skin areas, and megacolon (/00).
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 (/03).



88 From Melanocytes to Melanoma

THE MELANOCORTINS AND MC1R

Proopiomelanocortin (POMC) is synthesized and processed into its bioactive pep-
tides, a-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 (/06). 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, a-MSH, 3-MSH, and y-MSH, are a family of structurally related
peptides that are derived from one precursor protein, POMC (/07). 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, o-MSH, respectively (/08). 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, a-MSH, and 3-MSH, and food intake by o-MSH and
possibly y-MSH (109).

Classically, -MSH has been known as the physiological regulator of integumental
pigmentation of many vertebrate species (//0—113). o-MSH regulates rapid color change
by inducing melanosome dispersion in fish, amphibians, and reptiles. In mammals,
a-MSH increases eumelanin synthesis, as best demonstrated in mouse follicular
melanocytes decades ago (//4). The role of melanocortins in regulating human pigmen-
tation was enigmatic until the early 1990s, when it was confirmed by the cloning of
MCIR from hMC and the demonstration that this receptor can be activated by ACTH and
0o-MSH, resulting in stimulation of proliferation and melanogenesis, specifically
eumelanogenesis, of cultured hMC (/8,115-118). Subsequently, it was shown that the
human MCIR recognizes ACTH and a-MSH with similar affinity, has a lower affinity
for B-MSH, and the least affinity for y-MSH (64). These findings, together with the
evidence for the presence of ACTH and a-MSH in the human epidermis, suggested that
among the melanocortins, these two peptides are the most relevant for the regulation of
human pigmentation, whereas y-MSH is the least effective (16,17).

Of interest are the findings that ACTH and a-MSH increase the expression of the
MCIR 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
B-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 (/20-122). Activation of the MC1R by binding of a-MSH
induces the synthesis of eumelanin by follicular melanocytes, and temporal expression
of agouti-signaling protein (ASP), the physiological antagonist of o.-MSH, blocks
0.-MSH binding and results in pheomelanin synthesis (/23). The regulation of ASP
expression and blockade of the MCIR 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 (/25). The human ASP blocks the melanogenic and
mitogenic effects of a-MSH on cultured hMC (7/26). These effects of ASP are mediated
by competing with o.-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 MCIR 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 (/27,128). 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 MCIR 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 MCIR gene have been identified, most of which are point muta-
tions that result in a single amino acid substitution. Interestingly, the wild-type MCIR
gene is predominant in African populations (/29). Some of the allelic variants of the
MCIR 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 (/30-135). Anumber of alleles, such as Val60Leu, Val92Met,
and Argl163Gln 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 MCIR gene is an important regulator of constitutive, as well as facul-
tative pigmentation. Moreover, these associations implicate the MCIR gene as a mela-
noma, and possibly a nonmelanoma, skin cancer susceptibility gene.

3-ENDORPHIN

Another POMC-derived peptide that has recently been implicated in the regulation of
hMC is the opioid peptide B-endorphin. It was demonstrated that f-endorphin is present
in human skin, particularly epidermal melanocytes and keratinocytes, and that its pi-opiate
receptor is expressed by these cells (104). More recently, the expression of 3-endorphin
and u-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 B-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 PAR?2 in keratinocytes correlate with skin pig-
mentation, because dark skin has a higher expression and broader distribution of PAR2
than light skin (/37). 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. Inmediate 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 (/). 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-
tionis arbitrary, and there are ongoing attempts to develop better quantitative assessment
of pigmentary phenotypes based on more accurate criteria (/39,140). 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 (/40,141). 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
CDKN?2A gene are present in sporadic melanoma tumors (/42—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 a-MSH and ACTH, SCF, NGF, as well as PGE, and PGF,,
(15,16,55,148—-150). Exposure to UVR also increases the synthesis of the cytokines
IL-1 and TNF-o (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 0-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 (/52). Human melanocytes expressing loss of
function mutations in the MCIR gene have a poor melanogenic response to UVR
(130,131). The cAMP pathway, the main signaling pathway induced by o-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 (/53). As mentioned in “the Melanocortins and MCIR,” treatment of
cultured hMC with ET-1 or either o-MSH or ACTH increases the levels of MCIR
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 resultin hypopigmentation,
as seen in Griscelli’s syndrome (/54). 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 (/55). 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 PAR?2 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-a (TNF-a), and
endothelin-1 (ET-1) by keratinocytes; the melanocortins adrenocorticotropic hormone (ACTH)
and ai-melanocyte stimulating hormone (a-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 o-MSH,
ET-1, and NGF, as well as by UVR (/58). 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 (/58). Dendricity of melanocytes
is promoted by Rac and inhibited by rho. Melanosome movement along the dendrites
requires the cooperation of cytoskeleton-associated motor proteins (/54). 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, itis 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 (/61). 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 0-MSH and ET-1, as well
as SCF and HGF, activate IP3 kinase, as determined by phosphorylation and activation of
its substrate Akt (/62—164). In turn, Akt inhibits the proapoptotic Bad, allowing for the
dimerization of Bcl2 or Bcely, with Bax, thus preventing apoptosis (/65). 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) (/67). In turn, Mitf upregulates the expression of Bcl2 and
promotes melanocyte survival (/68). 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 (/68,169). BRCAZ2 binds to RADS51 to insure the efficient
repair of DNA double strand breaks (/70,171). 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 (/69). InhMC, a-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 o-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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Summary

Catalytic entities involved in melanin synthesis (including tyrosinase [TYR], tyrosinase-related pro-
tein 1 [TYRP1], and dopachrome tautomerase [DCT]) and structural proteins important to the integrity
of melanosomes (including GP100/Pmell17) 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.
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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 (/); 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 thatare 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—70). 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 (/1,12). 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 (/3—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.

Itis 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. /8-20) 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
atthe 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 (2/-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 importantroles 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 (3/-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 (6/). Examination of those skin specimens when
stained for melanocyte-specific markers (TYR, TYRP1, DCT, MARTI1, 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 (57).

MITF is considered the master regulator of melanocyte function because it regulates
the expression, atleastin part, of genes encoding the melanosome proteins TYR, TYRPI,
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 (5/). 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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before UV before UV 1 day after UV 7 days after UV

— 4

White

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 | MED UV exposure.

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
(TYRPI1, 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
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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 (57). 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 (/3,83). 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 exposedto 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
significantrole 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.
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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 inintermediate 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 | 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/m?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/m? 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 iscritical 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
Wnht), to kinases (including phosphatidylinositol phosphate 3phosphate and mitogen-activated protein
kinase), to the affected corresponding transcription factors (including activating transcription factor 2
[ATF2], nuclear factor-kB, f-catenin, and Stat)—that contribute to the course of melanoma development.

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

WNT PATHWAY

Wntl

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 (/). Wnt pathways are involved
in the control of gene expression, cell behavior, cell adhesion, and cell polarity, mainly
by inhibiting the degradation of B-catenin (Fig. 1).

The B-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 B-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 f-catenin by
GSK-3. Phosphorylated 3-catenin can be bound by the F-box and WD40 domain-con-
taining protein, B-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 B-catenin allows B-catenin
to accumulate in the cytoplasm and then translocate into the nucleus (/7). Once there,
B-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 B-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 B-catenin—-TCF/
LEF-1 complex can be inhibited by the protein ICAT (inhibitor of B-catenin and TCF),
which blocks the interaction between 3-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
CTNNBI 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 B-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 CTNNBI 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 melanomacell lines (2/). Conversely,
-catenin mutations are rare in primary melanoma (20,23). Nonetheless, almost one-
third of primary human melanoma specimens display aberrant nuclear accumulation of
B-catenin, although generally without evidence of direct mutations within the 3-catenin
or APC gene (20,23,24). Metastatic melanomas were found to contain nuclear and
cytoplasmic accumulation of B-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 B-catenin using phospho-
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antibodies revealed that nuclear phospho-f-catenin was more common in metastatic
lesions and that high levels of nuclear phospho-f-catenin are associated with signifi-
cantly worse overall survival (26).

The finding that more melanomas have nuclear and/or cytoplasmic [3-catenin accu-
mulation than carry detectable mutations in CTNNBI 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 (7/4). ICAT protein inhibits the association of B-catenin with TCF-4 in the cell
nucleus and represses transactivation of 3-catenin—TCF-4 target genes in a dose-depen-
dent manner (/4). Therefore, ICAT may function as a tumor suppressor and its inacti-
vation may lead to tumorigenesis (/4). 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 3-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/f-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/B-catenin signaling pathway in melanoma cell lines and in
transgenic mice (27). Strikingly, expression of Brn-2 is not only upregulated by
B-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 (/5,29). 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 3-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

Wht 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 WntSa 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 WntSa—
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., Wntl and Wnt8), Wnt5a expression
does not profoundly affect 3-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-a 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 etal. (53) and studied extensively since then (50,517). 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 thatinvolved 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; 8§2). Mecha-
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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 (STATSs). 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.

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-kB (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
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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 (97). 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-kB (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 (/00). Active Aktis responsible for upregulation
of MelCAM in melanoma cell lines. Moreover, areciprocal regulation loop between Akt
and MelCAM has been demonstrated. Along these lines, activation of the Mel CAM/
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, Racl, 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-kB 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-kB.
Consistent with this is the demonstration by Fritz et al. that ectopic expression of RhoB
inhibits NF-kB-dependent transcriptional activation (/04). 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 (/08,109). 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 (//0). 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 (//0). 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 (//2). 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 (//8). 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 (7/8).

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 (/07). 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 (179,120). 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 (/21).

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 (/25-128).
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 VS99E B-RAF
with p16/ARF loss and TP53 and PTEN mutations (/31,132). 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 (/32).

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 (//2), and elevated ERK
signaling appears to be required for melanocyte proliferation in culture (/13-115).
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 (/33). 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 (//2).

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/Kipl inhibitor (/34,135) and
upregulation of c-Myc activity (/35). Inhibition of ERK activity is associated with less
proliferation (/35) 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 arole 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 (/38). 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 MAPKSs (/39-141). 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 (/45). 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 (745).

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 (/47). 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 (/50). bEGF upregulation efficiently induces growth (/517), resulting in
a transformed phenotype in normal human melanocytes, pointing to its important role
in melanoma progression (/52,153). Conversely, expression of dominant negative FGF
receptor inhibits proliferation and reduces survival of melanoma cells (/54). 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 pl6INK4 (7/48).

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 (/56). HFG/SF has also been implicated in the regulation of the uveal
melanoma interconverted phenotype (/57). Animal model studies revealed the role of
c-Metin 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
HGEF transcription (/60). Activated HGF/SF promotes the proliferation of melanoma
cells through p38-MAPK, ATF2, and cyclin D1 (/61). Significantly, transgenic mice
overexpressing HGF subjected to UV irradiation at a few days of age form melanomas
that histologically resemble the human counterpart (/62).

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 (/65). 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 (/66). The Pax3 gene causes
Waardenburg syndrome, characterized by pigmentation abnormalities and hearing
impairment attributable to the absence of melanocytes (/67). 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 (/68).
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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 failure to 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. Additional Pax3 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-x; (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 inresponse 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 (/75). 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 studies have
demonstrated constitutive activation of Stats (in particular, Statl, Stat3, and Stat5) in a
large number of human tumor cell lines (/76—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 (/82).

Although Stat1 activation is elevated in some tumors and cell lines, the function of this
moleculehas been associated with growth suppression rather than malignanttransforma-
tion and it thus can be considered a potential tumor suppressor (/83). Along these lines,
malignant melanoma associates with deficient IFN-induced Stat1 phosphorylation (/84),
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 (/86). 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 (/87). 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-,;)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 (788, 189). These observations generate substan-
tial interest in the possible use of Stat3 as a target for cancer drug discovery and thera-
peutic intervention (90).

TRAF, P38, ATF2, JNK, c-Jun, anp NF-kB
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 (/91).
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 (/91). TRAF2 is a prototypical member of the
TRAF family of proteins that is recruited to TNFR1 through its interaction with the
adaptor protein, TRADD (792), or its oligomerization (/93). 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 (/91,194,195).
TRAF?2 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 (/96-198) and
their corresponding transcription factors, including p53, c-Jun, and NF-xB (/99-201).
TRAF2 can negatively regulate apoptosis signals from TNFR1 through interaction with
IAPs or Statl, which also affects activation of NF-xB (202,203).

These functions position TRAF2 as an important mediator of antiapoptosis signals.
TRAF?2 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-a and downregulation of NF-kB 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-kB (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-xB

A target of TRAF2, as well as TRAFG6 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 BPTRCP and the SCF ubiquitin
ligase complex is among the primary mechanisms underlying the activation of NF-kB,
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through its release into the nucleus, where it mediates its transcriptional activities
(209,210). Indeed, inhibition of BTRCP activity in human melanoma cells reduces
NF-xB activity and renders the cells more sensitive to treatment (209). NF-xB belongs to
the Rel family, which contains five mammalian Rel/NF-xB proteins: RelA (p65),
c-Rel, RelB, NF-xB1 (p50/p105), and NF-xB2 (p52/100) (211,212).

NF-xB has been implicated in the regulation of proapoptosis and antiapoptosis gene
expression, thereby controlling the balance between cell survival and apoptosis (Fig. 2).
NF-kB is constitutively activated in metastatic melanoma cells in culture (2/3-216).
Constitutive activation of Akt/PKB in melanoma was reported to result in upregulation
of NF-xB, which has been associated with tumor progression and invasiveness (2/7,218).
NF-kB also plays a role in the interaction between melanoma cells and tumor vascula-
ture. The p65 subunit of NF-kB 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
akey 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-/ 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-ATF?2

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-xB (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-o. (TNF-at), transforming growth factor-p3 (TGF-f),
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-like elements 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 transcriptional activities. 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) ATF2°0-100 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-f

The TGF-f family includes multiple factors that elicit diverse functions in develop-
ment and growth control (245-248). TGF-f 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-B1 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 (257). 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 B-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 viap38 activation. The increase in TRAF family members
observed in various tumors, including melanomas, can enhance the activity of NF-xB
and MAPK pathways. Further, the effects of NF-kB 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 thattarget 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 (267).

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-kB,
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 (/). 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 (//), 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 (/6). 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 (/7). 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 (/7). 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 (POUg) domain and a C-terminal POU homeodomain (POUy) joined by
aflexible 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 (27), 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 POUg and POUy 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
POUg and POUY 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 (/9). 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 POUg and POUy 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 (/2,7/4). 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 (/2,14,33), and human melanoma cell lines expressing antisense
BRN?2 lose the ability to form tumors in immunodeficient mice (3/).

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 (/4). In both adult and embryonic rat nervous system BRN 1, 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 (3/) may suggest this is
not obviously the case for melanocytic cells. Notably, BRN1 and BRN2 are both Class
IIT 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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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 dpm&8 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.

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 MMO96L 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
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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 (/3), 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
BRN?2 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 (POUSF1) 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 (57). 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 BRA F ' 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 3-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 B-catenin resulted in decreased proliferation
of these cells, and ectopic B-catenin has been shown to induce BRN2 expression in murine
melanocytes in vivo and in melanoma cell lines. Importantly, frequent nuclear accumula-
tion of B-catenin, which promotes cellular proliferation (59,60), has been seen in primary
melanoma specimens. One class of extracellular ligand that signals via B-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 WNTS5A 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 WNTS5A had no effect
on P-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 BRN?2 ablation,
expression profiling analysis using microarrays was performed with melanoma cell lines
expressing (MM96Lc8D) or ablated for BRN2 (MMO96Lc8LC) (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 (3/). 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
MMO96Lc8D and MM96L.c8LC 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 (37). 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 TYRPI expression confirmed this result at the protein level. Other genes
involved in melanogenesis, such as SILV, and MART ] showed decreased expression in
MMO6Lc8LC cells; itis 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 Tyrp I 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.




“Dd-LY eAnenuenbruwas ‘Y ojqounwut gy (VO ‘Poompay
$O11QUAN) UODI[IS) ()'9 Juridgouan) ur wyiio3[e SSHAMO T oY) SuIsn UonBZI[BWIOU PUR UOIOBIIQNS PUNOITNOrQ SUIMO[[0] PAUTULIAIOP 9I9M SOOUAIQJJIP O11el 9FRIOAY
"UMOUS dJe SoUd3 passardxa A[[erjuaIdljip pe3od[as ‘swojie[d ojeredos o1yl 3ursn ‘ud1sop [BjuowLIdd X9 90UdIoJaI uowwod pue  dems 9£p,, [eoo1droar e ur pawiojrod
sem Fur[yoid uorssardxa ABLIROIIA SUOISEIO0 djeredds 0M) UO PIISIAIEY VN PUB OUIN[FUOD % ()L O} UMOIS dIaM S[[30 IS TIGININ PUB ASITICINIA,,

— 110dsuer) QWOSOUB[IIN A[wrey Quagoouo SV Joquiow ‘V/zdvy v,zavy 11T 69+86H
Ly uonerayijo1d/moIn g 2d£y 101dodar urjeyiopug dINAH 6¢'C SLTO6CN
- A[rurey 9ua300UO SV JoqUISW ‘S I qgs4dvd w9'C 0670 M
Ld [eATAING ¢ ewoydwAy/ 17D 1199-9 1049 £€9°C 0€IELH
Ld urnqojsoroew -0 TV SL'T YOEYTIM
— A[Iurey auaS00UO0 SV JeqUIdW STV Y gcavd I8¢ LITOT6ING
— 110dsueI) QWIOSOUB[IIA (urxofw ‘g1 opndadAjod £aeay) WA UISOAIN VSOAIN LS°T 8GCOTH
— 9N ura101dooh1H qd9INdD 61 99v1Td
— {,S1SQUA301q QWOSOUB[IA (ue3nue | epwoue[owW) UAZNUE 9D €900 0Ty 19119L19
— uodsuely, A[rure) oua30ouU0 SV IoquIsW ‘YegV Y 8¢AVY 8¢ LY¥THN
— Joyoey uonduosuer], (erydosoi(q) g Sojouwioy [reus DNTIS €r's L8T8IN
SITARS | SuOIOBIAU] JR[N[[AJINR]N  (UNJJUO0)SO) YOLI-OUIISAD OIpIoe ‘Ura)oid pojaI1ods 2AVdS 0S'9 CZIT16INd
— T 101ESIARU UOINAN CAVN €lr'g €91SEM
— ¢ dseurojoIdo[eaw Jo J0YqIyur ANSSL], £dINLL €C'8 €CeL6d
qI/1d J03oe) uonduosuer], 01 X0Q-(X¥S) A UOITaI SUIUTULIAAP-XOF 0IXOS LT'6 616CLY
— urojoxd otseq urjeA N ddIN 434! 969LTH
a1 SISQUASOURTIIN (V] WISIUIq[e SNOUBINO0[NI0) ASLUTISOIA], MAL T6°L1 OLLTYN
— SISQUASOURTIIN I ST[99 I, Aq pazIu30oa1 Uasnue BWOUR[IIN ILIVIN 62781 089SEN
Ly uoneorjoid/ymoIn [ 10198} (14015 oyI[-ur[nsu| 1401 SL0C Ly8¢6d
qai1 SISQUOSOUR[OIN aserowoine) swoirydedo 10d ST €68TLN
a1 10308] uondrosuely, 103o8] uonduosuer) pajeroosse-erueyIYdoIdTjy ALIN 7192 LLT99N
q1 SISOUQSOUR[IIN 1 urajoid poje[aI-9SBUISOIA ], 1AL 89t 0LZ98H
— SISQUASOURIN (esnour) So[owoy IOA[IS ANTIS 1214 1806LM
pauLifuo) uoyoOUuUn,J uondiidsacq UIDU UOWIUOD) — ONDL UDIJ  "ON IOV YUDGUIL)

N\GOmHG—J< NI d wﬂmaoﬁ—om sauan) ﬂuvuﬁ—ﬂwvhﬁgoo @UHUOﬁDW

1219eL

157



158 From Melanocytes to Melanoma

BothRAB27A and MYOS5A (71), are involved in melanosome transport, with RAB27A
indirectly interacting with MYOS5A. 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 (3/), 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 SOXI0 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 BRN?2 ablation causes a loss
of MITF, itis 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 (87). 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
Bs-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 (97).
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 /GFI expression being lost and /L-8 being upregulated, suggestive of a pos-
sible compensatory mechanism. Several other interleukins, such as IL-1f, 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 SOX/0 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)revertto 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 (/00).
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-
actand produce a functional regulator able to promote or repress transcription (/01). 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 POUg subdomain via regions highly conserved in both protein
families (/,102). Interestingly, this same surface of the SOX protein is also responsible
for mediating interactions with PAX proteins (/02). 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).

BRNZ2 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 (/03). 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 (/06). 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 (/05).

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 (/7). 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 (/07,108). 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 (/07).

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 (3/). Other studies have sug-
gested that, in melanocytic cells, BRN2 is a repressor of the MITF promoter (/09) 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 SOX/0 promoter. Others have shown arole 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 POUg—POUy dimer interface
(28,29), but when able to bind, acts to stabilize the Oct-1 dimer on DNA (/10). 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
amolecular 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
itsinitial description as amelanocytic octamer binding protein (12, 13), in which, broadly
speaking, BRN2 functions in tumorigenicity and cellular proliferation (37,39,58). 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 BRN?2 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 (/). 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
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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 [3-catenin, y-
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 o-catenin (Fig. 1). E-cadherin mediates cellular signaling by
dissociating 3-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 (/0). Changes in expression of E-cadherin
correlate with malignant transformation in a variety of tumor systems (/). In the skin,
E-cadherin is negatively associated with melanoma development and progression and it
is absentinnevus or melanomacells (/2,13). 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. a-catenin, 3-catenin, y-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, B-catenin molecules are dissociated from
the complex and released into the cytoplasm. Enhanced cytoplasmic 3-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 33 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 (/4). N-cadherin
enhances migration of melanoma cells over dermal fibroblasts (/5). 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 (/7).
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Table 2
Functional Consequences of Ablation of Genes in the Cadherin and Wnt Pathway
Gene Functional consequences of gene knockout Reference
E-cadherin (cdhl)  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
B -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 27 and
day 10.5-12.5 with failed development http://www.inform-
of caudal somites, notochord, and atics.jax.org
structures rostral to hindlimbs
Whnt-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-4“ Defects in T-cell maturation and dysregu- 75
(compound lation of immature thymocyte precursors
mutants)

“Wnt-4 was shown to be primarily mediated by the calcium pathway instead of the B-catenin pathway.

ROLES OF FRIZZLED RECEPTORS

Whnt 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 (/8-20); whereas Wnt3a is essential for somite and tailbud
formation (2/). Double knockouts of Wntl 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).

Whnts 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:
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Fig. 2. B-catenin activation through outside signals. 3-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
B-catenin. In the absence of Wnts, B-catenin is phosphorylated by casein kinase I, (CKIo)
and/or CKle at Ser45. Initial phosphorylation at Ser45, in turn, causes glycogen synthase kinase
(GSK)-3P to phosphorylate serine/threonine residues 41, 37, and 33. Phosphorylation of these
residues prompts ubiquitylation of B-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 B-catenin degradation.
Stabilized B-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 pB-catenin degradation through phosphorylation of
GSK-3p. B-catenin also mediates the signaling pathway of cadherin, as described above.

1. The P-catenin pathway (canonical Wnt pathway; stimulated by Wntl, 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 Wntl1.

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
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Fig. 3. Nuclear targets for 3-catenin signaling. The following genes are upregulated by B-catenin
signaling: c-myc, Cyclin D, TCF, LEF 1, PPAR-0, c-jun, MMP-7, BMP4, Survivin, VEGF, sFRP-
2, Frizzled 7, 1d2, fibronectin, connexin 43, connexin 30, nacre/MITF, Twist, Keratin. The
following genes are downregulated by (3-catenin signaling: osteocalcin, E-cadherin.

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 B-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), PPARS (35), c-Jun (36),
MMP-7 (37), BMP4 (38), survivin (39), VEGF (40), sFRP-2 (41), Frizzled 7 (42), 1d2
(43), fibronectin (43), connexin 43 (44), connexin 30 (45), twist (46), and keratin (47).
Few genes are downregulated by 3-catenin signaling, including osteocalcin (48) and
E-cadherin (49).

The Wnt/B-catenin signaling plays a critical role in self-renewal of stem cells and acts
as their growth factor (50,57). 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
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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, B-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 P-catenin stabilization, as indicated by nuclear and cytoplasmic
localization (59,60). Potentially, this could occur through activating mutations in the
B-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
B-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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