
Melanocyte Receptors: Clinical Implications and Therapeutic
Relevance

J. Andrew Carlson, MDa,*, Gerald P. Linette, MD, PhDb, Andrew Aplin, PhDc, Bernard Ng,
MDa, and Andrzej Slominski, MD, PhDd
aDivision of Dermatopathology and Dermatology, Department of Pathology and Laboratory
Medicine, Albany Medical College MC-81, 47 New Scotland Ave., Albany, NY 12208, USA
bDivision of Oncology, Washington University School of Medicine, Campus Box 8056, 660 S. Euclid
Avenue, St Louis, MO 63110, USA
cCenter for Cell Biology and Cancer Biology, Albany Medical College, MC-165, 47 New Scotland
Ave., Albany, NY 12208, USA
dDepartment of Pathology and Laboratory Medicine, University of Tennessee Health Science
Center, 930 Madison Ave., Memphis, TN 38163, USA

Melanocyte biology
Melanocytes are an intraepidermal population of dendritic cells responsible for the production
of melanin, a pigment that varies from yellow to brown to black pigment that after transfer to
neighboring keratinocytes acts both as an endogenous screen and a buffering system against
harmful ultraviolet (UV) wavelengths in sunlight [1]. Skin pigmentation has both individual
and societal implications. The cosmetic desire for increased pigmentation (tanning) has
resulted in many deleterious alterations including hastened skin ageing with wrinkles and
poikiloderma and an increase in lentigines, melanocytic nevi, and melanoma. Focal or
widespread loss of normal pigmentation not only renders individuals extraordinarily vulnerable
to the harmful effects of sunlight (eg, increased risk of skin cancer in albinism), but it can also
result in severe emotional stress and, in some societies, ostracism and discrimination (eg,
vitiligo).

Melanocytes are derived from the neural crest and are located along the basal layer of the
epidermis and within the hair follicle, predominately the basal layer of the hair bulb matrix
[1,2]. By the 50th day of intrauterine life, melanocytes can be detected in the epidermis; their
migration to the epidermis and survival is dependent on receptor tyrosine kinase (RTK) c-Kit
and its ligand stem cell factor (SCF) within the epidermis [3,4]. Mutations of the c-Kit gene
lead to patches of hypopigmentation caused by lack of melanocyte migration, termed
piebaldism [5]. Another important signaling molecule in melanocyte migration and
development is Wnt5a, which signals via the Frizzled-5 receptor [6]. Overexpression of Wnt5a/
Frizzled is found in melanomas and associated with increased cell motility and invasiveness
[7,8].

Skin keratinocytes obtain melanin pigment from melanocytes, and keratinocytes provide the
necessary microenvironment for melanocyte survival, proliferation, differentiation, and
migration via production of ligands that interact with melanocyte receptors [1,9-11]. The
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epidermal melanin unit denotes the symbiotic relationship between one melanocyte
transporting melanin via its dendritic processes to approximately 36 keratinocytes [10].
Melanocytes are located on the basement membrane among basal keratinocytes at ratio of 1
melanocyte per 5 basal keratinocytes in hematoxylin and eosin—stained histologic sections.
This balance is maintained through regulated induction of melanocyte division. During
childhood as the skin surface expands, throughout adulthood to maintain melanocyte numbers,
and in response to exposure to sunlight or skin wounding, melanocytes are stimulated to
proliferate at a low rate. Melanocyte proliferation entails uncoupling from keratinocytes, loss
of their dendrites, cell division, migration along the basement membrane, then recoupling with
keratinocytes to form the epidermal melanin unit. Keratinocytes regulate melanocyte growth
and expression of melanocyte cell surface receptors via cell adhesion and growth factors, which
include E-cadherin, P-cadherin, and desmoglein that are regulated through growth factors such
as hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and endothelin-1
(produced by fibroblasts or keratinocytes). Morphogens such as Notch receptors and their
ligands also play a role in maintaining melanocyte function and morphology [12]. Loss of
keratinocyte regulation characterizes the development of melanoma and is seen in the down-
regulation of E-and P-cadherins, up-regulation of melanocyte-melanocyte and melanocyte cell-
fibroblast adhesion molecules such as Mel-CAM and N-cadherin, expression of cell-matrix
adhesion molecules such as αvβ3 integrins and increased elaboration of metallo-proteinases
[10]. The importance in growth factor signaling in producing the malignant phenotype has been
shown in experimental models where increased expression of basic fibroblastic growth factor
(bFGF), HGF, SCF, and endothelin-3 coupled with UV radiation produced invasive and in situ
—like tumors [13,14].

Melanins are polymorphous and multifunctional biopolymers, whose biosynthesis involves a
metabolic pathway beginning with the oxidation of tyrosine to L-DOPA, followed by a series
of divergent steps that give rise to a brown-black pigment (eumelanin) composed
predominantly of indolic units and a yellow to reddish-brown pigment (pheomelanin) having
a backbone of benzothiazine units [1,2]. Most of human skin and hair pigmentation involves
a combination of these pathways giving rise to mixtures of varying composition [1,2]. The
phenotypic expression of this is generally classified according to the clinical Fitzpatrick skin
types 1 through 6 and emphasizes the inverse relationship between the degree of pigmentation
and solar damage to the skin, including photocarcinogenesis. The functions of melanin
pigments include protection from UV light, control of vitamin D3 synthesis, and local
thermoregulation [1,15,16]. Melanogenesis is under complex regulatory control by multiple
agents interacting via pathways activated by receptor-dependent and -independent
mechanisms, in hormonal, autocrine, paracrine, or intracrine fashion [1]. Because of the
multidirectional nature and heterogeneous character of the melanogenesis-modifying agents,
its controlling factors are not organized into simple linear sequences, but they interact instead
in a multidimensional network, with extensive functional overlapping with connections
arranged both in series and in parallel [1,2]. The most important positive regulator of
melanogenesis is the MC1 receptor with its ligands melanocortins and ACTH, whereas among
the negative regulators, agouti protein stands out, determining intensity of melanogenesis and
also the type of melanin synthesized [1,17]. Solar UV light is one of the main culprits in the
etiology of skin cancers, and skin pigmentation and melanin content are principal determinants
of the susceptibility to melanoma and other sun-induced skin cancers [1,18-22]. In general,
individuals with fair skin who burn rather than tan when exposed to sun are at high risk for
melanoma [19,21]. Mutations and polymorphisms of melanocortin-1 receptor type 1 gene
(MCR1) play a role in skin cancer [23-25]. Other important risk factors for skin cancer include
DNA repair capacity, because melanoma patients have a lower DNA repair capacity than the
general population, which may be in part related to loss-of-function mutations in the MCR1
[26,27]. Indeed, there exists a strong association between BRAF mutations and germline
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defects in melanocortin receptor type 1 (MC1R) and incidence of melanoma with no evidence
of chronic sun damage [27].

Melanoma, like other cancers, arises because of accumulation of mutations in genes crucial
for cell proliferation, cell differentiation, and cell death [28-30]. The factors influencing
development and progression of melanoma include tumor initiation (mutations, loss of
heterozygosity, gene amplification, gain and loss of chromosomes, gene silencing by
methylation), growth (loss of cell cycle control, growth factors, neovascularization), resistance
to apoptosis (inactivation of cell death pathways, gain of anti-apoptotic and survival factors),
invasion and metastasis (cell motility, cell adhesion, proteolytic enzymes), and escape from
immune surveillance (loss or gain of immune regulators) [29]. Melanocyte receptors that
engage with tumor suppressor, oncogene, cell adhesion and cell-motility, and apoptotic
pathways are all potential targets for oncogenic events or therapeutic agents.

Tumor suppressor pathways most commonly inactivated in melanoma are the p16INK4/cyclin-
dependent kinases 4 and 6/retinoblastoma protein and p14ARF/human double minute/p53
pathways, which control the G1 stage of the cell cycle [31,32]. Ras and its effector pathways
Raf-MAPK kinase-ERK and PI3K-Akt are most commonly activated [33,34]. Melanoma also
shares many characteristics in common with developmental precursors, stem cells, or
melanoblasts, to melanocytes that include activation of developmental signaling pathways
[12,35,36]. Specifically, signaling by receptor tyrosine kinases (RTK) (eg, c-Kit), the Wnt
signaling pathway, melanocortin signaling pathway (α-MSH/MC1-R/cAMP), as well as loss
of the p16INK4a cyclin-dependent kinase inhibitor are pathways that impact on the expression
or function of Mitf, which plays an essential role in melanocyte development and survival [1,
37,38]. Lastly, down-regulation of death receptors such as Fas also play a role in melanoma
progression[39,40].

Cell surface melanocyte receptors
Fig. 1 outlines key membrane bound melanocyte receptors and cell cycle pathways involved
in melanocyte physiology and/or are activated or disrupted in melanoma. Table 1 lists
melanocyte receptors that have both clinical relevance and potential as therapeutic targets to
augment normal melanocyte function or manage melanocytic pathology. Among those are
receptors coupled to G-proteins (G-protein coupled receptors [GPCR]) or having tyrosine
kinases activities (receptor tyrosine kinases [RTK]). Other receptors of importance are death
receptors, nuclear receptors such as the vitamin D receptor, and cell adhesion molecules, which
can activate critical cell cycle, survival, and migration pathways.

G-protein coupled receptors
G-protein-coupled receptors, which initiate cellular signaling, constitute the largest class of
cell-surface localized receptors whose genes account for about 5% of the human genome
[41]. The ligands of GPCRs are chemically diverse and include neurotransmitters, hormones,
phospholipids, odorants, and, in phototransduction, photons. Receptor agonists, in some cases,
can activate multiple members of GPCR families, such as the neurotransmitter catecholamines
that can activate nine distinct members of the adrenergic family of GPCRs. Cytoplasmic
domains of activated GPCRs transduce signals to activate guanine nucleotide exchange of one
or more heterotrimeric G proteins found on the inner leaflet of the cell membrane. Activation
stimulates the exchange of bound GDP for GTP by the G-protein α (Gα) subunits and the
functional dissociation of the Gβγ complex. Gα and the Gβγ complexes then act to regulate
the activity of members of the larger family of G-protein effector molecules, including adenylyl
cyclase, phospholipase Cb, cyclic nucleotide phosphodiesterases, and various ion channels.
Among the numerous factors regulating melanocyte/melanoma behavior, the
proopiomelanocortin (POMC)-derived peptides MSH, ACTH, and β-endorphin appear to be
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the most important [1,2,11,17]. In this context, and of particular interest, is the demonstration
of MC1R activity up-regulation by UV light, indicating a novel site for physicochemical
interactions with the environment [1,22]. Other important regulators of normal and malignant
melanocyte activities include endothelines, histamine, eocosanoids, catecholamines,
corticotrophin-releasing hormone (CRH), serotonin, and melatonin acting through
corresponding GPCRs [1,11,17,42,43]. There is also substantial overlapping in the regulation
of melanocyte behavior by the above factors [1].

GPCRs are considered among the most desirable targets for drug development, and many
GPCRs, such as endothelin receptors, chemokine receptors, metabotropic glutamate receptors,
and protease-activated receptors have been regulated in human cancers [44]. Using microarray
data, some GPCRs, such as endothelin receptor A (ENRA), may be involved in early tumor
progression, and others, such as CXCR4, may play a critical role in tumor invasion and
metastasis [44].

Receptors for proopiomelanocortin-derived peptides
The precursor protein POMC produces many biologically active peptides via a series of
enzymatic steps in a tissue-specific manner, yielding α, β, γ-MSH, ACTH) and β-endorphin
[17]. The α, β, γ-MSH and ACTH peptides bind with different affinities to the extracellular G-
protein—coupled MCR1-5 [1,17,45]. Of those, the most important role in the regulation of the
melanocyte behavior is played by MCR1. Although there are reports showing MCR2
expression on melanocytes [46,47], its role in normal and malignant melanocytes is unclear.
Concerning β-endorphin, recent reports have shown that the cutaneous β-endorphin/μ-opiate
receptor system is functionally active via its ability to up-regulate melanocyte dendricity,
proliferation, and pigmentation [48].

Melanocortin receptor type
The MC1R (activated with similar efficiency by α-MSH and ACTH) shows widespread
cutaneous expression and influence behavior of both melanocytes and keratinocytes as well as
the skin immune system [1,17,26,45,49]. Mutations in the MC1R gene lead to fair skin and
red hair in humans, which is also seen with inactivating human POMC gene mutations. MC1R
mutant receptor expression changing the receptor activity is also listed as one of etiologic
factors responsible for an increased incidence of the melanoma and nonmelanoma skin cancers
[23,24].

The MC1R has pleiotropic effects including the modulation of a wide range of immune actions
such as anti-inflammatory actions, expression of adhesion molecules, and expression
inflammatory transcription factors (down-regulation of NFκB)[1,50]. It has been proposed that
these actions would be consistent with a cytoprotective role for this hormone in protecting skin
cells from exogenous stress, such as ultraviolet radiation (UVR), exposure to biological agents,
or oxidative stress. In addition to actions on normal skin cells, MC1R ligands also modulate
both cutaneous and uveal melanoma cell behavior. With respect to melanoma, it is intriguing
to see reports showing that while α-MSH has the potential to retard metastatic spread it can
also reduce the immune response against melanoma (for example through down-regulation of
adhesion molecules) [45]. Thus, role of the MC1R extends far beyond cutaneous and hair
pigmentation and includes modulation of immune system, cell viability, cell differentiation,
and ligand-induced activation of detoxification system in melanocytes [1,26,45]. However,
progression of melanoma may owe at least some of its success to the “protective” role of α-
MSH [45].

Cutaneous pigmentation is determined by the amounts of eumelanin and pheomelanin
synthesized by epidermal melanocytes, which is also regulated by MC1R [1]. The human
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MC1R gene is highly polymorphic, and certain allelic variants of the gene are associated with
red hair phenotype, melanoma, and nonmelanoma skin cancer [24,51]. The impact of specific
polymorphisms in the MC1R on the responses of melanocytes to melanotropins and UV
radiation have been investigated [26,52]. Human melanocytes homozygous for Arg160Trp,
heterozygous for Arg160Trp and Asp294His or for Arg151Cys and Asp294His substitutions,
but not melanocytes homozygous for Val92Met substitution, in the MC1R, showed a
significantly reduced response to its specific ligands [53,54]. Presence of a non-functional
MC1R increased in their sensitivity to the cytotoxic effect of UV radiation, suggesting that
loss-of-function mutations in the MC1R gene sensitize melanocytes to the DNA damaging
effects of UV radiation, thereby increasing risk of melanoma development [53].

Targeting melanocortin receptors
Both natural-occurring and synthetic peptides have been used as inhibitors or agonists to
identify the pathophysiologic role of MCR in different tissues [55]. For systemic processes,
MCR inhibitors, mainly via prevention of NFkB activation, have been proposed as modulators
of the immune system to dampen damage from inflammation, ischemia and infection, or as
suppressors of appetite to prevent obesity. Radioconjugates of a cyclic peptide analog of α-
MSH (eg, coupled with 111In-DOTA) are being studied as selective agents for early detection
of melanoma using positron-emission tomography imaging and as potential therapeutic agents
[56,57]. The Y86 conjugate appears promising based on high selective uptake in B16
melanoma with rapid clearance from normal tissues [57].

Corticotrophin-releasing hormone receptor
Melanocytes and melanoma cells express G protein—coupled CRH-R1 responding to CRH
and urocortin peptides (exogenous or produced locally) through activation of cAMP, IP3, and
Camediated pathways to modify the melanocyte phenotype [30,58,59]. In both normal and
immortalized melanocytes, CRH inhibited cell proliferation in serum-containing medium,
while inhibiting early and late apoptosis in serum free media [58]. Concerning melanoma cells,
the effect was heterogenous depending on cell line [58,60]. The variability in CHR action on
melanoma cells could be explained by co-expression of alternatively spliced CRH-R1 isoforms
on the same cells that would modify the action of the CRH-R1α isoform [30,59]. Of
significance, an antimelanoma effect for selective CRH-R1 agonists has already been observed
in experimental models of melanoma in vivo [60]. Accordingly, selective targeting of CRH-
R1 has been proposed for the treatment of malignant tumors that include melanoma (patent
WO0153777).

Endothelin receptors
Endothelins (EDN-1, EDN-2, EDN-3) are paracrine signal peptides that bind to at least two
subtypes of GPCR (EDNRA and EDNRB) [36,61,62]. Endothelins induce normal human
melanocyte proliferate, produce melanin, and affect chemokinesis, chemotaxis, and dendricity.
Keratinocytes produce EDN-1 after exposure to UVB. In melanoma cell lines, EDN induces
down-regulation of E-cadherin expression and up-regulates N-cadherin, increases αvβ3
integrin expression and tumor proteolytic activity; these events enhance melanoma cell
adhesion, migration, and invasiveness. The selective blockade of EDNRB results in inhibition
of focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAPK)
phosphorylation and cell proliferation induced by EDN [62]. EDN-1 also acts as a autocrine/
paracrine growth factor or an antiapoptotic factor in human cancers, and blockade of ET-1
receptors can sensitize human tumor cells to apoptosis [26,63]. In an experimental study,
bosentan, a dual EDNR(A/B)-receptor antagonist, decreased melanoma cell viability and DNA
synthesis and induced melanoma cell apoptosis in defined human melanoma cells [63]. In
addition, the effects of bosentan and alkylating agents were additive in melanoma cells [63].
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Melatonin receptors
Melatonin is an indole with pleiotropic bio-activities, which are mediated through interactions
with high-affinity membrane bound or nuclear receptors or through nonreceptor actions.
Because melatonin receptors are expressed in melanocytes and melanoma cells, these have the
potential to mediate phenotypic actions on cellular proliferation and differentiation [16,42,
43,64]. In addition, its receptor-independent activity suggests that melatonin could also have
a protective role against UV-induced pathology [42,43,65]. Both biosynthetic and
biodegradative pathways for melatonin have been initially characterized in whole human skin
and in melanoma cells [42,43,66,67].

Melatonin has also been reported to exhibit tumorostatic properties in different tumor models
that include melanomas [42,43]. In addition, several clinical studies have reported positive
results with melatonin in patients with metastatic malignant melanoma. Most recently,
melatonin has been shown to have tumorostatic effect in human melanoma cell lines of different
behavior [65]. The intensity of the oncostatic response to melatonin was related to the cell-line
—specific pattern of melatonin cell surface and nuclear receptor expressions [65]. Thus,
targeting melatonin receptors may represent a realistic approach in melanoma therapy [42].

Frizzled-5 receptor
Frizzled receptors are GPCR that transduce signals upon Wnt binding leading to stabilization
of β-catenin. In the absence of Wnt signaling, cytoplasmic β-catenin is degraded via an
ubiquitin-mediated pathway, after phosphorylation by glycogen synthase kinase-β (GSK3β)
[68]. Upon stabilization, β-catenin accumulates in the cytoplasm, some of which translocates
into the nucleus where it participates in transcription via ternary complex factors (TCFs),
lymphoid-specific DNA-binding proteins, regulating genes involved in development and
tumorigenesis such as c-Myc, matrix metalloproteinase, and cyclin D1 [68]. In melanoma, gene
expression profiling has shown increased expression of Wnt5a/Frizzled in subsets of tumors
[69]; this increased expression of Wnt and its receptor Frizzled correlates with histologic
features of invasiveness [7,70].

Metabotropic glutamate receptor 1
Metabotropic glutamate receptor 1 (GRM1) is GPCR, the ligand of which is glutamate that
was identified as aberrantly expressed in transgenic mouse model of spontaneous melanoma
[71]. Its activity, whether agonist or constitutively induced, can be blocked by the inhibitor
BAY 36-7620; thus, this receptor could be a target for therapy if it plays a role in human
melanomas.

Chemokine receptors
Chemokines belong to a superfamily of small, cytokine-like molecules characterized by four
conserved cysteine residues and by their capacity for binding to particular GPCR [72].
Chemokines regulate the directional migration of leukocytes; thus, they play an important role
in infection and inflammation. These molecules also play a broader role in the biological
process as exemplified by the CXC chemokine receptor CXCR4 and its ligand CXCL12 (also
known as stromal-derived factor-1): CXCR4 is linked to human immunodeficiency virus-1
(HIV-1) infection (serving as a coreceptor required for entry of HIV-1 into T cells),
hematopoietic stem cell mobilization [73], and developmental processes such as
embryogenesis, organogenesis, and angiogenesis. In addition, CXCR4 has been implicated in
tumor progression where it is highly expressed in breast cancer cells. In vivo neutralization of
CXCR4 by monoclonal antibodies (mAbs) significantly impaired metastasis of breast cancers
to regional lymph nodes and lung, indicating the involvement of CXCR4 in selective metastases
of breast cancer to certain organs [74]. In melanoma [75], expression of CXCR4 in vivo
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selectively enhances the metastatic potential of melanoma cells to lung, but not to other organs.
For primary cutaneous melanoma, CXCR4 is a prognostic marker indicative of a high risk of
relapse; therefore, patients expressing this receptor warrant close follow-up [76]. Based on the
above, chemokine receptors would be an attractive target to regulate the migration of tumor
cells in vivo. Small molecular inhibitors of CXCR4 such as AMD3100 (byciclam) that are
available orally, have been developed and may be of value in the treatment of metastatic
melanoma [77].

Receptor tyrosine kinases
Protein receptor kinases, which catalyze the phosphorylation of specific tyrosine residues on
their substrate proteins is another major cell signaling paradigm. Protein receptor kinases are
composed of both receptor tyrosine kinases (RTKs) and nonreceptor tyrosine kinases
(NRTKs). These enzymes are involved in cellular signaling pathways that regulate key cell
functions such as cellular proliferation, differentiation, and apoptosis [41]. Examples of RTKs
include the cell surface receptors for insulin (IR), insulinlike growth factor-I (IGF-IR), and
epidermal growth factor (EGFR). NRTKs are made up of nine distinct families: Src, Jak, Abl,
Fak, Fps, Csk, Syk, Pyk2, and Btk. These families share protein—protein interaction domains
(eg, SH2 [Src homology 2] and SH3 domains) that mediate many of their actions. Protein
tyrosine receptor kinases have an extracellular ligand binding domain, a transmembrane
domain, and an intracellular catalytic domain. Activation of the receptor is achieved by ligand
binding to the extracellular domain, which induces dimerization of the receptors. Receptors
then are able to autophosphorylate tyrosine residues outside the catalytic domain, which form
SH2 or phosphotyrosine binding (PTB) sites. The SH2 and PTB domains serve as docking
sites for the recognition and recruitment of SH2-domain—containing proteins (eg, NRTK Src
and Ras).

c-Kit (CD117)
C-Kit is an RTK for SCF, which is a growth factor for melanocytes that affects melanogenesis,
proliferation, migration, and survival. Activation of c-Kit significantly promotes migration of
the melanocytes both in vitro and in vivo, suggesting that, in mammalian melanocytes,
activation of the cKit is primarily responsible for transmission of promigration signals, which
may antagonize proliferation and melanogenesis [78]. In melanoma, the unregulated activity
of c-Kit may be caused by overexpression, autocrine loops, or mutational activation; thus,
targeting c-Kit with antagonists such as imatinib (Gleevec) is a potentially exploitable target
in metastatic melanoma. Nevertheless, a recent clinical trial report concluded that imatinib as
a single agent had no activity in patients with relapsed, refractory metastatic melanoma [79].
It appears that c-Kit was expressed at low levels on only a small minority of metastatic
melanomas accounting for, in part, the lack of imatinib activity.

Vascular endothelial growth factor, hepatocyte growth factor, insulinlike growth factor-1,
basic fibroblastic growth factor, and eye-derived growth factor receptors

All of these growth factor receptors have a tyrosine kinase activity and activate signaling
pathways that alter gene expression patterns and induce proliferation. In many cancers, both
the overexpression of the growth factor and the receptor, besides mutations at the cytoplasmic
tyrosine kinase domain, contribute to constitutive signaling; thus, these receptors make
attractive targets for targeted therapies [80]. For example, in the transition from radial to vertical
growth phase, melanoma as well as angiogenesis is heralded by both the expression and release
of vascular endothelial growth factor (VEGF), which facilitates both growth of new blood and
the tumor [29,81,82]; inhibition of VEGF receptor (VEGFR) by sorafenib (formally known as
BAY 43-9006 [83,84] in combination with antibodies that block VEGF such as bevacizumab
might represent important combination therapy in metastatic melanoma patients. Early clinical
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development of sorafenib given with carboplatin and paclitaxel to patients with relapsed,
refractory metastatic melanoma shows striking activity with prolonged progression-free
survival (PFS; median PFS, 10 months) [85,86]. Randomized phase III clinical trials are
underway in North America, Europe, and Australia evaluating this combination in metastatic
melanoma.

Death receptors
Death receptors are transmembrane proteins that belong to the tumor necrosis factor (TNF)
family of receptors [87]. They are activated by specific extracellular or type II transmembrane
family member ligands, that rapidly trigger cellular death via an intracellular proteolytic
cascade, which leads to irreversible cleavage of proteins involved maintenance of vital cell
functions [39,87]. In melanocytes, 3 death receptor family members appear to be prominent:
Fas (CD95) and TNF-related apoptosis-inducing ligand cell receptors 1 and 2 (TRAIL-R1
[DR-4] and TRAIL-R2 [DR-5], also known as DR4/TNFRSF10A and DR5/TNFRSF10B,
respectively) [40,88,89]. Agents that can trigger Fas or TRAIL-mediated cell death may prove
effective in the treatment of metastatic melanoma [89,90]. Blockade of expression of death
receptor ligands, such as PD-L1 (programmed death-ligand #1, member of the B7 family of
costimulatory molecules), which appear to inhibit human tumor-specific T cell responses, is
also another target for melanoma therapy [91].

Hersey and associates have characterized death receptor expression by human melanoma in
detail and most melanoma lines examined express DR4 and DR5 [92,93]. However, many
melanoma lines that express DR4/DR5 are not susceptible to TRAIL-mediated apoptosis
suggesting additional determinants that down-regulate sensitivity such as protein kinase C
(PKC) activation [92]. Recent data confirm DR5 expression at relatively high levels in
approximately 75% of primary cutaneous melanoma; interestingly, DR4 expression was
significantly lower in both primary lesions and metastatic melanoma [88]. Novel therapeutics
(recombinant ligands and monoclonal antibodies) specific for DR4/DR5 are currently in early-
phase clinical trials. Fas (also known as APO-1 or CD95) is a type II membrane receptor of
the TNF family and is known to be the receptor for Fas ligand (FasL). FasL engagement (or
monoclonal antibody crosslinking) of cell surface Fas triggers tumor cell death by apoptosis
in a variety of experimental systems. Expression of Fas by human cutaneous melanomas has
been documented in approximately 60% of cases [94]; only a small minority (3 of 44 primary
cutaneous melanomas) had detectable mutations in Fas [95]. A survey of 13 established human
melanoma lines showed low-level Fas expression in 5 of 13 lines [40]; however, this has been
challenged because another group has reported high cell surface Fas expression on 15 of 17
melanoma lines examined [96]. The significance of these findings remains unclear.

Cell adhesion receptors
Melanocyte homeostasis is also governed by intercellular communication via cell-cell
adhesions and cell-extracellular matrix (ECM) adhesion [10,97]. In this manner,
transmembrane cell adhesion receptors influence whether a cell remains quiescent or
proliferates, differentiates, or undergoes apoptosis; thus, the nature of cell-cell and cell-ECM
interactions are integral in the regulation of homeostasis and tissue phenotype [98]. Alterations
in the expression and/or adhesive interactions of cell adhesion receptors can trigger unchecked
proliferation and altered invasive properties of melanocytes. In the development of melanoma,
accumulating evidence has shown the importance of the tumor microenvironment on the
behavior of malignant cells, where interactions between melanoma cells and stromal cells
create a context that promotes the transitions from normal to benign to in situ to locally invasive
to metastatic lesions [10,29,99]. Alterations in cell adhesion receptors are important in the
processes underlying these transitions. Specifically, melanoma progression is associated with

Carlson et al. Page 8

Dermatol Clin. Author manuscript; available in PMC 2009 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the loss of E-cadherin function and with up-regulation or induction of N-cadherin, MelCAM,
and integrin αVβ3.

Cadherins
These calcium-dependent transmembrane proteins modulate cell-cell adhesion [100].
Alterations in the form and expression of cadherins appear critical in melanoma progression.
Frequently, a switch from E- to N-cadherin expression occurs during the transition from radial
to vertical growth phase. Loss of E-cadherin expression appears to be an important way that
melanocytic cells detach from basal keratinocytes. Re-expression of E-cadherin in melanoma
cells reduces their tumorigenicity in vivo [101]. N-cadherin expression is frequently up-
regulated in melanoma cells and allows for interactions with fibroblasts and endothelial cells
in the dermis [102]. In this manner, enhanced N-cadherin expression promotes melanoma cell
migration and survival.

αvβ3-integrin
Integrins are heterodimeric transmembrane glycoproteins that participate in cell adhesion,
migration, and proliferation. In particular the vitronectin/fibronectin receptor αvβ3 is up-
regulated in melanoma progression [103]. Expression of the β3 subunit is controlled by the
RAF-MEK-ERK1/2 pathway that is highly active in melanoma cells because of either
mutational activation of BRAF or RAS [104]. Antagonists to αvβ3 integrin can block tumor-
associated angiogeneisis and cause tumor regression [105]. This integrin has an Arg-Gly-Asp
(RGD) binding site that can be targeted by radiolabeled peptides [56,105] or inhibited by the
cyclic peptide cilengitide (EMD 121,974) [106]. Expression of αVβ3 integrin allows melanoma
cells to bind to and localize matrix metalloproteinase (MMP)-2 (aka, type 4 collagenase/
gelatinase A), which is suspected to augment the metastatic capability of melanoma cells by
degrading the basement membrane zone and surrounding tissues. The development of agents
that can block these interactions, such as antibodies, could stop metastatic spread of melanoma
[107]. Recent studies have generated αvβ3-targeting nanoparticle to deliver a kinase-defective
form of C-RAF to angiogenic blood vessels in mice [108]. It would be of considerable interest
if a similar nanoparticle could be generated to block B-RAF signaling in αvβ3-expressing
melanoma cells.

MelCAM
MelCAM, a member of the IgG superfamily of cell adhesion molecules [100], is another good
marker of tumor progression in human melanoma [109-111]. It has been primarily linked to a
role in invasion and metastasis. MelCAM expression in nontumorigenic melanoma cells
mediates invasion of melanoma cells in a human skin reconstruct system [112] and
tumorigenicity in nude mice [113]. Additionally, reduced MelCAM expression or antibody-
mediated function blocking of Mel-CAM inhibits melanoma cell tumorigenicity and metastasis
[112,114]. MelCAM participates in both homotypic and heterophilic interactions, although in
the latter case the nature of the ligand remains to be defined [107,115,116]. MelCAM has a
reciprocal regulation loop with the serine/threonine kinase, AKT. Inhibition of elevated AKT
activity in human melanoma cell lines substantially reduced the expression of MelCAM;
conversely, overexpression of constitutively active AKT up-regulated the levels of MelCAM
[117]. In addition, overexpression of MelCAM in melanoma cells activated endogenous AKT
and inhibited the proapoptotic protein BAD, leading to increased survival under stress
conditions. Studies on melanoma cells implanted in nude mice have shown blocking antibodies
to MelCAM inhibit cell growth and metastasis [114]. Therefore, the MelCAM-AKT signaling
axis in melanoma is a potential target for therapy.
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Notch receptors
In humans, the Notch family consists of 4 transmembrane receptors (Notch1-4) and 5 ligands
(Jagged 1-2, Delta1-3). Notch receptors 1 and 4 may be up-regulated in melanoma [118,119].
Ligand binding leads to metalloproteinase- and γ-secretase—mediated proteolysis and
cleavage of Notch1 intracellular from the plasma membrane [120,121]. Notch1 is translocated
to the nucleus, where it associates with transcription factors RBP-Jk/CSL and mastermind-like
(MAML) to form a heteromeric complex that mediates the transcription of genes in the hairy
enhancer of split (HES). Notch receptors and their ligands regulate cell fate specification,
differentiation, proliferation, and survival during cell-cell contact. In melanoma, Notch1
signaling drives the vertical growth phase of melanoma toward more aggressive phenotypes
via activation of MAPK and PI3K-Akt pathways, increased tumor cell adhesion, and
expression of N-cadherin [121]. Blocking of Notch signaling involved in melanoma
progression may be a potential target of therapy in metastatic melanoma. Initial studies
addressing this issue have shown that a γ-secretase inhibitor compound induced apoptosis in
melanoma cell lines [122].

Nuclear receptors
Estrogen androgen receptors

Normal melanocytes and melanoma cells have been shown to express functional receptors for
steroidal sex hormones (reviewed in [1]). Androgen action appears to stimulate melanin
pigmentation; however, cell culture studies showed conflicting results. Nevertheless,
melanocytes from genital skin do express androgen receptors and can transform testosterone
to dihydrotestosterone (DHT). Similarly, genital melanocytes do express functional estrogen
receptors; however, estrogen has shown inconsistent effects on proliferation and tyrosinase
activity of cultured human foreskin melanocyte [1]. On the other hand, patients with elevated
serum estrogen concentrations tend to have increased skin pigmentation, suggesting that
estradiol may be involved in the pathogenesis of melasma (chloasma). These diverse reports
suggest that the effects of androgens and estrogens on melanocyte activity may be influenced
by multiple factors, such as culture conditions, sex, age, and anatomic localization [1].
Concerning melanoma, it is know that its incidence rates rise in women until about age 50, and
recent studies have found a correlation between estrogen receptor α (ERα) and melanoma
progression [123]. Additional experimental studies are required to determine whether estrogen
and androgen receptors could serve as a target for melanoma therapy.

Glucocorticoids receptors
Both inhibition and stimulation of melanin synthesis have been reported after glucocorticoid
treatment, and this class of nuclear receptors may also be involved in melanocyte development
(reviewed in [1]). The glucocorticoid receptors (GR) are expressed in the majority of human
melanomas, with higher expression levels in metastatic sites, and, notably, glucocorticoids can
inhibit growth of experimental melanomas in mice and GR-expressing human melanoma cells
in culture [1]. However, potent immunosuppressive properties of glucorticoids could serve as
a limiting factor in such a therapeutic approach, but one study found that glucocorticoids did
not affect adoptive cell transfer (ACT)-based immunotherapy regimen in transplanted B16
melanoma [124]. Finally, epidemiologic studies showed that glucocorticoid-based therapy
appeared to be protective against melanoma incidence in a Mediterranean population [125].
Thus, glucocorticoids and their receptors could be of help in melanoma therapy; however,
further studies are needed to better define this issue.
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Vitamin D3 receptors
Vitamin D3 is formed in the skin by UVB-mediated photolysis of 7-dehydrocholesterol with
following thermal isomerization [126]. To exert its bioregulatory action, vitamin D3 must be
converted to its active form 1,25-dihydoxycholecalciferol locally (skin) or at the systemic level
(liver and kidney) [126]. 1,25-dihydroxyvitamin D3 [1,25(OH)2D3; calcitriol] is inactivated
through hydroxylation at position 24 [126]. 1,25(OH)2D3 has pleiotropic activities that, in
addition to regulation of calcium metabolism, also acts as a potent regulator of cell growth,
differentiation, apoptosis, and immune and endocrine functions [126-129]. The signaling
pathway of 1,25(OH)2D3 uses the vitamin D nuclear receptor (VDR), which is a transcription
factor for 1,25(OH)2D3 target genes that have a major inhibitory effect on the G1/S checkpoint
of the cell cycle by up-regulating the cyclin-dependent kinase inhibitors p27 and p21, and by
inhibiting cyclin D1. Indirect mechanisms include up-regulation of transforming growth factor-
beta and down-regulation of the epidermal growth factor receptor. 1,25(OH)2D3 may induce
apoptosis either indirectly through effects on the IGFR and TNF-α or more directly via the
Bcl-2 family system, the ceramide pathway, the death receptors (eg, Fas), and the stress-
activated protein kinase pathways (Jun N terminal kinase and p38). Taking into consideration
well-documented antitumorigenic properties of vitamin D3, it is becoming evident that
targeting VDR may serve as a potential adjuvant therapy of melanoma [130]. Specifically,
melanocytes and melanoma cells do express functionally active VDR, which apparently
mediate vitamin D3 antimelanoma effects (reviewed in [1,16]). Thus, the antiproliferative and
prodifferentiation effects of 1,25(OH)2D3 have been shown in cultured melanocytes, MM
cells, and MM xenografts. Furthermore, melanoma patients may present with lower levels of
1,25(OH)2D3 in their sera [131], and polymorphisms at the VDR has been suggest to influence
susceptibility to malignant melanoma [132,133]. Finally, epidemiologic studies by some
investigators found that melanoma patients do better if exposed to solar radiation after removal
of the tumor, an indirect indication of a beneficial role for vitamin D metabolites during disease
progression [134]. However, other investigators have questioned this correlation [135].
Nevertheless, there is sufficient experimental evidence for the use of vitamin D3 or its analogs
in melanoma therapy. Unfortunately, potential use of vitamin D in therapy of melanoma may
be limited, because of well-documented toxicity (hypercalcemia) of vitamin D3 derivatives
when used at pharmacologic concentrations. Nevertheless, this cytoxicity (hypercalcemic
effect) can be decreased or eliminated by cleavage or modification of the side chain [136].
Most recently, it has been uncovered that the classical enzyme of steroidogenesis cytochrome
P450scc can also cleave the side chain of 7-DHC to produce 7-dehydropregnenolone (7-DHP)
identifying a novel metabolic pathway producing 5,7 diene hydroxysteroids that after UVB
exposure could generate secosteroidal vitamin D—like (VitDL) products [137,138]. Moreover,
vitamin D3, ergosterol (provitamin D2) and vitamin D2 are additionally metabolized by the
same P450scc producing hydroxyderivatives [42,139,140], some of which induce
differentiation and inhibit proliferation of skin cells [139,141]. Thus, new family of vitamin D
derivatives was identified that could be tested for its potential antimelanoma activity.

Summary
Cell surface and nuclear receptors and adhesion molecules are important regulators of critical
pathways in normal and pathologic melanocytes. Antagonists and agonists of these proteins
offer a novel, disease-specific means of targeted therapy. Much of the current development of
anticancer therapies tries to target causative proteins in a specific manner to minimize side
effects, some melanocyte receptors discussed in this review may become the targets for therapy
of metastatic melanoma in the near future.
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Fig. 1.
Outline of the major cell surface receptor-mediated signaling pathways important in the
differentiation, survival, and function of melanocytes. In melanoma, regulatory disruption via
activating mutations or gene amplifications of oncogenes or deletion, epigenetic silencing, or
inactivating mutations of tumor suppressor genes of either upstream or down stream
constituents of these pathways can be commonly found. Mitogen-activated protein kinase
(MAPK) pathway and phosphatidylinositol 3 kinase (PI3K)-Akt pathway are 2 crucial
pathways activated by numerous growth factors and cell surface receptors. Binding of growth
factors to their respective receptors leads to, via adapter proteins (not shown), activation of
RAS proteins, which phosphorylate the mitogen-activated protein kinase (MEK) kinases,
which then act on extracellular-related kinase (ERK) kinases. ERK kinases also interact with
the PI3K-AKT pathway. Phosporylated ERK kinases (ERK-P) translocate to the nucleus and
activate transcription factors, which promote cell cycle progression and proliferation. The
PI3K-AKT pathway mediates cell survival signaling via growth factors such as PDGF, NGF,
and IGF-1. Phosphatase and tensin homolog (PTEN) inhibits growth factor signaling by
inactivating phosphatidylinositol triphosphate (PIP3) generated by PI3K. Activated PI3K
converts the plasma membrane lipid phosphatidylinositol 4,5-bisphosphonate to PIP3, which
acts as a second messenger leading to the phosphorylation AKT and subsequent up-regulation
of cell cycle, growth, and survival proteins. AKT can also up-regulate mTOR (mammalian
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target of rapamycin), S6K, and NFκβ leading to cell growth and inhibition of apoptosis. Wnt-
Frizzled-β-catenin pathway. In the Wnt-Frizzled-β-catenin pathway, β-catenin plays a central
role in cell adhesion and cell signaling. Wnt ligands activate the G-protein—coupled receptor,
Frizzled, which blocks the breakdown of β-catenin by inactivation of the kinase GSK3. β-
catenin accumulates in the cytoplasm and translocates to the nucleus, where it binds to LEF—
TCF transcription factors and increases the expression of several genes, including
microphthalmia transcription factor (MITF) important in melanocyte survival and matrix
metalloproteinases (MMP) crucial for cell invasion. JAK/Stat pathway can be activated by
cytokines as well as growth factors such as EGF. JAK-STAT pathway is mediated by Janus
kinase (JAK), a tyrosine kinase that phosphorylates STAT proteins localized to the plasma
membrane. Phosphorylated STAT proteins are translocated to the nucleus where they activate
gene transcription leading to inhibition of apoptosis and angiogenesis. α-MSH-MC1R or
Microphthalmia-associated transcription factor (MITF) pathway. MITF is regulated at both
the transcriptional level via activation of melanocortin receptor 1 (MCR1) pathway and at the
posttranslation level via ERK phosphorylation (not shown). MC1R activates cyclic AMP
(cAMP), which activates the camp response-element binding protein (CREB) leading to
increased expression of MITF. MITF stimulates melanin production and cell cycle arrest in
normal melanocytes, and in melanoma cells, it protects against apoptosis and adds
chemotherapy resistance. (Courtesy of B. NG, MD, Albany, NY; Copyright © 2006).
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