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Abstract: Melanocytes are melanin-producing cells found in skin, hair follicles, eyes, inner ear, bones,
heart and brain of humans. They arise from pluripotent neural crest cells and differentiate in response
to a complex network of interacting regulatory pathways. Melanins are pigment molecules that are
endogenously synthesized by melanocytes. The light absorption of melanin in skin and hair leads
to photoreceptor shielding, thermoregulation, photoprotection, camouflage and display coloring.
Melanins are also powerful cation chelators and may act as free radical sinks. Melanin formation is a
product of complex biochemical events that starts from amino acid tyrosine and its metabolite, dopa.
The types and amounts of melanin produced by melanocytes are determined genetically and are
influenced by a variety of extrinsic and intrinsic factors such as hormonal changes, inflammation, age
and exposure to UV light. These stimuli affect the different pathways in melanogenesis. In this review
we will discuss the regulatory mechanisms involved in melanogenesis and explain how intrinsic and
extrinsic factors regulate melanin production. We will also explain the regulatory roles of different
proteins involved in melanogenesis.
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1. Introduction

Melanogenesis by definition is the production of the melanin pigments; these are most often
produced by cells called melanocytes [1,2]. Melanocytes are dendritic cells of the neuroectoderm [1,3-5].
Melanoblasts, the precursor cells of melanocytes, are unpigmented cells that originate from embryonic
neural crest cells [6,7]. After closure of the neural tube [8], melanoblasts migrate to various regions of
the body and develop into melanocytes as well as cells of the peripheral nervous system, bone and
cartilage of the head, and the choroid of the eye [1,2]. Melanoblasts that develop into melanocytes
are predominantly found in the basal layer of skin epidermis and hair follicles [9,10], and can be
identified by the expression of melanocyte-specific markers such as tyrosinase (TYR), tyrosinase-related
protein 1 (TYRP1), DOPAchrome tautomerase or tyrosinase-related protein-2 (TYRP2), premelanosome
protein 17 (Pmel17/gp1000), melan-A or melanoma antigen recognized by T cells 1 (MART-1) and
microphthalmia-associated transcription factor (MITF) [11].

The primary function of melanocytes is the production of the melanin pigment. Melanocytes
in the skin are surrounded by keratinocytes (one melanocyte is surrounded by approximately
36 keratinocytes) [12,13], to which they transfer their melanin pigment [13,14] (Figure 1). The molecular
structure of melanin is well suited to absorbing ultraviolet (UV) [15] and visible light and thus serves
as protection against UV radiation (UVR) from sunlight [16,17]. Melanocytes are also found in other
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tissues of the body such as the central nervous and cardiovascular system, the uvea of the eye, cochlea
and even adipose tissue [18,19].
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Figure 1. Association of keratinocytes and melanocytes. The dendritic melanocyte is located in the basal
layer of skin and produces melanin. Melanin pigments in melanosomes are transferred to keratinocytes.

Given that melanocytes are present in a variety of tissues in the body, the initiation and extent
of pigmentation or melanogenesis can be influenced by a number of intrinsic and extrinsic factors.
In addition, melanogenesis can also be influenced by predetermined genetic factors such as age and
ethnicity, and this process has evolved to provide protection and maintenance of homeostasis. Extrinsic
factors include UVR and certain chemical compounds, while intrinsic factors include molecules
secreted by surrounding keratinocytes, fibroblasts, inflammatory, neural or endocrine cells which
are affected by conditions such as pregnancy and diabetes [8]. It has been proposed that the precise
response of the skin to these stimulatory factors is mediated by a cutaneous neuroendocrine system
(reviewed in [20]). This review will summarize the genes and molecular pathways that regulate
melanogenesis and the processes that may influence this pigment-producing pathway.

2. Melanogenesis: Melanin Pigment Production

Melanocytes contain melanosomes, which are subcellular lysosome-like organelles in which
melanin pigments are synthesized and stored [21] before distribution to the surrounding keratinocytes
(Figure 1). Melanosomes require a number of specific enzymatic and structural proteins to mature and
become competent in order to produce melanin. TYR and TYRP2 are among critical enzymes that affect
the quantity and quality of melanin, whilst Pmel17 and MART1 are critical structural proteins [22].
AP-3, BLOC-1 and OCA2 [23] have important roles in sorting and trafficking melanosomes.

Melanogenesis in prokaryotes consists of a series of reactions involving a single melanogenic
enzyme [2]. In vertebrates, melanin is formed from the phenolic amino acid precursor L-tyrosine
through a series of enzymatic and spontaneous chemical reactions termed the Raper-Mason
pathway [2]. In mammals, a multienzyme complex constituted by melanocyte-specific gene products
acts to coordinate the tightly regulated melanogenesis pathway. Mammalian melanogenic enzymes are
highly similar metalloproteins: tyrosinase, TYRP1 or gp75 and TYRP2. Melanin is synthesized through
a series of interactions catalyzed by these enzyme complexes (Figure 2). There are two types of melanin
(synthesized from dopaquinone precursors) in mammals: brownish black eumelanin synthesized from
L-dopachrome and reddish yellow pheomelanin whose synthesis is dependent on the availability of
sulfhydryl compounds in melanosomes [2,24,25]. L-Dopachrome increases tyrosinase activity, whereas
L-tyrosine induces melanosome synthesis, and increases tyrosinase activity [26]. L-Tyrosine serves as
the starting material for biosynthesis of melanin. The immediate product, dopa, upregulates melanin
synthesis [27,28]. Therefore, it is proposed that melanocytes can act as regulators for local and global
homeostasis of melanogenic systems by controlling L-tyrosine levels and L-DOPA production [27,28].
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Figure 2. Eumelanin and pheomelanin are synthesized within melanosomes of melanocytes by a
series of reactions that are catalyzed by specific melanogenic enzymes (black). Production of these
enzymes is driven by the MITF transcription factor whose activity is regulated by a number of
signaling pathways including PKC (brown), cAMP (blue), MEK (purple), and WNT (orange). These
signaling pathways are activated upstream by receptors such as KIT (ligand: SCF) and MCIR (ligands:
«-MSH, ACTH and ASP). The MITF transcription factor drives the expression of a number of genes
including SOX10 and PAX3. Protein kinase C (PKC); cyclic AMP (cAMP); MAPK/ERK Kinase (MEK);
Wingless-related integration site (WNT); Stem Cell Factor (SCF); Melanocyte-specific melanocortin-1
receptor (MC1R); a-melanocyte-stimulating hormone (x-MSH); adrenocorticotropic hormone (ACTH);
agonist stimulating protein (ASP).

A higher overall melanin density results in darker skin [16,17], but the eumelanin to pheomelanin
ratio also contributes to the differences seen in human skin pigmentation [13]. Individuals with
melanocytes that make more pheomelanin than eumelanin tend to have lighter skin that is more prone
to blistering and burning [29,30]. Skin that has pheomelanin also produces more reactive oxygen
species, which can accelerate carcinogenesis, compared with skin that produces eumelanin or has no
melanin [31,32]. Following exposure to UV radiation, melanin can act as a photosensitizer to generate
superoxide radicals that cause lethal cellular injury but melanin is important for skin homeostasis and
tanning indicative of a distress signal [33].

Hydroxylation of L-tyrosine to L-DOPA is the rate-limiting step in melanin synthesis and is
catalyzed by tyrosinase [2,8] (Figure 2), which is a copper-containing membrane-bound located in
melanosomes [2,8]. L-Phenylalanine in the cytosol may be converted to tyrosine by phenylalanine
hydroxylase (PAH) in order to serve as the substrate for tyrosinase [8]. Aside from tyrosinase, TYRP1,
and TYRP2 are present in melanosomes and also play a crucial role in catalyzing eumelanin-producing
reactions. TYRP1 has been suggested to increase the eumelanin: pheomelanin ratio and protect against
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oxidative stress via its peroxidase effect [8]. The biochemical pathway resulting in the formation of
pheomelanin involves the synthesis of cysteinyl dopa, which is a condensation product of dopaquinone
and the amino acid, L-cystein [2]. During melanogenesis tyrosine and L-DOPA serve as substrates for
tyrosinase. They also act as bioregulatory agents for other cellular functions. These include dendrite
formation and enhancement of cell migration (through downregulation of PKC) [28]. The pH within
melanosomes can determine the rate of melanin production and eumelanin to pheomelanin ratios [8,34].

3. Core Molecular Pathways Influencing Melanin Production

Melanin production is initiated and regulated by a number of signaling systems and transcription
factors including the tyrosine kinase receptor KIT, its ligand SCF, as well as MITF [35]. Genetic, biochemical
and pharmacological evidence has established that signaling from MCIR is the main factor dictating
melanogenesis [2].

The MCIR is a member of a subgroup of class A G-protein-coupled receptors that includes MC1R
to MC5R [2]. Eumelanin synthesis is stimulated via the MC1R agonists x-MSH and ACTH [36] while
pheomelanin synthesis is simulated via ASP [8,37] (Figure 2). «-MSH also regulates pheomelanin and
eumelanin proportions via the MC1R [38] (Figure 2) [8,34]. «-MSH is cleaved from a precursor
protein called pro-opiomelanocortin (POMC) produced by the pituitary gland and epidermal
keratinocytes [2,33,39,40] allowing for local paracrine regulation [2]. Differential expression of POMC
has been shown during normal physiological hair growth, immune cytokine release, the presence of
cutaneous pathology or UVR exposure. UVR acts as a stimulatory factor on POMC gene expression,
and it is suggested that UVR-triggered oxidative stress leads to POMC peptide production [41].

It is believed this signaling pathway is critically involved in physiological adaptations of the skin
to environmental factors such as UV exposure. Activation of MC1R by «-MSH or ACTH increases
cAMP synthesis which indirectly induces a switch from the production of pheomelanin to eumelanin
synthesis [2] (Figure 2).

Along with the «-MSH-MCR1 signaling pathway, the SCF-KIT receptor tyrosine kinase pathway
is involved in melanocyte pigmentation and development via the activation of the MITF transcription
factor (of which the M-MITF isoform is specific to the melanocyte lineage) [1,42]. MITF-target genes
regulate melanocyte pigmentation (by mechanisms that include the induction of TYR). Factors that
influence MITF expression and activity are discussed in more detail in the following sections.

The transcriptional and post-transcriptional mechanisms governing melanogenic molecular pathways
remain uncertain. Transcriptional stimulation is mainly achieved through the cAMP-dependent activation
by MITF of several melanogenic genes. Upstream, MITF is phosphorylated by MAPK-ERK signaling,
as well as by ribosomal S6 kinases downstream of KIT or MCIR activation. Signaling downstream
of MC1R involves the activation of cAMP and of the CREB transcription factor which induces the
expression of MITE. Additionally, the WNT pathway can also contribute to MITF expression [42].

A specific sequence in the tyrosinase gene (T'YR) is targeted by MITF resulting in upregulation of
tyrosinase. However, in humans, the increases in tyrosinase abundance in melanocytes are modest in
response to o«-MSH stimulation. It has been shown that intracellular cAMP elevating agents such as
forskolin lead to upregulation of MITF protein levels without a concomitant induction of tyrosinase
mRNA. This observation suggested that post-transcriptional regulatory mechanisms for MITF protein
induction operate. Moreover, in mouse melanocytes, increases in transcription of the TYR gene
and of the translation of its message are usually lower than the stimulation of tyrosinase specific
activity. This confirms that x-MSH not only triggers the transcription of tyrosinase but also stimulates
post-translational increases of tyrosinase activity [2].

x-MSH upregulates TYRP2 expression, while ASIP leads to downregulation of TYRP2. These
disparate effects suggest a role for TYRP2 as a positive regulator of eumelanogenesis. In mouse
melanocytes carrying loss of function mutations in the TYRP2 locus, the relative levels of eumelanins
to pheomelanins were significantly decreased. The regulation of the pigment type produced in
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melanocytes might also be modulated by «-MSH due to availability of other factors such as thiol
compounds [2].

Tyrosinase determines the color of mammalian skin and hair. Accumulation of this enzyme results
in dermatological disorders such as melisma, age spots and actinic damage. Melanin production
can be inhibited either by avoiding UV or by inhibition of melanocyte metabolism and proliferation.
A number of tyrosinase inhibitors from both natural and synthetic sources have become available to
date (reviewed in [43]), although further research is required to make these inhibitors available for
patients suffering from undesired effects of tyrosinase.

4. Melanin Production in Hair Shaft

Precise interactions in the hair follicle pigmentary unit involving follicular melanocytes,
keratinocytes and dermal papilla fibroblasts result in production of the hair shaft melanin components
(eu- and/or pheo-melanin). Melanogenesis at the cellular level (follicular melanocyte), organ level (hair
follicle), and during developmental steps are regulated by these precise interactions [44]. These steps
involve the production of melanin in follicular melanocytes, the transfer of melanin granules into
cortical and medullary keratinocytes, and the formation of pigmented hair shafts. In contrast to
continuous melanogenesis in the skin, hair pigmentation is active only during the anagen stage
(growth phase) of the hair cycle. Melanogenesis is switched off in the catagen stage (end of anagen
or the transitional phase that allows the follicle to renew itself) and remains absent through telogen
(dormant stage) [45]. Melanogenesis during the anagen phase is coupled with the precise regulatory
network controlling hair growth, so leading to the pigmented hair shaft. The melanocyte component
in hair follicles is more sensitive to aging influences than melanocytes in the epidermis [46].

There is evidence that epidermal and follicular melanins are independent units and the
co-expression of white hair on highly pigmented skin can be a clear affirmation of this claim.
Also melanocytes of the hair follicle produce larger melanosomes than those in the epidermis.
Furthermore, follicular-melanin units are larger, more dendritic, and have more extensive Golgi
and rough endoplasmic reticulum [46,47].

5. Regulation of Enzyme Activity in Melanogenesis

Pigmentation is known to be regulated by more than 125 distinct genes [48]. Those genes regulate
key functions that are critical to melanoblasts, such as cell differentiation, and survival, as well
as regulate pathways involved in pigmentation and biogenesis or function of melanosomes [22].
The following sections will discuss the molecular and genetic regulators that affect core pathways
in melanogenesis.

5.1. a-Melanocyte-Stimulating Hormone (x-MSH)

During melanogenesis, the expression of tyrosinase is upregulated. The activity of tyrosinase is
stimulated by a-MSH through the cAMP pathway. x-MSH binds to MC1R (melanocortin-1 receptor)
on the cell surface and activates adenylate cyclase, which leads to an elevated level of intracellular
cAMP (Figure 2). The expression of tyrosinase, TYRP1 and TYRP2 is induced by cAMP. Most of
the biological effects of cCAMP have been shown to be mediated through cAMP-dependent PKA
(protein kinase A) which results in the phosphorylation of CREB [49] (Figure 2). However, it has
been shown that TYRP1 and -2 don’t have cAMP response elements (CREs) in their promoter regions.
It is believed that the regulation of these genes by cAMP occurs by the direct involvement of MITFE.
A 20-bp segment (positions —1861 to —1842) known as the tyrosinase distal element (TDE) within
the 5'-flanking enhancer element of the human tyrosinase gene is responsible for pigment cell-specific
transcription of TRYP1 and -2 [50]. MITF binds the M-box (AGTCATGTGCT) located in the TDEs
of TYRP1 and -2 and regulates their expression. Conversely the promoter of the MITF gene itself
contains the consensus CRE sequence, and thus its expression is likely upregulated by «-MSH induced
expression of MITF through a cAMP-dependent pathway [51].
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5.2. Microphthalmia-Associated Transcription Factor (MITF)

MITF is the only member of the microphthalmia family of transcription factors known to be
essential for melanocyte development. The MITF gene contains multiple promoters, and at least
nine promoter-exon units direct the expression of the gene. The M promoter that is located most
proximal to the common downstream exons is selectively used in melanocytes and is targeted by
several transcriptional factors including PAX3, CREB, SOX9, SOX10, lymphoid enhancer-binding
factor 1 (LEF1 or TCF7L3), one cut domain 2 (ONECUT-2) and MITF itself [52,53]. MITF is not only
regulated at the transcriptional level; it is also subject to different post-transcriptional modifications.
Furthermore, mitogen-activated protein kinase (MAPK), ribosomal S6 kinase (RSK), glycogen synthase
kinase-3f3 (GSK33) and p38 phosphorylate MITF, modulating its transcriptional activity in response to
specific environmental stimuli.

c-KIT-activated phosphorylation of MITF Ser”? is mediated by extracellular-signal regulated
kinase 2 (ERK2) and leads to recruitment of the CREB binding protein CBP. On the other hand,
MITF Ser*® is phosphorylated by p90 ribosomal S6 kinase (p90RSK) in melanocytes. MITF is also
post transcriptionally-modified (sumoylated) by protein inhibitor of activated STAT3 (PIAS3) [52].
This modification affects MITF transcriptional activity, and the unsumoylated protein seems to be
more active in contacting the promoter at multiple binding sites. These observations suggest that
post-translational modifications of MITF regulate its activity.

The DNA binding and transcriptional activities of MITF are also repressed by PKC inhibitor.
The interaction between MITF and PIAS3 is dictated by the phosphorylation pattern of MITFE.
Phosphorylation of Ser”? leads to increased MITF-PIAS3 interaction while Ser*”® phosphorylation
reduces this interaction [54].

MITF not only regulates the transcription of three major pigmentation enzymes: TYR, TYRP1
and TYRP2 but is also involved in the regulation of several other genes with less known functions
(Figure 3). The regulation of multiple pigmentation and differentiation related-genes by MITF has
solidified the hypothesis that MITF functions as a central regulator of melanogenesis.
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Figure 3. Genes activated by MITF. The transcription of multiple genes is regulated by MITFE. This
in turn regulates multiple cellular processes including differentiation, proliferation, survival and
motility. MITF binds to specific sequences that are classifiable as members of the widely distributed
E-(enhancer)-box family of regulatory motifs [52].

5.3. Wnt Regulation of MITF

Wnt signaling plays a critical role in melanocyte development. Wntl and Wnt3a promote the
development of neural crest cells into pigment cells and without these two proteins neural crest cells
cannot differentiate to melanocytes [55,56]. Wntl signals to melanoblasts to increase the number
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of melanocytes, while Wnt3a and p-catenin promote the differentiation of neural crest cells into
melanocytes [57,58]. Furthermore, Wnt3a acts on melanoblasts to maintain MITF expression and
promote melanoblast differentiation into melanocytes [57].

The stability of cytoplasmic 3-catenin is increased by binding of Wnt proteins to their receptors
and leads to transport of 3-catenin into the nucleus, where it regulates transcription of MITF through
interactions with LEF/TCF transcription factors [59]. Studies in melanocytes indicate that (3-catenin
and LEF1 synergistically regulate expression from the MITF-M promoter through the LEF1 binding
sites [60] and overexpression of 3-catenin induces the expression of MITF in melanoma [61]. LEF1,
PAX3, SOX10, CREB, Onecut-2 and MITF protein itself bind to the MITF-M promoter and regulate
MITF transcription [59].

5.4. Protein Kinase C

The protein kinase C (PKC)-dependent pathway also regulates melanogenesis [62]. PKCs are
encoded by nine genes and are classified into three sub-classes based on their requirements for
activation (Table 1). PKCa, PKCf and PKCY are activated by calcium and diacylglycerol (DAG); PKCo,
PKCO, PKCe and PKCn are activated by DAG; while PKCC and PKCt are not activated by DAG or
calcium. The alternative splicing patterns of PKCs generate further heterogeneity in this family of
proteins [63]. PKC8 is an isoform with specific roles in melanogenesis through the phosphorylation
and activation of tyrosinase [64].

Tyrosinase activity rather than total tyrosinase protein determines the level of melanin production
following UV exposure. The activity of tyrosinase is dependent on the phosphorylation of serine
residues 505 and 509 in its cytoplasmic domain. PKCf is transcriptionally upregulated following UV
irradiation [65] and is activated by DAG generated from UV-irradiated cell membranes, which induces
its translocation from the cytoplasm to the membrane where it phosphorylates and activates tyrosinase.
The association of PKC with specific subcellular fractions is dictated by structural differences among
various isoforms. Receptors for activated C-kinase (RACK) control the translocation of PKC to specific
cellular compartments in an isoform-specific manner. RACK-1 is a specific receptor for activated PKCf3.
In human melanocytes translocation of an activated PKCB /RACK-I complex to the melanosome
membrane leads to tyrosinase activation [66].

Table 1. The different subclasses of PKC. The associated genes and cofactors and their presence in (+)
and absence from (—) melanocytes are listed.

Subclasses Gene Protein Cofactors Melanocytes
PRKCA PKCax +
Classical PRKCB PKCp Ca?*, DAG +
PRKCG PKCy —
PRKCD PKCo +
PRKCQ PKC8 -
Novel PRKCE ~ PKCe DAG ¥
PRKCH PKCn +
. PRKCI PKC(¢ - +
Atypical - prrcz PKG Lipids 4

5.5. Sox Family

The SOX family includes about 20 transcription factors containing SRY high mobility box
(HM-box) domains that mediate sequence-specific DNA binding. When SOX proteins bind to DNA,
they regulate the transcription of target genes through a diversity of mechanisms (reviewed in [67]).
Nine groups of SOX proteins are known in mammals (SOXA, B1, B2 and C-H). SOXE includes SOX9
and 10 which are essential developmental regulators of melanogenesis. Melanocytes originate from
neuroectodermal tissue, and SOX proteins influence the differentiation of neural crest during its
generation. In most species, SOX8, 9 and 10 are expressed in the dorsal neural tube and the neural crest
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(reviewed in [68]). Unique functions attributed to SOX10 underlie the development of the melanocyte
lineage from the neural crest in mammals [69]. SOX10 controls the transcription of MITF, which in turn
controls a set of genes critical for melanogenesis including TYRP2, PMEL and TYRP1. In the absence of
SOX10, MITF cannot induce the expression of tyrosinase [70]. SOX10 transactivates a number of other
genes needed for melanin synthesis, including TYRP2, which MITF cannot activate on its own [71].
The most important role of SOX9, the other member of the SOXE group, in melanoblast development
may lie in its ability to induce the expression of SOX10 [72,73]. In the dorsal neural tube, SOX10 is
upregulated around the same time as, or after SOX9. SOX9 is downregulated in trunk neural crest
cells in mouse, chicken, Xenopus and zebrafish as they become migratory [73] while SOX10 expression
persists for some time in the migratory neural crest cells. Loss of SOX10 lead to complete absence of
neural crest cells on the pigment cell migratory pathway [71,74]. Additional SOX family members,
including SOX18 and SOX5 (of the SOXF and SOXD groups respectively) are implicated in regulating
aspects of the melanocyte life cycle (reviewed in [68]).

SOX proteins are not expressed only during melanoblast development. Their expression is continued
after birth. SOX10 is downregulated during melanocyte differentiation while SOX9 is upregulated. SOX9
may act in melanocyte differentiation in adult skin similarly to SOX10 during embryogenesis (Figure 4).

Ectopic expression of SOX9 is sufficient to promote melanocyte differentiation [73].
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Figure 4. Upregulation of melanogenesis by SOX9. cAMP is elevated following UVB radiation and
expression of x-MSH. «-MSH activates the PKA pathway to phosphorylate CREB and upregulate
SOX9. Activated CREB and SOX9 induce MITF gene expression. MITF upregulation induces TYR
expression leading to induction of melanogenesis. UVB irradiation upregulates SOX9 and activates the
MITF promoter followed by TYRP2 induction.

Exposure to UVB upregulates SOX9 and activates the MITF promoter, induces TYRP2 and TYR
expression, and increases melanin production [53]. SOX9 has no UV-responsive elements in its
promoter, so UV must act through intermediates to activate SOX9 expression. The activity of SOX9 in
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adult melanocytes is dependent on the cAMP pathway. Surrounding keratinocytes secrete x-MSH
which activates melanocyte MCIRs and (via cAMP) PKA, leading to upregulation of SOX9 and CREB
which regulate the MITF promoter. SOX9 and MITF then act together to regulate the TYRP2 promoter,
while MITF acts on the TYR promoter to upregulate melanogenesis within melanosomes (Figure 4).
SOX10 cannot substitute for the SOX9 in upregulating TYRP2 and MITF [53].

5.6. PAX3

PAX3 acts as key player in the development of the neural crest and its derivatives, including
melanocyte progenitors and is a member of the paired box family of genes. [75]. It has been shown
that PAX3 is expressed in melanoma tissues, cell lines and circulating melanoma cells [76,77] as well
as normal skin melanocytes and melanocytic lesions [78,79]. It is believed that PAX3 contributes to
cell survival and growth in the melanocytic lineage and it is known to be important in regulating
the transition from early melanoblasts derived from the neural crest to mature melanocytes [76,77].
The co-expression of PAX3 with tyrosinase and Melan-A suggested it is expressed in melanoblasts and
differentiated melanocytes. PAX3 is also expressed in nevi, primary melanoma as well as metastatic
melanoma at various concentrations. However its expression is not an indication of melanoma subtype,
metastasis, growth phase, or Clark level and cannot be used as diagnostic marker [79]. The absence
of differential expression of PAX3 in melanocytes of normal human skin, nevi, and melanomas has
been also reported. These studies have suggested that in melanomas from younger individuals, PAX3
tended to be expressed more often [76,80,81]. These controversial data suggest the need for more
extensive studies to investigate the role of PAX3 in normal melanogenesis and melanoma progression.

An in vitro study by Bondurand et al. [82] suggested that PAX3 acts together with SOX10 to
induce the expression of MITF. They showed that the MITF promoter contains several SOX10 activation
regions, [82]. The MITF promoter sequence also contains a PAX3 binding site which is located between
positions —40 and —26. This region is known to be critical for transcription activation of MITFE.

5.7. Melanocyte Differentiation

Mammalian melanocyte precursor cells, melanoblasts, differentiate from embryonic neural
crest cells via SOX10-positive melanoblast bipotent progenitor cells. Melanoblasts are specified
subsequently and express MITE, TYRP2 and KIT; they colonize the embryonic hair follicle where a
proportion of melanoblasts differentiate into pigment-producing melanocytes. A subset of melanoblasts
dedifferentiate (losing MITF and KIT expression but not TYRP2/DCT to form melanocyte stem cells
(MelSCs) that replenish the differentiated melanocytes [83].

Maintenance of the melanocyte population is dependent on the presence of MelSCs, a quiescent
population that remains present in the bulge region of the hair follicle [84,85] and that expresses
TYRP2 and TYRPI, but lacks TYR expression [86]. Bcl2 expression is essential for the survival of
MelSCs while MITF is essential for melanocyte stem cell maintenance by preventing premature
differentiation/pigmentation [85,87]. Transforming growth factor-beta (TGF-f3) also maintains MelSCs
in a quiescent state [84]. Low concentrations of PAX10, high levels of TGF and increased activity of
the Notch pathway through the Hesl downstream transcription factor also protect MelSCs from the
differentiation process [80].

Wnt ligands induce MelSCs to proliferate into melanocyte precursor cells. The Wnt signaling
pathway results in MelSC differentiation into melanocytes, whereas inhibition maintains the MelSC
phenotype [84]. The WNT pathway targets PAX3, SOX10, and MITF. PAX3 prevents terminal
differentiation of MelSCs into melanocytes, a process antagonized by (3-catenin [84].

5.8. Melanogenesis Protects against UV Damage

Traditionally the purpose of melanogenesis or skin pigmentation was believed to be for
photoprotection. Melanin functions as a broadband UV absorbent, an antioxidant and a radical
scavenger. There is substantial evidence for the mutagenic role of UV light and its characteristic base
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substitution signature (G to T for UVA, C to T for UVB) in melanoma pathogenesis [5,88-90]. It has
been suggested that UVR is responsible for both acute and chronic photodamage of the skin and that
its repair initiates signals that induce melanogenesis. Human skin responds to acute UVR exposure
by photodamage, erythema, mutation, immunosuppression, synthesis of vitamin D and tanning or
melanogenesis while chronic UVR exposure effects induce mutation and immunosuppression and skin
response of photoaging and photocarcinogenesis [91]. Some of the most common risk factors associated
with melanoma include chronic exposure to UV light [92], the occurrence of moles (nevi), age, gender
(males are at higher risk), and fair skin color that tans poorly (often dictated by ethnicity) [93].

The UV activity spectrum that leads to induced melanogenesis in human skin is identical to the
spectrum that induces erythema [94] and the typical DNA photoproduct cyclobutane pyrimidine
dimers (CPD) [95]. Treatment of UV-exposed melanocytes with molecules that are responsible for the
repair of CPD (excision enzyme T4 endonuclease V), not only increases DNA repair but also doubles
melanin content [96].

Pigmentation shortens overall survival and disease-free survival in patients with metastatic
melanoma [97]. Melanin also seems to protect malignant melanocytes from chemo-, radio- and
photodynamic therapy [98] Melanin levels are significantly higher in invasive melanoma cells. Melanin
in metastatic melanoma cells decreases the effectiveness of radiotherapy, and melanin synthesis is
correlated with higher disease stage. Inhibition of melanogenesis was found to improve radiotherapy
in melanoma patients [99]. In metastatic melanoma patients, it was observed that patients with
melanotic tumors had significantly shorter disease-free survival and overall survival in comparison
to patients with amelanotic lesions. Also, overall survival and disease-free survival is reduced in
melanin-producing lymph node metastases, compared to amelanotic metastases. Therefore inhibition
of melanogenesis has been suggested to be a rational approach for metastatic melanoma therapy [97].

5.9. Keratinocytes

Each melanocyte in the skin is surrounded by approximately 36 keratinocytes [12,13], to which
it transfers its melanosomes [13,14]. The number of melanosomes in keratinocytes contributes to
the differences seen in human skin pigmentation [13]. UV radiation can stimulate pigmentation
by influencing melanin production (via a-MSH, discussed later), and melanocyte proliferation and
distribution in the skin [4,8,19]. Pigmentation increases the resistance of the skin to subsequent
sunburn [19].

Melanosomes, where melanin pigments are synthesized and stored [21], mature following
an increase in extracellular pH from 5 to 6.8, before being distributed to other cells such as
surrounding keratinocytes. Melanosome translocation from melanocytes to keratinocytes takes place
by phagocytosis by keratinocytes [100] via the protease activated receptor-2 (PAR2) and unidentified
lectins and glycoproteins, a process that is activated by UVB radiation and regulated by a-MSH [12,101].
There is evidence that p53 function may contribute to the control of melanogenesis, through a number
of routes [102-104].

Pigment-filled melanosomes move from the perinuclear region to the tips of the melanocyte
dendrites along microtubules [8,12]. From here, they translocate and disperse into keratinocyte
cytoplasm eventually capping keratinocyte nuclei [12]. In darker skinned individuals, melanosomes
tend to be larger, elongated and numerous, and consequently have a longer degradation time in
keratinocytes. These features of melanocytes are genetically determined at birth and not influenced
by extrinsic factors such as UV light [8]. UVR can however influence the number of dendrites on
melanocytes and the transfer of melanosomes to keratinocytes [8].

Melanocytes and keratinocytes interact with each other extensively following extrinsic or intrinsic
stimuli. In response to UVR exposure, keratinocytes produce several factors, with paracrine action
on melanocytes, and these may have stimulatory or inhibitory effects on melanin production. On the
other hand, melanocytes produce several factors which act in an autocrine or paracrine manner on
keratinocytes, and these are known to be involved in immune and inflammatory responses [8].
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Glutamate receptors have been described in both keratinocytes and melanocytes [105].
Keratinocytes are capable of producing and releasing glutamate which acts as an agonist for epidermal
glutamate receptors [105]. It would be expected that melanocytes may be involved in glutamate
signaling [106,107] as their natural location in the epidermis is within a bed of keratinocytes [12-14].
Melanocytes are sensitive to extracellular glutamate concentrations, and glutamate signaling in
melanocytes is involved in their differentiation, proliferation and morphology [106]. Human melanocytes
express metabotropic (GluR2, 4 and 6) and ionotropic (N-methyl-D-aspartate) glutamate receptors and
transporters, but they neither produce nor release glutamate as a ligand [106].

5.10. Moles (Melanocytic Nevi)

Dysregulation of molecular pathways within melanocytes can lead to the formation of lesions
such as nevi and melanoma that invade the surrounding tissue of the skin and mucosal surface [108].
Blue nevi can also form when melanocytes are rich in melanin [109]. Differences in migratory
phenotype and intercellular adhesion capacities between nevus cells and normal melanocytes indicate
that they may represent different melanocytic cell subpopulations. Similar levels of integrins are
expressed in the melanocytes of adults and children, but there are differences in function of both «3
and «6 integrin subunits and in migratory/adhesive behaviors. This observation may suggest that
there are different states of age-dependent maturation for melanocytes [110].

6. Melanocytes and the Inflammatory Response

Melanocytes are phagocytic cells that play a role in inflammatory responses. They respond to
inflammatory events in the epidermis by producing either more or less melanin (hyperpigmentation
or hypopigmentation, respectively) [19]. The pro-inflammatory cytokine interleukin-1 upregulates
cutaneous levels of POMC mRNA, POMC peptides, and MSH receptors [39]. «-MSH downregulates
the immune response following damage, preventing autoimmunity, but it also induces DNA damage
repair. In addition to «-MSH, melanocytes produce other substances that regulate and enable crosstalk
between different cell types in the epidermis. x-MSH and ACTH peptides produced in the epidermis
induce nitric oxide production in melanocytes. Moreover, melanocortins may regulate the release of
cytokines, catecholamines (CA), and serotonin (5HT) from melanocytes [40]. Melanin has also been
found to counteract the effects of damage caused by reactive oxygen species in apoptotic tissue [19].

7. Extrinsic Factors Affecting Melanogenesis

As described above, the main extrinsic regulatory pathway in melanogenesis involves the MC1R
receptor, which is activated by «MSH and acts through cAMP. However, there are other melanocyte
receptors such as muscarinic receptors and o and 3 estrogen receptors, which are associated with
adenyl cyclase and cAMP production. The increase in estrogen levels during pregnancy also can
cause hyperpigmentation [111]. Melanogenesis via the cAMP and PKC-f3 pathways can be stimulated
by catecholamines produced by keratinocytes from L-DOPA, which bind to «l and (32 adrenergic
receptors in melanocytes. Norepinephrine (acting through a1 adrenergic receptors) and ACTH 1-17
(acting though MC1Rs) can activate the inositol trisphosphate/diacylglycerol (IP3/DAG) pathway,
which promotes the release of calcium in the cytoplasm of melanocytes. DAG is an activator of
PKC-p which phosphorylates tyrosinase and induces melanogenesis; DAG can also be released from
melanocytes through UVR action in the lipid membrane (reviewed in [8]).

It is reported that melatonin acts to protect cells against UVR-induced damage, at least partly
by DNA repair through receptor-independent mechanisms, or by activation of putative melatonin
nuclear receptors. It has been proposed that endogenous intracutaneous melatonin combined with
topically-applied exogenous melatonin may act as a potent anti-oxidative defense system against
UV-induced damage to the skin (reviewed in [112]).

Other extrinsic factors that can influence melanogenesis include skin whitening products that
may be used for clinical treatment of pigmentary disorders such as melasma or post-inflammatory



Int. ]. Mol. Sci. 2016, 17, 1144 12 0f 18

hyperpigmentation. These agents are competitive inhibitors of tyrosinase itself, or of tyrosinase
maturation, and are also inhibitors of melanin transfer via melanosomes from melanocytes to
keratinocytes. Targeting upstream (of tyrosinase) components of melanogenic pathways such as SOX9,
MITF and PKC show similar effects on tanning in animal models, indicating that extrinsic factors
also interfere with these core signaling pathways [113]. Magnesium-l-ascorbyl-2-phosphate (MAP),
hydroxyanisole, N-acetyl-4-S-cysteaminylphenol, arbutin (hydroquinone-p-D-glucopyranoside) and
hydroquinone (HQ) are the most widely prescribed skin-lightening and depigmenting agents
(reviewed in [114]). Amikacin is an aminoglycoside antibiotic that inhibits melanin biosynthesis
in a concentration-dependent manner and induces concentration-dependent loss of melanocytes
viability. Its mechanism involves decreasing cellular tyrosinase activity [115]. On the other hand
thioridazine, an antipsychotic agent that induces ocular and skin disorders. It also has anticancer and
antibacterial effects, and increases apoptosis in melanoma cells [116]. Thioridazine induces oxidative
stress by affecting the cellular antioxidant defense system and, at higher concentrations, it inhibits
melanogenesis. This suggests an important role of reactive oxygen species in mechanisms of the side
effects induced by this drug in pigmented cells [117].

8. Conclusions

Factors driving melanocyte function, whether intrinsic or extrinsic, are genetically regulated but
are further influenced by differences in the post-transcriptional regulation of melanogenesis-related
genes. These regulatory mechanisms not only influence melanocyte development and differentiation
but also melanin production. Core pathways that dictate melanocyte development and melanin
production, as discussed here, are often dysregulated in skin and other melanocyte-related pathologies.
Here we have described how melanogenesis in humans requires a diverse range of pathways
and enzymes. These in turn require extensive regulatory mechanisms to control their function.
Many factors regulate melanoblast differentiation and melanin production and a tight balance between
them is essential for the function of melanocytes. Despite extensive studies in this area, many aspects
of melanoblast differentiation, and melanin production in normal and disease conditions have yet to be
clarified. Further study of these transcriptional mechanisms is warranted in order to better understand
factors influencing melanogenesis.

Recent advances in the technologies of genome sequencing, transcriptome analysis and epigenetic
analysis in normal and diseased skin have promoted our understanding of melanogenesis. These data
have provided information that allows further dissection of the cell signaling pathways involved
in the control of melanogenesis, and have provided much new information that should lead to
improvements in our diagnostic and therapeutic capacities to treat melanin pigmentary disorders.
Given the fact that melanocytes and melanins have central roles in the natural photoprotection of the
skin, inflammatory responses and many intrinsic and extrinsic factors could influence their function.
Therefore better understanding of the mechanisms controlling melanogenesis is required. New and
safe strategies should be provided to correct abnormal melanogenesis and to improve the skin’s
response to the deleterious effects of chronic and excessive exposure to sunlight and other stimuli.
Here we have described the major pathways that stimulate melanogenesis in the hope that a better
understanding of these complex intertwined pathways will inform future therapeutics of skin disorders
of melanin pigmentation.
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