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ABSTRACT 
 

Skin and hair pigmentation results from the presence and distribution 

of melanin in keratinocytes. Melanin is produced by melanocytes in well-

defined chemical reactions where tyrosinase is the rate-limiting enzyme, 

and then transferred to keratinocytes in small vesicles called 

melanosomes. Melanocytes are derived from the neural crest, a transient 

embryonic population of cells that emanate from the forming central 

nervous system. During development the proliferation, survival, 

migration and differentiation of melanocyte precursors are regulated by a 

series of molecules secreted in the local environment that trigger the 

activation of intracellular signaling cascades. Once melanocytes reach 

their final destination in the skin and hair follicles, a combination of these 

and other signaling molecules produced by the neighboring keratinocytes, 

fibroblasts and vascular endothelial cells regulate their physiological 

functions including melanin production. Genetic variants or mutations in 
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the genes that code for the various components of these signaling 

pathways lead to pigmentary disorders and increased risk for melanoma. 

Here we will review three of the major signaling pathways involved in 

the establishment of mammalian skin and hair coloration via the 

regulation of tyrosinase activity. The Melanocortin 1 Receptor pathway 

acts in differentiated melanocytes regulating the type of melanin 

produced. Particular variants in this gene are responsible for fair skin and 

red hair traits, which have been associated with high risk for skin cancer. 

The Endothelin Receptor B and KIT signaling pathways play essential 

roles during melanocyte development and when mutated lead to the 

hypopigmentation phenotypes in Waardenburg-Shah syndrome and 

piebaldism, respectively. We will discuss how these three pathways may 

interact at the cellular level to produce the final pigmentation patterns 

observed in mice and humans. 

 

 

INTRODUCTION 
 

Throughout the three domains of life, organisms display a variety of 

colorations and patterns because of the pigments they produce. Pigments are 

found in single celled organisms, plants, and animals. In some prokaryotes and 

plants pigments are used in the production of nutrients using photosynthesis 

[1, 2]. In animals, pigments play a large role in camouflage, and most 

importantly, confer overall fitness and survival. Brighter pigmented male 

house finches were shown to have a greater reproductive success than males 

with less vibrant colors [3]. Similar observations were made with male 

mandrills that displayed higher dominance and hierarchical success in harems 

[4]. Pigmentation can also be used as warning signals or camouflage to avoid 

predation and increase survivorship as shown in poison frogs and reef-

dwelling fish, respectively [5, 6]. 

Pigment acts as a barrier to provide defense against ultraviolet (UV) 

radiation that may be harmful to melanocytes, keratinocytes and other cells 

found in the mammalian skin [7-9]. Although UV exposure is essential for 

providing vitamin D for bone health, increased immunity, and the prevention 

of cancers and heart disease, there are also various adverse effects associated 

with it [10]. Recently studies have shown that UV radiation negatively affects 

the ability of the skin to act as a mechanical barrier by changing its cell 

cohesion properties and the mechanical integrity of the skin cells [11]. UV 

exposure increases oxidative stress and mutations in skin cells that can 

ultimately lead to cell death and the formation of various skin cancers [12]. An 

increase in the activity of signaling molecules involved in the normal 
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production of pigment follows UV radiation resulting in a rise in pigment 

levels found in the skin, also known as tanning [13, 14]. These molecules are 

mostly secreted by the keratinocytes and include alpha-Melanocyte 

Stimulating Hormone (-MSH), Endothelins (EDNs),KITligand (KITL), 

Hepatocyte Growth Factor, LIF, Granulocyte-Macrophage Colony-Stimulating 

Hormone, and basic Fibroblast Growth Factor. Other neighboring cells such as 

fibroblasts, endothelial cells, inflammatory cells and neurons also secrete 

factors that contribute to the overall levels of pigmentation [15, 16]. 

The amount of cell damage caused by UV radiation is inversely related to 

the amount of pigment found in the skin [17]. Higher levels of pigment give 

greater protection from DNA damage by preventing the formation of 

pyrimidine dimers and other photoproducts that may cause mutations [18]. 

People with fairer skin tend to have higher susceptibility to UV-induced cell 

damage than those with darker skin. Pigment in the upper epidermis prevents 

underlying cells within the epidermis from UV damage and undergo more 

apoptosis than cells with less pigment [19]. This allows for a higher turnover 

of cells preventing those with mutations from turning carcinogenic. Genetic 

studies suggest that evolutionarily, humans who lived closer to the equatorial 

line had darker skin pigmentation in comparison to those in higher latitudes in 

order to protect the skin from the higher levels of UV exposure [20, 21]. 

 

 

Pigment Production 
 

In mammals, melanocytes can be divided into two major groups: the 

cutaneous melanocytes that are found in the skin and hair, and non-cutaneous 

melanocytes associated with other parts of the body such as the inner ear, eye, 

and valves of the heart [22-24]. Irrespective of their location, the major 

differentiation characteristic of these cells is the production of the pigment 

melanin. Melanin is produced and stored in melanocyte-specific organelles, 

known as melanosomes. Protein analysis confirmed that melanosomes contain 

proteins specific to other organelles such as endoplasmic reticulum, 

lysosomes, and endosomes [25]. Melanosomes undergo a four-stage 

maturation process with gradual accumulation of pigment [26]. The latest 

stage melanosomes are transported to the cell membrane via cytoskeletal 

filaments and are finally transferred to keratinocytes. Although the transfer is 

essential for the final distribution of pigment in the skin the exact mechanism 

and the factors involved with this process are still not fully understood [27]. 

Some hypotheses have been put forth such as the release of melanosomes into 
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the extracellular space and their uptake through phagocytosis by the 

keratinocytes and filopodia mediated melanosome transfer [28, 29]. Recent 

studies suggest that pigment globules made up of densely packed 

melanosomes bud out of various parts of the dendrites and are phagocytized by 

the keratinocytes [30]. 

Melanocytes produce two types of pigment: the black/brown eumelanin 

and the yellow/red pheomelanin [31]. The production of melanin involves the 

oxidation of tyrosine to DOPA and DOPA into DOPAquinone in the presence 

of the enzyme Tyrosinase (TYR). Eumelanin synthesis involves the activity of 

the Microphtalmia Transcription Factor (MITF), the tyrosinase related 

enzymes TyrosinaseRelated Protein 1 (TYRP1), Dopachrometautomerase 

(DCT) and the melanosome-associated protein PMEL17. The process of 

pheomelanin production lacks these melanocytic genes. Melanocytes that 

produce higher amounts of pheomelanin present less dendricity, have lower 

survival rates and exhibit lower photoprotective properties. The regulation of 

all the melanogenic genes and resulting pigment production is dependent on 

the signaling pathway activated downstream of the Melanocortin 1 Receptor 

(MC1R), a transmem- brane G-coupled receptor found on the cell surface of 

melanocytes [32]. 

 

 

Pigment Cell Development 
 

The melanocytes are derived from a multipotent population of cells, the 

neural crest (NC), that arise at the dorsal aspect of the developing neural tube 

and the border with the prospective epidermis. In the mouse, NC cells migrate 

from the neural tube between embryonic day (E) 9-E9.5 [33]. In the trunk of 

the mammalian embryo, the first group of cells that leave the neural tube take 

a ventral pathway and give rise to neurons and glial cells of the peripheral 

nervous system, and some endocrine cells. They are followed bythe 

melanocyte precursors, the melanoblasts, which take a dorsolateral pathway 

[34]. In mice, these cells start expressing melanocyte markers as early as E9.5, 

as observed by the expression of Mitf [35]. Melanoblasts enter the ectoderm at 

E16.5 to populate the epidermis of the skin and the hair follicles as differenti- 

ated melanocytes and start producing melanin [36]. A recent study suggests 

the existence of a second cell lineage for the population of melanocytes that 

migrate to the skin [37]. Instead of taking the dorsolateral pathway, these cells 

follow the ventral pathway and are found along the developing nerves. 
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Depending on the presence or absence of neuregulin signaling they can either 

become Schwann cells or melanocytes. 

During development, various signaling pathways are involved in the 

specification and differentiation of melanocytes including those triggered by 

the ligands WNT, Endothelin 3 (EDN3), and KITL [38-42]. All the pathways 

contribute to the transcriptional activation of MITF, which in turn regulatesthe 

expression of most of the melanogenic genes including TYR, TYRP1, DCT and 

PMEL17. These same pathways continue to play a role in the adult organism 

regulating pigment production and maintenance of the pigmentation patterns. 

Although the cascade of intracellular events that occur downstream of the 

activation of the major signaling pathways that control pigmentation have been 

well characterized biochemically and molecularly, how these pathways 

interact in vivo to produce the ultimate pigmentation phenotypes has not been 

fully established. In this review, we will focus on three of the major pathways 

that contribute to establish normal pigmentation in mice and humans and have 

been shown to interact genetically. We will also describe how alterations in 

these pathways lead to pathological conditions that include pigmentation 

manifestations. MC1R and its ligand α-MSH are at the center of the establish- 

ment of pigmentation patterns and are critical in the switch between eumelanin 

and pheomelanin production. Deactivation of this pathway, through mutation 

in the receptor and the presence of Agouti Signaling Protein (ASIP in humans 

and ASP in mice), leads to variations in pigmentation. The Endothelin 

Receptor B (EDNRB) along with its ligand EDN3 cooperate with the tyrosine 

kinase receptor KIT and its ligand KITL to properly specify melanocytes, 

expand the population of precursors, and coordinate their migration to the 

skin. Deactivation of the EDNRB pathway is responsible for human Waarden- 

burg-Shah syndrome and the piebald phenotype in mice [43] while human 

piebaldism results from mutations in KIT [44]. 

 

 

THE MELANOCORTIN 1 RECEPTOR PATHWAY 
 

Melanocortin receptors are involved in various processes in mammalian 

body systems including inflammatory response, steroid secretion, nervous 

system function, exocrine function and the production of pigments [45]. 

MC1R plays an essential role in pigment production on the cell membrane of 

skin and hair follicle melanocytes [32]. 

The agonist ligand for MC1R is α-MSH, one of the many melanocortins 

derived from the proopiomelanocortin (POMC) precursor [46]. POMC RNA is 
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found in both melanocytes and keratinocytes at low levels and cultured 

keratinocytes are able to produce α-MSH in vitro [47, 48]. α-MSH has a high 

binding affinity to MC1R and, when bound, leads to the synthesis of 

eumelanin [49]. The binding of ligand to receptor activates cyclic adenosine 

monophosphate (cAMP) which binds to the regulator subunit of protein kinase 

A (PKA) allowing for the initiation of catalytic activity [50]. PKA then enters 

the nucleus activating the cAMP response element binding protein (CREB) 

leading to the production of MITF (Figure 1). MITF is considered a master 

regulator in melanocytes and is essential for the production of TYR and most 

other genes required for pigment production [51-54]. 

 

 

Figure 1. MC1R, EDNRB and KIT signaling pathways in melanocytes. Molecular 

interactions among the pathways that converge on activation of the MITF gene and 

protein that leads to the regulation of melanogenic genes and pigment production. 

Melanocortin receptors have two antagonist ligands, namely ASP and 

Agouti-related protein (AgRP). AgRP is not involved in pigment production 

and only binds to MC3R and MC4R [55]. Binding of ASIP to MC1R in 

melanocytes causes a shift in melanin production from eumelanin to 

pheomelanin [56]. ASIP competitively inhibits α-MSH from binding to MC1R 

by using the cysteine-rich carboxyl terminus to bind to the receptor, 

deactivating the signaling pathway [57, 58]. Binding of ASIP results in a de- 
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crease in cAMP and TYR activity, which are required at lower levels in the 

production of pheomelanin [59]. 

In vitro studies in which ASIP was applied to melanocytes did not result 

in cultures solely producing pheomelanin suggesting that other molecules that 

are present in vivo may also be involved in pigment type switching [56, 60]. 

This is further corroborated by studies carried out with mouse mutants. 

Attractin, a type 1 transmembrane protein encoded by Mahogany, has low 

affinity for ASP binding but is essential for ASP to bind to Mc1r [61, 62]. 

Mice lacking attractin protein are not able to produce pheomelanin and only 

produce eumelanin even in the presence of ASP [63, 64]. Another mutant that 

produces eumelanin in the presence of ASP has been identified in the 

Mahoganoid gene [63]. Mahoganoid encodes for an intracellular E3 ubiquitin 

ligase known as Mahogunin ring finger-1, but its exact function is not yet 

known. Another ligand, β-defensin, was recently discovered and characterized 

in dogs and transgenic mice [65]. β-defensin was shown to have high affinity 

to Mc1r producing a dark pigmentation phenotype and the production of 

eumelanin in dogs. 

 

 

MC1R in Pigmentation 
 

Tyrosinase activity is the rate-limiting component in pigment production 

and its activation is mostly dependent on the MC1R signaling pathway. 

Tyrosinase oxidizes tyrosine into DOPA and later into the melanin precursor, 

DOPAquinone [66-69]. Once DOPAquinone is oxidized, the production of 

pigment is specified: if cysteine is present pheomelaninis synthesized and in 

its absence DOPAquinone is transformed into leucodopachome and later 

dopachrome. During the oxidation cascade following dopachrome in the 

production of eumelanin, the melanogenic genes TYRP1, DCT and PMEL17 

are activated [70]. Tyrp1 and Dct are found in the melanosome and are 

mapped to the mouse brown and slaty loci, respectively [71, 72]. Mutations in 

the brown and slaty loci affect eumelanin production and cause changes in the 

pigmentation phenotype resulting in lighter coat colors [72-74]. TYRP1 is 

necessary for the production of black over brown pigment [75]. DCT oxidizes 

DOPAchrome into 5,6-dihydroxyindole-2-carboxylic acid (DHICA), 

preventing the conversion of DOPAchrome into 5,6-dihydoxindole (DHI). 

TYRP1 then oxidizes DHICA [76]. PMEL17 is found in the matrix of the 

melanosome and is encoded by the Silver locus [77]. Mutations in Silver lead 
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to a progressive greying of coat color in mice due to melanocyte loss of 

function [78]. 

 

 

Disruption of the MC1R Signaling Pathway in Mice and 

Humans 
 

A functional MC1R signaling pathway results in the production of 

eumelanin, while an interrupted pathway leads to the production of 

pheomelanin. This change in pigment production is the result of the agouti (a) 

and extension (e) loci. Point mutations in either locus cause variations of 

yellow coat color in mice [79, 80]. Lethal yellow mice (A
y
) carry a mutation at 

the agouti locus resulting in the over production of ASP. The mutation 

consists of a deletion that removes the entire Raly gene except for its promoter 

and noncoding first exon. Raly maps close to the 3’ end of the agouti gene and 

lies in the same transcriptional orientation [81, 82]. In A
y
 mice, the coding 

region of the agouti gene ends up being under the control of the ubiquitous 

Raly promoter. Heterozygous A
y
 mice (Figure 2A) display a longer body size, 

resistance to insulin, obesity and a yellow coat color as a consequence of ASP 

overexpression [83]. Homozygous A
y
 mice are embryonic lethal because of the 

absence of Raly product [81, 84]. 

Mutations in the e locus result in lack of function of Mc1R due to an early 

termination of the fourth transmembrane domain that prevents the coupling of 

the G-proteins to the receptor [80, 85]. Recessive yellow mice have mutations 

in the e locus and display a yellow coat color. Application of α-MSH to hair 

follicle melanocytes of e/e mice does not rescue eumelanin production, while 

it does for melanocytes from A
y 
heterozygous mutants confirming that e/e mice 

have mutations in the Mc1R receptor, while A
y
 mutants do not. Upon exposure 

to cAMP, both types of mutants respond by producing eumelaninindicating 

that these mutations are at the level of the receptor and/or ligand and not in 

downstream factors [86]. a locus mutants have lighter hair color than those 

with mutations in the e locus [87]. This shows that ASP acts more than as a 

simple antagonist to Mc1r signaling. It can also be considered as an agonist by 

causing the extreme opposite effect of the binding of α-MSH. 

Mechanisms regulating pigmentation in humans work very similarly to 

those found in mice. Melanocytes found in the hair follicles and epidermis of 

humans also synthesize both types of pigments and give the visible 

pigmentation variations [88].  
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The gene that encodes for MC1R in humans is highly polymorphic with 

various mutations in comparison to that found in the mouse [89, 90]. Many of 

these mutations result in a loss of function receptor that can no longer bind α-

MSH. These mutations result in the loss of eumelanin production and the 

production of red hair [91, 92]. Humans with homozygous and heterozygous 

alleles for MC1R display paler skin and have increased risk of acquiring skin 

cancers [93, 94]. The null phenotype for MC1R has been found to be red hair 

[95]. Specific alleles of ASIP have been associated with pigmentation 

characteristics such as dark hair [96], basal cell carcinoma risk [97] and those 

generally affected by variants in MC1R including skin sensitivity to sun, 

freckling and red hair [98]. 

 

 

THE ENDOTHELIN RECEPTOR B PATHWAY 
 

EDN signaling is triggered by the binding of any of the three ligands, 

EDN1, EDN2 or EDN3 to the two major receptors, EDNRA or EDNRB. The 

process of ligand production starts with the cleavage of prepolypeptide 

precursors by prohormone processing hormones to produce big EDNs. Big 

EDNs display low activity and are cleaved into smaller, active EDNs by 

Endothelin Converting Enzyme-1 [99-101]. Final EDN products are made up 

of 21 amino acid residues that result from the proteolytic cleavages between 

Trp-21 and Val/Ile-22. EDN1 was the first described and the best functionally 

characterized. It was originally shown to be a potent vasoconstrictor and to be 

involved in hypertension, congestive heart failure, and ovarian cancer [102, 

103]. EDNRA and EDNRB are seven-transmembrane G-coupled protein 

receptors. Both receptors display different binding affinities to the EDNs. 

EDNRA has higher affinity to EDN1 than EDN2 and EDN3, with EDN3 

being the lowest presenting about 100 times lower affinity than EDN1 [104, 

105]. EDNRB shows the same affinity for all three EDNs, although EDN3 is 

the one most readily available to the receptor [106]. 

In melanocytes, upon binding of EDN1 or EDN3 to EDNRB, two possible 

signaling transduction pathways may be elicited (Figure 1). Activation of 

cAMP may occur following the activation of PKA, as seen in MC1R 

signaling, leading to the activation of CREB and the transcription of MITF 

[107]. The second pathway involves the activation of Protein Kinase C (PKC), 

which acts along with RAF activating the Mitogen Activated Protein Kinase 

(MAPK) signaling pathway [107-109]. MAPK phosphorylates MITF, and 
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subsequent activation of a variety of melanocytic and melanogenic genes, 

including EDNRB itself [107]. 

 

 

EDNRB in Melanocyte Development and Pigmentation 
 

EDNRB signaling plays various roles in the development of melanocytes 

from NC cells. It is not responsible for the initial commitment of NC cells to 

the melanocytic fate but participates in most cellular processes after the initial 

commitment step such as survival, migration, proliferation and final 

differentiation [43]. EDNRB is expressed in the neural tube and in most NC 

derivatives as they migrate to their final destinations, including the 

melanoblasts. In vitro, EDN3 markedly increases the proliferation of 

pluripotent NC cells, stimulates the production of large numbers of 

melanocyte precursors and eventually leads to their differentiation as 

pigmented cells [110, 111]. In spontaneous Ednrb homozygous null mouse 

mutants (piebald lethal, Ednrb
sl/sl

) as well as in mice in which the LacZ gene 

was inserted downstream of the endogenous Ednrb promoter by homologous 

recombination there is a drastic reduction in the number of melanocyte 

precursors by E12.5 [112, 113]. A study in which Ednrb was expressed at 

different stages of embryogenesis under the control of the tetracycline 

inducible system showed that its expression is critical between E10.5 and 

E12.5 for the generation of a normal coat color [114]. The over-expression of 

Edn3 during this same embryonic period is also required for the skin 

hyperpigmentation phenotype obtained in an inducible transgenic mouse 

[115]. 

While activation of EDNRB signaling by EDN3 is critical during 

melanocyte development, adult skin or UV-induced melanogenesis seems to 

be mostly maintained or induced by the release of EDN1 from keratinocytes 

[108, 109, 116]. This is further supported by the findings that EDN1 is 

downregulated in the hypopigmented skin of the palms and soles and 

upregulated in the hyperpigmented skin of lentigo senilis [117, 118]. 

 

 

Disruption of the EDNRB Pathway in Mice and Humans 
 

Mice with mutations in the Edn3/EdnrB signaling pathway have 

hypopigmentation defects. Ednrb
sl
 mutants do not produce Ednrb and, as 

homozygous, display a white coat color with pigmented spots on the head or 
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rear [119] (Figure 2B). Additionally, these mice lack the enteric ganglia of the 

distal colon and develop megacolon causing premature death. The spontaneous 

lethal spotting (Edn3
ls
) mice, do not produce Edn3 and present with partial 

loss of pigmentation, possibly because of compensation from Edn1 [120]. 

Humans carrying mutations in EDNRB or EDN3 present with Waardenburg 

Syndrome type IV also known as Waardenburg-Shah syndrome [133, 134, 

135]. Patients show patchy hypopigmented areas generally in the hair, 

forehead and chest, dystopia canthorum, and light eyes [121]. Patients may 

also have hearing defects, due the lack of melanocytes in the stria vascularis of 

the inner ear. Most patients also present with Hirschsprung disease as a result 

of the lack of proper innervation of the distal portion of the colon [122]. Both 

heterozygous and homozygous mutants of either EDNRB or EDN3 alleles 

have been shown to display Waardenburg-Shah syndrome [123, 124]. 

Homozygous mutants have more distinct phenotypes while heterozygous still 

display some signs of disease, resulting in “not fully recessive-not fully 

dominant” mutations as described by Jabeen et al. [121]. Missense mutations 

of EDNRB have also been described in patients with Waardenburg-Shah 

syndrome, mutations are seen throughout various encoding regions for 

different components of the receptor [125, 126]. 

 

 

THE KIT RECEPTOR PATHWAY 
 

KIT signaling is involved in the differentiation, proliferation and survival 

of a wide variety of cell types during development. These cell types include 

mast cells, germ cells, interstitial cells and melanocytes [41, 127-129]. KIT 

signaling has also been shown to be associated with the formation of various 

cancers. KIT is a type III receptor in the protein-tyrosine kinase receptor 

family [130]. It has three components: the extracellular domain made up of 

five immunoglobulin-like (Ig-like) motifs, the transmembrane portion, and the 

intracellular domain that contains an ATP and a phosphotransferase region 

[130, 131]. KIT signaling is initiated by the interaction of KITL, also known 

as Stem Cell Factor, Mast Cell Growth Factor, and Steel Factor with the first 

Ig-like motif on the extracellular domain of the receptor [132-135]. KITL is 

biologically active during development in two isoforms, membrane-anchored 

and soluble [136, 137]. The cleavage of the mature, membrane-anchored 

isoform of the post-translated sequence at Ala-164 results in the soluble 

isoform of KITL [138]. Soluble KITL activates KIT quicker but leads to a 

faster degradation of the receptor in comparison to the membrane-bound 
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isoform [139]. Since the membrane-bound isoform maintains signal 

transduction for a longer period of time, the production of downstream 

signaling molecules, such as MAPK, occurs more commonly [140, 141]. 

Binding of KITL to the receptor causes dimerization and activation of the 

receptor’s tyrosine kinase activity. Autophosphorylation of the receptor allows 

for signaling proteins containing a Src homology 2 (SH2) domain to bind to 

the tyrosine residues located on the intracellular domain of the receptor [142]. 

These proteins lead to the recruitment of RAS, RAF and subsequent activation 

of the MAPK pathway ultimately leading to the phosphorylation of MITF at 

Ser-73 [141] (Figure 1). 

 

 

KIT Signaling in Melanocyte Development and Pigmentation 
 

KIT signaling is required for the proper migration, proliferation, 

differentiation and survival of melanocytes and their precursors [143]. In the 

mouse Kit is expressed at all developmental stages and into adulthood. In situ 

hybridization studies in embryos showed the expression of Kit in melanoblasts 

migrating along the dorsolateral pathway [144, 145]. One study identified a 

small population of Kit positive cells on the most dorsomedial aspect of the 

neural tube that subsequently migrate exclusively into the developing dermis 

and express melanocyte differentiation markers. This finding indicates that 

some NC cells are already committed to the melanocytic fate prior to 

emigration from the neural tube [146]. 

Kit signaling plays a role in the migration of melanocyte precursor cells 

into the dermis, epidermis and hair follicle during mid to late development 

[144, 147, 148]. Transgenic mice that overexpress Kitl in the keratinocytes had 

increased numbers of melanocytes in the epidermis and displayed 

hyperpigmented footpads and oral epithelium, which do not normally display 

pigmentation [149]. The administration of functional Kit antibodies during 

development and postnatally resulted in apoptosis of melanocytes in vivo 

[150]. 

Not many studies have directly addressed the role of KIT in skin and hair 

pigmentation but its direct link to MITF regulation would implicate it as an 

important contributor. The analysis of mouse follicular skin showed an 

increase in membrane-bound Kitl and the application of Kit functional 

antibody caused reversible hair depigmentation in mouse hairs and human hair 

organ culture supporting a role for Kit signaling in the maintenance of hair 

follicle pigmentation [151]. As for EDN1, the expressions of KITL and KIT 
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were found to be downregulated in areas of hypopigmented skin in humans 

such as the palms and soles further suggesting the importance of this pathway 

in the maintenance of skin pigmentation [117]. In the pathological condition of 

dermatofibroma where the overlying skin is hyperpigmented, KITL along with 

hepatocyte growth factor were found to be over-expressed in the underlying 

dermis further suggesting the involvement of KITL in pigment production the 

human skin [152]. UV exposure leads to enhanced KITL secretion resulting in 

an increase in pigment production in human melanocytes in vitro and the skin 

of guinea pigs in vivo. Application of KIT inhibitory antibodies to guinea pig 

skin prevented the production of pigment [153].  

 

 

Figure 2. Mouse Mutants reveal the role of signaling pathways in pigment production. 

A
y
 mouse mutant displays a yellow coat color phenotype due to the inhibition of Mc1r 

signaling (A) while Ednrb
sl/sl

(B) and Kit 
Wv/Wv

 mutants (C) have white coat colors 

because of improper melanocyte precursor development. 

 

Disruption of the KIT Signaling Pathway in Mice and Humans 
 

The Dominant White Spotting (W) and Steel (Sl) loci encode for Kit and 

Kitl in mice, respectively [133, 154]. There are several alleles that arose 

spontaneously and are mostly semidominant. Heterozygous mutants have 

spotting in the trunk area of the coat, while homozygous mice are generally 

lethal, but those that survive are completely white with black eyes (Figure 2C). 

These mutants are also anemic and sterile due to accompanying defects in the 

red blood cell and germ cell lineages [155]. The Dickie mouse mutant has a 4-

kb deletion of the sequence encoding for Kitl resulting in a translated protein 

that only has the extracellular domain of the ligand and blocks the existence of 

the membrane-bound form [156]. Heterozygous mice have spotted coats but 

are fertile while homozygous are completely white and die perinatally. 

In humans KIT mutations cause piebaldism [157]. Piebaldism is a rare, 

autosomal dominant disorder that results in the loss of melanocytes in midline 

areas, resulting in a loss of pigmentation [158]. Areas affected include the 

medial portion of the forehead, eyebrows, chin, chest, abdomen and the 
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extremities. Some patients with piebaldism also present with deafness due to 

the lack of melanocytes in the inner ear where they are required for the 

maintenance of the endochoclear potential [159]. Most piebald patients carry 

heterozygous mutations in KIT [158]. The site of the mutation in the KIT gene 

is often associated with the severity of the clinical phenotype. Mild forms of 

piebaldism have been shown to result from mutations in the extracellular 

ligand-binding domain while the most severe ones are caused by dominant 

negative missense mutations in the tyrosine-kinase domain. 

Recently, studies have shown that gain of function mutations in the gene 

encoding KITL result in familial progressive hyperpigmentation and hypopig- 

mentation (FPHH) [160, 161]. FPHH is characterized as hyperpigmentation of 

melanophages and keratinocytes in the dermis at an early age that becomes 

progressively darker and larger as aging occurs [162]. FPHH is also associated 

with lentiginosis, hypopigmentation and café-au-lait macules. The 

hypopigmented macules display limited hyperpigmentation in the basal epider- 

mis with few to no melanophages in the upper dermis. 

 

 

INTERACTIONS AMONG SIGNALING PATHWAYS 
 

The various signaling pathways that regulate pigment production in 

melanocytes act synergistically in many instances and for the most part, 

converge on the activation of the transcription factor MITF which in turn is 

responsible for activation of all the melanogenic genes [163] (Figure 1). This 

does not, however, mean that pigment production relies exclusively on MITF. 

Other transcription factors such as PAX3 and SOX10 directly regulate the 

expression of TYR and its related genes [164-167]. It is also likely that some 

of the signaling pathways controlling pigmentation have effects on the 

melanogenic genes such as post-transcriptional and post-translational 

modifications that are independent of MITF [168]. For example, the enzyme 

diacylglycerol kinase, which phosphorylates diacylglycerol and may act 

downstream of different hormones and growth factors, seem to have a 

melanogenic effect by modulating the posttranslational processing of TYR 

[169]. 

When specific ligands or receptors are mutated and become dysfunctional, 

overt effects on skin and/or hair pigmentation are observed underscoring the 

significant contribution of each individual pathway. Some of these effects can 

be compensated by the over-activation of a different pathway demonstrating 

the utilization of common downstream intracellular targets for the generation 
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of a normal pigmentation phenotype. The EDNs and KITL pathways act 

synergistically on melanocyte proliferation and skin pigmentation. Treatment 

of cultured human melanocytes with EDN1 and KITL caused enhanced 

activity of RAF-1, MEK and MAPK [170]. The addition of KITL and EDN1 

to human skin xenografts on SCID mice led to a significant increase in 

melanin content and TYR gene expression when compared to treatment with 

each factor alone [171]. The cross-talk appears to occur at least partially at the 

KIT receptor level with its phosphorylation resulting from EDN1 binding to 

EDNRB [170]. Another possible point of convergence is the activation of RAF 

by PKC that occurs after the stimulation of melanocytes with EDN1 [172] and 

subsequent MITF phosphorylation. This interaction is further supported by 

experiments carried out with NC explant cultures [173]. Murine NC cells 

lacking Ednrb are not capable of producing Tyr positive melanocytes. The 

addition of Kitl to these Ednrb deficient cells can, however, rescue their 

capacity to produce Tyr. In vivo, the over-expression of Edn3 or G-proteins 

associated with Ednrb could partially rescue the complete absence of dermal 

skin melanocytes and pigmentation observed in mice with Kit mutations 

[115,174, 175]. The coat, however, remained devoid of melanocytes and 

pigmentation demonstrating that Edn3 is not capable of promoting the entry of 

melanocytes in the epidermis and hair follicles. 

The activation of cAMP downstream of MC1R and EDNRB is essential 

for transcriptional regulation of MITF mediated by CREB and pigment 

production [50, 107]. This convergence may explain why the over-activation 

of Edn3 signaling can compensate, at least partially, for the lack of Mc1r 

signaling in A
y
 mice [115, 176]. Since in A

y
 mice Mc1r is not defective and the 

excessive amounts of ASP block the activation of the downstream events, 

over-expression of Edn3 could lead to increased expression of Mc1r and make 

more receptors available at the membrane for -Msh binding [177]. The 

partial rescue could also be explained by the phosphorylation of Mitf that 

occurs downstream of Ednrb via the activation of the MEK/ERK pathway 

[107]. The involvement of the latter pathway exclusively does not seem to be 

sufficient for eumelanin production given that mice deficient in Mc1r 

signaling crossed to transgenic mice that over-express Kitl do not present with 

darkened skin [178]. However, over-activation of downstream components of 

the KIT pathway such as RAS and RAF do cause hyperpigmented skin in mice 

[179-181] and café-au-lait spots or macules in patients with Rasopathy 

syndromes such as Noonan, Legius, Leopard and Neurofibromatosis type 1 

[182, 183]. It is unclear whether hair pigmentation is also affected in the 

transgenic mice and human patients with altered RAS and RAF activity. It has 
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been proposed that particular subgroups of melanocytes respond differently to 

signaling molecules [24, 184] and this maybe another example where the 

production of eumelanin in hair melanocytes requires higher levels of 

activation of the cAMP pathway than what is necessary in skin melanocytes. 

MC1R also interacts with downstream targets of the WNT signaling 

pathway by the elevation of cAMP levels. In human melanocytes, it induced 

the phosphorylation of -catenin, the stabilization of -catenin protein, and the 

attenuation of GSK3, further stimulating the activity of -catenin in the 

nucleus where it binds to the MITF promoter [185]. -catenin has also been 

shown to be a part of pigment type switching regulation by acting upstream of 

Mc1r [186]. In the dermal papilla -catenin suppresses ASP expression and 

activates Corin, a negative regulator of ASP. -catenin loss of function in the 

dermal papilla leads to a yellow coat color and its gain of function results in a 

darkened coat phenotype. In mouse melanocytes, another consequence of the 

elevation of cAMP levels that occur upon the binding of -Msh to Mc1r is the 

activation of the MAPK pathway. In human melanocytes and melanoma cells, 

the MAPK pathway is activated downstream of MC1R independently of 

changes in cAMP via Src tyrosine kinase-mediate transactivation of KIT 

[187]. These and other still to be uncovered functional links among the 

different signaling pathways demonstrate that the production of hair and skin 

pigmentation is a complex process. Nevertheless, the establishment of a 

complete picture of the many functional links involved will facilitate the 

development of optimal strategies for correcting and ameliorating conditions 

of hypo- and hyperpigmentation. 
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