
Physiological factors that regulate skin pigmentation

Yuji Yamaguchi1,2 and Vincent J. Hearing2

1Department of Geriatric and Environmental Dermatology, Nagoya City University Graduate School

of Medical Sciences, Nagoya, Japan

2Laboratory of Cell Biology, National Cancer Institute, National Institutes of Health, Bethesda, MD

Abstract

More than 150 genes have been identified that affect skin color either directly or indirectly, and we

review current understanding of physiological factors that regulate skin pigmentation. We focus on

melanosome biogenesis, transport and transfer, melanogenic regulators in melanocytes and factors

derived from keratinocytes, fibroblasts, endothelial cells, hormones, inflammatory cells and nerves.

Enzymatic components of melanosomes include tyrosinase, tyrosinase-related protein 1 and

dopachrome tautomerase, which depend on the functions of OA1, P, MATP, ATP7A and BLOC-1

to synthesize eumelanins and pheomelanins. The main structural component of melanosomes is

Pmel17/gp100/Silv, whose sorting involves adaptor protein 1A (AP1A), AP1B, AP2 and spectrin,

as well as a chaperone-like component, MART-1. During their maturation, melanosomes move from

the perinuclear area toward the plasma membrane. Microtubules, dynein, kinesin, actin filaments,

Rab27a, melanophilin, myosin Va and Slp2-a are involved in melanosome transport. Foxn1 and p53

up-regulate skin pigmentation via bFGF and POMC derivatives including α-MSH and ACTH,

respectively. Other critical factors that affect skin pigmentation include MC1R, CREB, ASP, MITF,

PAX3, SOX9/10, LEF-1/TCF, PAR-2, DKK1, SCF, HGF, GM-CSF, endothelin-1, prostaglandins,

leukotrienes, thromboxanes, neurotrophins and neuropeptides. UV radiation up-regulates most

factors that increase melanogenesis. Further studies will elucidate the currently unknown functions

of many other pigment genes/proteins.
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1. Introduction

Key players that regulate human skin pigmentation include melanocytes in the epidermis that

synthesize the melanin and neighbouring keratinocytes that receive and distribute it in upper

layers of the skin [1]. Other intrinsic factors that help regulate skin pigmentation include

fibroblasts in the dermis that affect overlying melanocytes and keratinocytes, endocrine factors

from the blood supply, as well as neural factors and inflammation-related factors. Extrinsic

factors that directly and/or indirectly affect skin pigmentation include ultraviolet (UV)

radiation [2]. Indeed, more than 150 genes have now been identified that affect pigmentation

of the skin, hair and/or eyes based on studies of mouse coat color mutants [3] and melanosomal

components identified by proteomics analyses [4] - updated lists of those genes can be found

at http://www.espcr.org/micemut. Since it would be impossible to detail all those genes/
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proteins and their functions here, we briefly review recent advances and topics in understanding

physiological factors that regulate human skin pigmentation, focusing on melanocytes,

keratinocytes and fibroblasts.

2. Factors in melanocytes that regulate skin pigmentation

2.1 Melanosome biogenesis

Melanocytes are unique cells that produce melanosomes, specific melanin-containing

intracellular organelles that share several features with lysosomes in that they contain acid-

dependent hydrolases and lysosomal-associated membrane proteins (LAMPs) [5]. In fact,

melanosomes belong to a family of cell-specific organelles, termed lysosome-related

organelles (LROs), which also include lytic granules observed in cytotoxic T lymphocytes and

natural killer cells, MHC class II compartments (MIICs) observed in antigen presenting cells,

platelet-dense granules, basophil granules, azurophil granules observed in neutrophils and

Weibel-Palade bodies observed in endothelial cells [6]. Several pigmentary disorders,

including Chediak-Higashi syndrome and Hermansky-Pudlak syndrome (HPS), which have

specific symptoms such as infections related to immunological deficiency (caused by the

enlargement of lytic granules, MIICs and azurophil granules) and prolonged bleeding times

related to the platelet dysfunction (caused by the absence of apparent platelet-dense granules),

respectively, underline the importance of studying the biogenesis of LROs [7].

Melanosomes may be the best tool to study the biogenesis of LROs since they can be

morphologically classified into four distinct stages (I-IV) according to their degree of

maturation. Intraluminal fibrils begin to form in amorphous spherical stage I melanosomes and

generate a meshwork characteristic of stage II melanosomes, both stages lacking melanin

pigment and being commonly called early melanosomes. Melanin synthesis begins within the

fibrillar stage II melanosomes and the melanins are deposited uniformly on the internal fibrils

resulting in the production of stage III melanosomes. In heavily pigmented melanocytes, all

structural detail is eventually obscured due to the presence of copious amounts of melanin in

stage IV melanosomes. Melanosomes are classified as LROs and recent studies characterizing

the proteomes of early melanosomes show that they are derived from the endoplasmic

reticulum (ER), coated vesicles, lysosomes and endosomes [4,8,9]. Most of the pigment-

specific proteins that affect skin pigmentation are localized in melanosomes [3], and consist

of enzymatic components required for melanin synthesis, structural fibrillar components

required for melanosome structure and binding of melanin, and other protein components with

currently unknown functions [10].

Enzymatic components of melanosomes include tyrosinase (TYR), a critical copper-dependent

enzyme required for melanin synthesis, disruption of which is responsible for oculocutaneous

albinism (OCA) type 1, tyrosinase-related protein 1 (TYRP1), mutations in which result in

OCA3, and dopachrome tautomerase (DCT) (Fig 1, right). Those three enzymes cooperate to

synthesize two distinct types of melanins: black-brown eumelanins and yellow-reddish

pheomelanins [11]. OA1, a G-protein coupled receptor localized on melanosomal membranes,

acts as a selective L-DOPA receptor [12]. P, mutations in which result in OCA2, affects the

sorting of TYR, while MATP, mutations in which result in OCA4, affects the sorting of both

TYR and TYRP1 [13]. The copper transporter ATP7A, mutations in which result in Menkes

disease, transiently colocalizes with TYR in the trans-Golgi network (TGN) and then coexists

with TYR within melanosomes. Correct trafficking of those components to melanosomes

depends on the function of a sorting component known as Biogenesis of Lysosome-related

Organelles Complex (BLOC)-1 as shown in Fig 1 [14]. The disruption of BLOC-1 results in

HPS-7 or HPS-8, which suggests in turn that BLOC-1 regulates TYR activity via copper

function as a cofactor [15]. Adaptor proteins (APs) also regulate correct protein trafficking in
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the TGN and in endosomes. β3A-adaptin, a subunit of AP3 [16], is mutated in ‘pearl’ mice, a

model for HPS-2 [17].

The main structural fibrillar component of melanosomes is Pmel17/gp100/Silv, which is

cleaved in a post-Golgi compartment by a furin-like proprotein convertase [18] and is then

trafficked to stage I melanosomes to produce the internal fibrils (Fig 1, left) [19]. Indeed the

sorting of Pmel17 to melanosomes is very complex and has been intensively investigated by

many groups which have revealed its sorting via multiple intracellular transport pathways

[20], including retrograde transport from endosomes to the TGN [21]. Thus in addition to its

direct sorting from the TGN via AP1A, the indirect sorting of Pmel17 to the plasma membrane

occurs via AP1B, which is an epithelial cell-specific complex associated with cellular polarity,

after which Pmel17 is internalized and then redirected to melanosomes via AP2 [22]. This

trafficking pattern is further supported by a different study that compared the spectrin/ankyrin

system, which is involved in the sorting of cargo from the plasma membrane, between non-

pigmented melanoma cells (SK-Mel-28) and pigmented melanoma cells (MNT-1). The lack

of spectrin in the plasma membrane of SK-Mel-28 cells may be responsible for their

hypopigmentation by affecting the trafficking of melanosomal proteins via the early secretory

pathways [23]. Other factors, including the content of core 1 O-glycans modified with sialic

acid, also influence the sorting of Pmel17 and determine its capacity to form fibrils in

melanosomes [24]. MART-1, a melanosomal protein whose gene was initially cloned using

melanoma reactive CD8+ T cells, forms a complex with Pmel17 and influences its expression,

stability, processing and trafficking, which suggests the role of MART-1 as a chaperone-like

structural component rather than an enzymatic component [25].

2.2 Melanosome transport and transfer

Melanosomes move from the perinuclear area of melanocytes where they are produced toward

the plasma membrane as they become more melanized due to the functions of microtubules,

actin filaments and myosin, which is similar to the movement of other organelles in other types

of cells (Fig 1, middle) [26]. Dynein and kinesin mediate that microtubule-dependent

intracellular transport [23]. Three different pigment genes are known so far to be involved in

the dynamic movement of melanosomes, and mutations in any of those genes elicit a

remarkable accumulation of pigments in the perinuclear region of mutant melanocytes due to

the disruption of their transport to the cell periphery [27]. Rab27a, melanophilin and myosin

Va make a complex to link melanosomes to the F-actin based motors. Rab27a (known as ashen

in mice), melanophilin (known as leaden) and myosin Va (known as dilute) and mutations of

those genes cause various forms of Griscelli syndrome (types II, III and I, respectively) in

humans [28]. Rab27a links synaptoagmin-like protein2-a (Slp2-a) with phosphatidylserine,

thereby docking melanosomes at the plasma membrane, which suggests the role of Slp2-a as

a regulator of melanosome exocytosis [29].

2.3 Melanogenic regulators in melanocytes

The most well-known receptor on melanocytes that modulates their function is the

melanocortin-1 receptor (MC1R), activation of which increases cAMP production that leads

to the phosphorylation of cAMP responsive-element-binding protein (CREB) transcription

factor family members (Fig 1, bottom) [30]. Agonists of the MC1R include α-melanocyte-

stimulating hormone (α-MSH) and adrenocorticotropic hormone (ACTH), while the only

known antagonist of the MC1R is agouti signal protein (ASP), which modulates eumelanin

versus pheomelanin production. Polymorphisms of MC1R have been extensively investigated

with respect to their roles in responses to UV radiation and/or in controlling constitutive skin

pigmentation among racial/ethnic groups [31]. Other receptors involved in regulating

melanocyte function will be briefly discussed below.
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The most critical transcription factor that regulates melanocyte function is microphthalmia

transcription factor (MITF), mutations of which result in Waardenburg syndrome type 2 (WS2)

[32]. The MITF promoter is itself regulated by various other transcription factors, including

PAX3 (which is a neural-crest-associated transcription factor and is associated with WS1 and

WS3), SOX9 [33], SOX10 (mutations in which result in WS4), LEF-1/TCF (a downstream

regulator of the Wnt/β-catenin signaling pathway) and CREB [34]. Various physiological

factors from keratinocytes, fibroblasts and other sources (as discussed below) regulate the

expression levels and functions of MITF [35].

3. Factors produced by keratinocytes that regulate skin pigmentation

3.1 Melanosome transfer

The process by which melanosomes are transferred to keratinocytes is not fully understood at

this time although various hypotheses have been proposed, including: exocytosis,

cytophagocytosis, fusion and membrane vesicle transport [28]. Similar to synapses in neural

systems, a pigmentary synapse must exist between melanocytes and keratinocytes (Fig 2,

right). One receptor that is expressed on keratinocytes and seems to be closely involved with

melanosome transfer is protease (proteinase)-activated receptor-2 (PAR-2), which is a G-

protein coupled receptor. PAR-2 mediates the phagocytosis of melanosomes in a Rho-

dependent manner [36]. Various physiological factors, including dickkopf 1 (DKK1), an

inhibitor of the Wnt/β-catenin pathway [37], regulate the expression of PAR-2 [38].

3.2 Regulation of melanocytes by keratinocyte-derived factors

Recently, Foxn1/Whn/Hfh11, a transcription factor expressed by keratinocytes, was identified

as a regulator not only of keratinocyte growth and differentiation but also of melanocyte

recruitment and induction of pigmentation in the skin via basic fibroblast growth factor (bFGF)

production (Fig 2, middle) [39]. In other words, Foxn1 serves as an activator of the pigment

recipient phenotype by recruiting melanocytes to their position and by inducing melanosome

transfer. Keratinocyte-derived factors that act as activators of melanocytes include not only

bFGF but also stem cell factor (SCF/steel factor), hepatocyte growth factor (HGF),

granulocyte-macrophage colony-stimulating factor (GM-CSF), nerve growth factor (NGF),

α-MSH, ACTH, endorphin, endothelin-1 (ET-1), prostaglandin (PG)E2/PGF2α and leukemia

inhibitory factor (LIF) [40]. The corresponding receptors on melanocytes for each of those

factors are shown schematically in Fig 2, left. Whether any or all of those factors are regulated

by Foxn1 and/or by other factors needs to be clarified in the future.

4. Regulation of melanocyte function by fibroblast-derived factors

4.1 Dickkopf 1 (DKK1) as a regulator of site-specific pigmentation

Skin on the palms of the hands and soles of the feet (palmoplantar areas) is different from skin

at other sites of body (termed non-palmoplantar skin) in terms of its hypopigmented and

glabrous (non-hairy) nature and its thicker epidermis [41]. Characterization of the differences

between palmoplantar and non-palmoplantar skin is useful to elucidate the mechanisms

underlying the physiological regulation of pigmentation, hair morphogenesis and thickness of

the epidermis and to improve site-specific tissue regeneration [35]. When non-palmoplantar

epidermis is transplanted onto a palmoplantar skin defect (e.g. a wound), the palmoplantar

phenotype is gradually assumed by the grafted non-palmoplantar epidermis [42]. This clinical

significance of epidermal grafting has been recently proven by treating patients with diabetic

foot ulcers [43] or with rheumatic ulcers [44] and has disproved the conventional theory that

the thicker the graft is the better the results will be [45]. Palmoplantar fibroblasts have the

ability to induce the expression of palmoplantar-specific keratin in non-palmoplantar

keratinocytes in vitro [46] and microarray studies identified the up-regulated expression of
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DKK1 in palmoplantar fibroblasts [47]. DKK1 from the mesenchyme seems to be responsible

for the site-specificity of palmoplantar skin in terms of its pigmentation [48], glabrous condition

[49] and thickness [38]. Studies in mice have shown that the thickened nature of the skin in

palmoplantar areas results from the high expression of HOXA13 transcription factor in

palmoplantar fibroblasts, followed by the increased secretion of Wnt5a, which suggests the

possible involvement of factors in addition to DKK1 in regulating site-specific skin

pigmentation [50].

4.2 Regulators of melanocytes by factors derived from fibroblasts

Reagents developed as cosmetic products to reduce skin pigmentation have been reviewed

elsewhere [51], but few physiological factors that decrease pigmentation are derived from

fibroblasts, except for DKK1 and transforming growth factor-β1 (TGFβ1) (Fig 3, left).

Fibroblast-derived factors that act as activators of melanocytes include bFGF, HGF and SCF,

all of which are also secreted from keratinocytes [1]. Further studies will probably elucidate

other factors derived from fibroblasts that regulate skin pigmentation.

5. Other physiological factors that regulate skin pigmentation

5.1 Regulation of melanocytes by intrinsic factors

Intrinsic factors that regulate pigmentation originate not only from keratinocytes and

fibroblasts but also from endothelial cells and hormones via the blood supply, from

inflammatory cells and from the nervous system (Fig 3, middle and right). Endothelial cells

are sources of ET-1, PGs and nitric oxide (NO). NO not only has a role in smooth muscle

relaxation but also initiates melanogenesis, erythema and immunosuppression in response to

UV radiation. Hormonal factors that stimulate pigmentation include estrogen (which is related

to pregnancy-induced pigmentation), α-MSH, ACTH and endorphin (the latter 3 being

produced by cleavage of pro-opiomelanocortin/POMC), while androgens have inhibitory

effects on melanocytes [52].

Hyperpigmentation is clinically observed in response to inflammation. Arachidonate derived

chemical mediators, especially PGs including PGE2 and PGF2α, leukotrienes (LTs) including

LTC4 and LTD4 and thromboxanes (TXs) including TXB2, are responsible for the

pigmentation induced by inflammation since those chemicals are enhancers of TYR activity

[2]. Other inflammation-related factors that enhance melanogenesis include histamine, NO,

GM-CSF and α-MSH. However, not all inflammatory cytokines increase skin pigmentation.

Interleukin (IL)-1, IL-6 and tumor necrosis factor-α (TNFα) are known to suppress skin

pigmentation, which suggests the importance of further elucidating the relationship between

melanogenesis and inflammation.

Since melanocytes and neurons are derived from neural crest cells during embryogenesis, nerve

cell-derived factors, including neurotrophins (NTs, such as NGF) and neuropeptides (NPs,

such as calcitonin gene-related peptide/CGRP) have stimulatory effects on melanocytes, which

supports the neuronal theory to explain the occurrence of segmental vitiligo [53].

5.2 Regulation of melanocytes by extrinsic factors

UV is the most powerful and well-known extrinsic factor that enhances skin pigmentation and

most factors discussed above that increase melanogenesis are up-regulated in response to UV

radiation [54]. UV facilitates the distribution of melanosomes not only to the supranuclear

areas of keratinocytes to protect them against DNA damage but also to the upper epidermis to

protect the lower epidermis, which contains melanocytes and keratinocyte stem cells [55]. UV

also induces the apoptosis of keratinocytes containing melanin in the upper epidermis to protect

against the growth of cells with unrepaired DNA damage [56]. The expression of the oncogene
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p53 is up-regulated in response to UV and may initiate the tanning cascade [57]. p53 directly

regulates the induction of POMC/α-MSH/endorphin, suggesting its central role in the suntan

response [58]. Future studies characterizing the short- and long-term effects of UV radiation

on the pigmentation of human skin will further elucidate the complicated mechanisms of UV

tanning using various biomarkers [59].

6. Concluding remarks

Many research groups are investigating the regulation of skin pigmentation with the goal of

developing hypopigmenting and/or tanning cosmetics and also to elucidate the mechanisms of

pigmentary disorders in order to cure and/or prevent those diseases. Additionally, anti-cancer

studies aiming for the cure of malignant melanoma will never be accomplished without

understanding the physiology of normal melanocytes. We have briefly reviewed progress in

our knowledge of the regulation of skin color, although to cover all topics in depth was

impossible and interested readers should refer to the original references cited for more details.

In particular, advances have been remarkable in furthering our understanding of mechanisms

underlying the biogenesis of melanosomes and how they are transported and transferred to

keratinocytes. Our understanding of how keratinocytes in the epidermis recruit melanocytes

and regulate skin pigmentation has also improved dramatically as has our understanding of the

important role played by fibroblasts in the underlying dermis. We also reviewed the necessity

for further studies in this field focusing on pigment genes/proteins with currently unknown

functions and on various factors that affect skin pigmentation from outside of melanocytes.
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Fig 1. Factors that affect skin pigmentation within melanocytes

Schemes show components involved in melanosome structure (left), transport (middle),

enzyme (right) and transcriptional (bottom) related factors.
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Fig 2. Keratinocyte-derived factors that regulate skin pigmentation

Note that Foxn1 and p53 directly up-regulate skin pigmentation via bFGF and POMC

derivatives, respectively. Each of those factors enhances melanocyte growth and function. The

right side of the scheme shows several hypotheses for melanosome transfer.
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Fig 3. Factors that affect skin pigmentation derived from fibroblasts, blood, inflammatory cells
and nerves

Various factors are shown that up-regulate (blue arrows pointing upward) or down-regulate

(red arrows pointing downward) skin pigmentation.
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