1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Exp Dermatol. Author manuscript; available in PMC 2021 June 22.

-, HHS Public Access
«

Published in final edited form as:
Exp Dermatol. 2021 April ; 30(4): 560-571. doi:10.1111/exd.14260.

Skin Pigmentation and its Control: From Ultraviolet Radiation to
Stem Cells

Joseph Michael Yardman-Frank?!, David E. Fisher2"
1The University of New Mexico School of Medicine, Albuquerque, New Mexico, USA

2Department of Dermatology, Massachusetts General Hospital, Harvard Medical School, Boston,
Massachusetts, USA.

Abstract

In light of substantial discoveries in epithelial and hair pigmentation pathophysiology, this review
summarizes the current understanding of skin pigmentation mechanisms. Melanocytes are
pigment-producing cells and their key regulating transcription factor is the melanocyte specific
microphthalmia-associated transcription factor (m-MITF). Ultraviolet (UV) radiation is a unique
modulator of skin pigmentation influencing tanning pathways. The delayed tanning pathway
occurs as UVB produces keratinocyte DNA damage, causing p53-mediated expression of the pro-
opiomelanocortin (POMC) gene that is processed to release a-melanocyte stimulating hormone
(a-MSH). a-MSH stimulates the melanocortin 1 receptor (MC1R) on melanocytes, leading to m-
MITF expression and melanogenesis. POMC cleavage also releases p-endorphin, which creates a
neuro-endocrine pathway that promotes UV seeking behaviors. Mutations along the tanning
pathway can affect pigmentation and increase the risk of skin malignancies. MC1R variants have
received considerable attention, yet the allele is highly polymorphic with varied phenotypes.
Vitiligo presents with depigmented skin lesions due to autoimmune destruction of melanocytes.
UVB phototherapy stimulates melanocyte stem cells in the hair bulge to undergo differentiation
and upwards migration resulting in perifollicular re-pigmentation of vitiliginous lesions, which is
under sophisticated signaling control. Melanocyte stem cells, normally quiescent, undergo cyclic
activation/differentiation and downward migration with the hair cycle, providing pigment to hair
follicles. Physiologic hair graying results from progressive loss of melanocyte stem cells and can
be accelerated by acute stress-induced, sympathetic driven hyperproliferation of the melanocyte
stem cells. Ultimately, by reviewing the pathways governing epithelial and follicular pigmentation,
numerous areas of future research and potential points of intervention are highlighted.

Keywords
Melanocyte stem cells; perifollicular re-pigmentation; hair graying; tanning; MC1R

"Corresponding Author: David E. Fisher, M.D, Ph.D., Department of Dermatology, Massachusetts General Hospital, Harvard Medical
School, dfisher3@mgh.harvard.edu.

Author Contributions: J.M.Y.-F. and D.E.F developed and wrote the paper.

Conflict of Interests: D.E.F. has a financial interest in Soltego, a company developing salt inducible kinase inhibitors for topical skin-
darkening treatments that might be used for a broad set of human applications. The interests of D.E.F. were reviewed and are managed
by Massachusetts General Hospital and Partners HealthCare in accordance with their conflict of interest policies. J.M.Y.F. has no
disclosures or conflict of interest to report.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yardman-Frank and Fisher Page 2

Introduction

Disorders of skin pigmentation exist across a broad spectrum and include manifestations of
hypopigmentation and hyperpigmentation in a variety of benign and malignant contexts.
Ultraviolet (UV) radiation is arguably one of the best-understood carcinogens and carries the
dubious distinction of being one the most common carcinogenic exposures for man. UV also
functions as a significant modulator of skin pigmentation. The understanding of
pathophysiologic mechanisms governing epithelial and hair pigmentation has continued to
see significant advances. In this review, we aim to provide a current overview of the
understanding of skin pigmentation mechanisms, highlight recent advances, identify future
areas of research, and suggest novel points of intervention.

Melanocytes are neural crest-derived, melanin pigment-producing cells that localize to
multiple anatomic sites, most prominently the epidermis.! They are dendritic in shape, found
primarily at the epidermal-dermal junction, represent approximately 10% of basal epidermal
cells, and connect to the basement membrane by a dense plate structure that shares
similarities with hemidesmosomes.23 The melanocyte stem cell pool and niche exist in the
hair follicle at the hair bulge.* Melanocyte stem cells and melanoblasts are typically
quiescent but undergo cyclical proliferation, differentiation, and migration.® Differentiated
melanocytes of the hair follicle are found in the hair bulb where they provide melanin to the
growing hair matrix.>

Melanin is synthesized and accumulated within the melanosome, organelle inside the
melanocyte. The two melanin pigment classes are eumelanin, which has a black or brown
hue and pheomelanin, which has a yellow to red hue.8 Eumelanin has photoprotective
qualities via its ability to absorb and scatter ultraviolet radiation and scavenge reactive
oxygen species.’ In contrast, pheomelanin is photosensitizing and produces reactive oxygen
species when exposed to UVA.89 After melanin is synthesized, pigment containing
melanosomes are transported to keratinocytes, internalized, and trafficked to perinuclear
locations where they can absorb UV light and protect keratinocyte nucleus from UV-
associated radiation damage.

One of the critical transcription factors modulating melanogenesis, melanocyte survival, and
proliferation is the melanocyte-specific microphthalmia-associated transcription factor (m-
MITF). MITF has numerous activities and many isoforms, which have been reviewed by a
number of investigators (Steingrimmsen et al 2004,10 Chelli et al 2009, Goding and
Arnheiter 201912). As it relates to the present discussion, M-MITF contains a basic region/
helix-loop-helix/leucine zipper (b/HLH/LZ) DNA binding and dimerization motif, which
mediates formation of homodimer or heterodimer complexes with related b/HLH/LZ
transcription factors TFEB, TFEC or TFE3. The basic region in the b/HLH/LZ motif is
responsible for DNA binding. MITF binds to DNA as a dimer. Dimeric MITF binds to
specific E-box sequences to transcriptionally activate numerous target genes involved in
melanogenesis (7YR, TYRPI, TYRP2and gp100), melanocyte proliferation (CDK2),
melanocyte survival (BCL2), and other activities. 13141516
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The mitfgene was originally identified on the basis of a striking microopthalmia/
hypopigmentation phenotypic combination.1’. M/TF has a genomic configuration in which a
series of alternative promoters produce distinct transcriptional isoforms, the most proximal
of which is restricted to melanocyte (m-MITF isoform). The melanocyte specific expression
of m-MITF is responsive to signals arising from melanocortin 1 receptor (MC1R), a 7
transmembrane G-protein coupled receptor on the melanocyte that is activated by a-
melanocyte-stimulating hormone (a-MSH). Early investigational studies helped illustrate
that a-MSH leads to skin darkening and that hypomorphic MC1R variants lead to changes
in the coat color of mice as well as brown/blond/red hair color in humans, with fully
nonfunctional human alleles producing the “red hair phenotype”.1819 These findings have
contributed to current understanding of the aMSH-MC1R-MITF pathway, which is crucial
for ultraviolet radiation induction of skin pigmentation. In this pathway a-MSH binds the
MCI1R receptor leading to dissociation of the alpha subunit, which activates adenylate
cyclase leading to the production of cyclic AMP (cAMP). cAMP activates protein kinase A
(PKA), which phosphorylates and activates the transcription factor CREB as well as Salt
Inducible Kinase (SIK) where its phosphorylation is inhibitory.2? SIK inhibition releases
CRTC translocation to the nucleus where it binds CREB and co-activates the promotor for
m-MITF, leading to its transcription and, subsequently, melanogenesis.

Ultraviolet Control of Tanning

The variation in skin pigmentation and ability to tan between individuals represents
primarily differences in melanogenesis and melanin distribution rather than differences in
the number of melanocytes. There are broad similarities in the number of melanocytes
across races, ethnicities, and skin phenotypes.212223 Darkly pigmented skin has been
illustrated at baseline to have higher constitutive activation of MITF and melanosome
maturation.23 Increases in these factors following ultraviolet radiation occurs across multiple
races, but with the most notable differences in magnitude of melanogenesis and melanin
distribution throughout the epidermis.23 Red-haired individuals do not typically experience
skin darkening after UV exposure. Further, even among people whose skin darkens, within
one week of UV exposure there is no appreciable change in number of melanocytes.24

However, in skin with chronic sun exposure, there is a mild increase in melanocyte density.
24

Solar ultraviolet radiation contains UVA (~95%) and UVB (~5%). Collectively, they govern
two tanning pathways, immediate and delayed tanning. Immediate tanning is transient,
thought to be non-photoprotective, driven by UVA, and consists of two dose-dependent
phases.2526 The initial stage is immediate pigment darkening (IPD) and occurs at ~ 1 J/cm?
within minutes and lasts for a few hours.2® The second phase is persistent pigment darkening
(PPD) and occurs at greater than 11.0 J/cm? and lasts for up to a day.28 Both IPD and PPD
are thought to be secondary to the dispersion of larger pigment granules and oxidation of
existing melanin and are not due to melanogenesis.?

Delayed tanning occurs within days and last up to weeks or months and is due to increased
melanogenesis. It is primarily driven by UVB, but there is some ambiguity regarding how
"delayed tanning" terminology is used in the current literature. UVA can produce pigment
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darkening that lasts for multiple months, resulting in some authors describing a delayed
tanning process of UVA due to "neo-melanogenesis”.262728 Although there is appreciable
long-term pigmentation, other investigational studies illustrate that there is significantly less
to no production of eumelanin, pheomelanin, melanogenic intermediates, and metabolites in
UVA versus UVB only exposure.2529 These studies have also suggested that tanning caused
by UVA might not confer the photoprotective benefits that UVB does.?® Thus, although
UVA can produce a longer duration of tan, ultraviolet-induced melanogenesis and its
photoprotective qualities are mostly secondary to UVB. Further studies describing delayed
tanning should document melanogenic markers when attributing "neo-melanogenesis" to
UVA. This will help explain whether the prolonged duration of tanning seen with UVA is a
byproduct of reactive oxygen species that affects melanin deeper in the epidermis, true "neo-
melanogenesis,” or another pathway.

The pathway via which UVB induces delayed tanning is presented in Figure 1.
Preferentially in keratinocytes, UVB radiation induces DNA damage which stimulates the
expression of p53, that directly leads to transcription of the pro-opiomelanocortin (POMC)
gene.30 Post-translational processing of POMC leads to the production of, amongst other
products, a-MSH, adrenal corticotropin hormone (ACTH), and the opioid peptide -
endorphin. In a paracrine fashion, a-MSH stimulates MC1R on melanocytes, leading to the
expression of m-MITF and melanogenesis as outlined above. Newly synthesized
melanosomes are subsequently trafficked and transferred to keratinocytes where they
coalesce and reside as perinuclear caps.

Although the p53 driven a-MSH/MC1R/m-MITF is the most well-documented UVB
induced tanning pathway, keratinocyte p53 expression has been illustrated to induce
pigmentation via other routes. The stabilization of p53 and its activation results in the
downstream paracrine release of Kit-ligand (Kit-L), which can cause skin
hyperpigmentation via the Kit-L/Kit pathway.3132 This expression of Kit-L due to p53
stabilization has been shown to be induced by both ribosomal mutations,32 and by ablation
of casein kinase 1-a which is a part of the B-catenin destruction complex.31
Hyperpigmentation by both pathways has been documented as independent of POMC
expression. Moreover, UV irradiation-induced p53 activation results in the downstream
expression of endothelin-1, which contributes to melanocyte homeostasis.33 Thus, it is
possible that in addition to the p53 driven expression of POMC, UV irradiation-induced
hyperpigmentation is facilitated by p53 release of Kit-L and endothelin-1.

Ultraviolet Radiation and Tanning Addiction

A notable byproduct of the cutaneous UVB response is the production of B-endorphin via
POMC cleavage. B-endorphin is a known endogenous opioid with affinity for mu-opioid
receptors.3435 Via modified CAGE and DSM-1V addiction criteria, two decades of research
have illustrated alarmingly high frequency of tanning addiction in people who routinely tan
(39-53%).363738 These results are consistent across indoor and outdoor tanning and,
although most pronounced in younger white females, have been confirmed across sexes,
adolescents, college, and adult populations.3° Tanning addiction is also associated with other
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psychiatric disorders, including obsessive compulsive disorder, anxiety, and substance abuse,
including alcohol and marijuana.37-3°

In 2014, via a mouse model, Fell et al illustrated UVB irradiation-induced plasma p-
endorphin elevations and opioid-mediated behaviors that were reversed with naloxone.*0
These findings included B-endorphin-driven analgesia, opiate tolerance, dependence upon
UV light, and withdrawal symptoms induced by naloxone, which collectively illustrated
both peripheral and central nervous system effects of UVB-induced B-endorphin. The
findings, coupled with observations that withdrawal symptoms can be induced by naloxone
in frequent human tanners,*! shed light on a neuro-endocrine pathway present even in
rodents, which is capable of driving tanning addiction. Specifically, the pathway governing
tanning addiction and habit-forming qualities of recreational tanning share substantial
overlap with the pathway causing opioid dependence. A factor that is often over-looked and
under-utilized.

Despite decades of literature and robust data illustrating the extent of tanning addiction and
its biologic process, broader recognition and public health interventions have continued to
lag. The DSM-V came out in 2013 and currently does not include tanning addiction. Future
physician advocacy efforts should aim to help recognize tanning addiction as a valid
psychiatric condition to broaden recognition amongst healthcare workers and the public and
improve patient care.

Despite the strong correlates between tanning and opiate addiction, health policy has not
kept pace with scientific discovery. Currently, only nineteen states have age restrictions of
eighteen and older on tanning beds.#2 Six states have no restrictions, and the others have
varying lower age requirements or require parental permission.*2

A similarly straightforward yet underutilized policy intervention is access to sunscreen in
primary schools. When the Federal Drug Administration approved sunscreen because it
prevents skin cancer, it was classified as a class | drug and requires written permission from
a physician to be used in primary schools. In 2017, house bill 282 aimed to repeal the over-
the-counter drug ban in primary schools but stalled in Congress. In light of this, states have
individually started to address the issue, and to date, ten states have passed bills to waive the
requirement of a physician’s note.#3 Confounding the importance of childhood access to
sunscreen is the unfortunate combination of young adults/adolescents having the lowest rates
of sun protection.** Sun damage is cumulative, and even one severe sunburn in childhood
can double an individual’s risk for melanoma.*® It must also be noted that the elimination of
requiring a physician’s note places the onus on the child-parent unit to provide and use
sunscreen, which, although important, does not address sociodemographic access gaps that
exist in society.

In sum, the advanced understanding of the prevalence of tanning addiction, biologic
processes governing addiction, comorbid psychiatric and substance disorders, and long term
sequela of skin cancer, create a yet to be capitalized vehicle for creating policy interventions.
We would urge individuals to use the current information to advance sun protection policies
by advocating for more substantial restrictions to tanning beds and allowing access to
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sunscreen in primary schools, with a long-term goal of having access to free sunscreen
routine in schools and public places with high sunlight such as beaches and public parks.

Mutations in the Ultraviolet Controlled Pathway

An advanced understanding of how ultraviolet radiation regulates pigmentation has led to
many insights into how defects in this pathway lead to pigmentation disorders. One of the
critical topics receiving considerable attention is how polymorphisms in MC1R may
increase the risk of melanoma and/or result in the "red hair phenotype" (red hair, pale skin,
inability to tan and burn quickly).

In the early 1990s, loss of function of MC1R in mice was identified as resulting in a red-
colored coat.#® Subsequently, Valverde et al documented that in a small Irish and British
population, 70% of individuals with a red hair phenotype were MC1R variants.1® These
findings led to the understanding that with the loss of function of MC1R, a-MSH-induced
eumelanogenesis is severely diminished. Correspondingly, the lack of eumelanogensis
results in pheomelanin predominance, leading to the red hair phenotype.

As seen within the red hair phenotype, a pheomelanin predominance leads to numerous
differences in melanosome makeup, structure, and function. The pigmentation of red hair
follicles is due to greater amounts of pheomelanosomes compared to eumelanosomes'
dominance in black hair.4 Isolated pheomelanosomes from these follicles tend to be
smaller, rounder, and less stable than the larger, elliptical, and more stable eumelanosomes.
47 Within the epidermis, lighter skin phenotypes have a greater proportion of
pheomelanosomes.*® Melanosomes within lighter skin phenotypes also reside in the lower
layers of the epidermis, as opposed to throughout the epidermis in darker skin phenotypes,
and are more quickly degraded.4® In addition to structural and location differences,
pheomelanin is phototoxic when exposed to UVA inducing free radicals and provides lower
photoprotection.8950 Ultimately, the combination of these factors contributes to the attributes
seen in the red hair phenotype, but the spectrum of MC1R mutations has not proven to be as
straightforward.

In the last twenty-five years, robust research efforts have elucidated genomic variants within
MCI1R as highly polymorphic, with greater than 100 individual variants currently
documented, expressing similarly varied phenotypes. Amongst the most common alleles are
D84E, R142H, R151C, 1155T, R160W, D294H, V60L, V92M, and R163Q. A meta-analysis
in 2008 documented D84E, R142H, R151C, 1155T, R160W, R163Q, and D294H associated
with melanoma.® Of these, D84E, R142H, and R151C were also associated with the red
hair phenotype. In contrast, V60L and VV92M did not appear to be associated with either the
red hair phenotype or melanoma.

Distinct variants affect MC1R differently. Thus far, D84E, R151C, and R160W have
reduced cell surface expression of MC1R, and of them, R151C and R160W have also been
found intracellularly.152 R142H and D294H have wild type expression levels but a reduced
response to a-MSH.%1
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Significant variation exists among MC1R and the resultant phenotypes. In the pediatric
population, those with cutaneous melanoma have higher rates of MC1R variants than adult
populations with cutaneous melanoma, with V60L and D294H having the most influential
association.>3 Wendt et al documented that in Austria, MC1R variants are an independent
risk factor for melanoma in females but not males.>* In a genome-wide association study,
MCI1R variants more strongly contributed to melanoma in darker-skinned Europeans than
lighter-skinned Europeans.®® White et al recently documented that Hispanics in New Mexico
have high rates of R163Q variants (47.6%) but this does not lead to an increase in
melanoma.>8

MCI1R variants appear to have a synergistic effect when occurring in patients with the high-
risk CDKN2A mutations.>” In this setting, it doubles the risk for melanoma, resulting in a
younger age of presentation, and is exacerbated by more than one MC1R variant. Lastly,
Taylor et al documented an inverse association with mortality from melanoma in MC1R
variants lacking a consensus allele.5®

The pathways contributing to the increase in melanoma in MC1R variants are still being
examined. In those variants with associated red hair phenotype, decreased ultraviolet
protection and increased oxidative stress likely contribute heavily. Animal models have
demonstrated a significantly elevated melanoma risk in the red hair background, entirely
independent of UV exposure—based upon the observation that introduction of an albino
allele (pigment enzyme mutation) reversed the melanoma risk conferred by non-functional
MC1R.5° This mechanism appears to be driven by reactive oxygen species. An increased
risk for melanoma remains in MC1R variants not associated with red hair. A potential
contributing pathway is via defective DNA repair. Ultraviolet mutagenic photoproducts
typically induce signature mutations, but the precursor nucleotide adducts (e.g., cyclobutene
pyrimidine dimers) are frequently removed by nucleotide excision repair, a process that
MCI1R has been illustrated to promote.89 Correspondingly, melanomas arising in MC1R
variants carry a heavy single-nucleotide mutational burden.81 MC1R also prevents UVB-
induced degradation of the tumor suppressor PTEN, a process that is defective in MC1R
variants.2 Thus, a multifactorial process with influences from decreased UV protection,
increased oxidative stress, defective nucleotide excision repair, and deficient PTEN may
contribute to the increased risk of melanoma in MC1R variants.

Although research efforts have advanced the understanding of MC1R mutational effects, the
development of interventions remains inadequate. In MC1R deficient mice forskolin, a
cAMP agonist, can rescue the downstream MC1R pathway, leading to transcription of m-
MITF and subsequent eumelanogenesis,®3 and this pigment was seen to be photoprotective
(including against UV carcinogenesis) in mice. A similar rescue of pigmentation results
from suppression of PDE4D3, a regulator of melanocytic cAMP, in mice.54 However,
neither of these agents appear to be capable of penetrating human skin.

Salt inducible kinase (SIK) inhibitors may provide a vehicle to rescue eumelanogenesis in
human skin. In the normal MC1R pathway, cCAMP induces PKA, which phosphorylates and
represses SIK. In turn, CRTC is no longer phosphorylated by SIK and translocates to the
nucleus. In mice, independent of CREB phosphorylation by PKA, CRTC positively
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regulates the expression of MITF and melanogenesis. In contrast, SIK2 negatively regulates
CRTC via phosphorylation,2% which leads to its sequestration within the cytoplasm (Figure
2). In light of this discovery, Mujahid et al illustrated that SIK inhibitors induced the
expression of MITF and rescued melanogenesis in red haired mice with an inactive MC1R.
65 Subsequently, they developed second-generation SIK inhibitors with epidermal
penetration properties. Topical application of these second-generation SIK inhibitors
induced eumelanization and resulted in transferring of melanosomes to keratinocytes within
human skin explants in vitro. Thus, SIK inhibitors represent a potential route to modulate
the most heavily implicated adaptive pigmentation pathway. Careful consideration regarding
safety is crucial and further investigation of the role of SIK inhibitors in human applications
is underway.

Another modulator of the ultraviolet-induced pigmentation pathway is the agouti signaling
protein (ASIP). ASIP serves as a reverse agonist to the MC1R whereby it inactivates the
receptor, even relative to basal ligand-independent signaling. It was first identified in mice
where activating mutations produced a predominance of pheomelanin and a resultant reddish
to blonde coat.% Since that time, ASIP has been shown to have many associations with skin
pigmentation characteristics in European populations.6768 Of note, a unique haplotype,
(rs1015362[G], rs4911414[T]) (AH), has a strong association with skin sensitivity to the
sun, freckling, and red/blonde hair as well as increased risk for cutaneous melanoma and
basal cell carcinoma.®970 These findings are analogous to some MC1R variants and have led
to the understanding of ASIP polymorphisms as gain of function mutations.

Further studies have identified AH as significantly increasing the risk for non-melanoma
skin cancer, multiple primary melanomas, and an increased hazard of death from melanoma.
587172 These and other genomic studies have identified numerous other polymorphisms
within the ASIP locus with statistically significantly increased risk for both melanoma and
non-melanoma skin cancer.”13 Of note, the downstream consequences of ASIP mutations
and its sequela share many similarities with MC1R loss of function variants. If SIK
inhibitors eventually prove to be a viable intervention for MC1R variants, they may also
affect pigmentation in the context of ASIP mutations.

A third modulator of the same ultraviolet-associated pigment pathway is the pro-
opiomelanocortin (POMC) gene. The expression of the pro-hormone POMC and its post-
translational cleavage result in production of the bioactive peptides a-MSH, ACTH, and p-
endorphin, amongst others. A complete loss of POMC function in humans results in early-
onset obesity, adrenal insufficiency, and red hair/fair skin.”#7> In this population, red hair
and fair skin are due to a lack of stimulation of the MC1R by a-MSH. At the same time,
obesity occurs secondary to the lack of stimulation by a-MSH of the MC4R, which results
in hyperphagia. Adrenal insufficiency occurs due to the lack of ACTH and resultant
hypocortisolism. POMC mutations were initially discovered in humans and then confirmed
in mice in the late 1990s. Complete loss of function mutations in POMC are rare, requiring
either compound heterozygous or homozygous mutations. They present at birth or early
childhood, and there are few documented adults. Multiple cases have histories of a sibling
dying in infancy due to adrenal insufficiency. Heterozygous mutations in POMC appear to
be associated with obesity and not the other sequela. One genetic study found that no POMC
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single nucleotide polymorphisms are associated with basal cell carcinoma.”®”” A recent trial
of Setmelanotide, an MC4R agonist, in two adults with POMC deficiency resulted in
remarkable weight loss, improved satiety, as well as skin and hair darkening.”8

Vitiligo and the Role of Stem Cells in Perifollicular Re-pigmentation

Vitiligo is a common, under-recognized T-cell driven autoimmune disease. It results in the
loss of epidermal melanocytes presenting with depigmented macules and patches. It has
significant psychological and social sequela and affects approximately one percent of the
population.”® Its pathophysiology is complex and most easily understood through conversion
theory, which was initially presented in the 1990s and recently updated.89 Conversion theory
explains how biochemical processes, melanocyte cellular stress, environmental influences,
genetic predisposition, innate immunity, and adaptive immunity converge to cause the
presentation of vitiligo.

Melanocytes in vitiligo are thought to experience increased cellular stress.8! This increased
stress can be due to defective melanogenesis, as seen in tyrosinase mutations and chemical
leukoderma, or an unfolded protein response due to other mutations.8 The increased stress
leads to elevated reactive oxygen species and potentially together with neoantigen formation
may trigger an innate immune response. The innate immune system causes the production of
pro-inflammatory cytokines and the recruitment of adaptive T-cells, including a
predominance of cytotoxic CD8* T-cells. Within this pathway, an increase in IFN-vy initiates
the release of CXCL9 and CXCL10 from keratinocytes which bind CXCR3 on melanocyte-
specific CD8* T-cells.82 The binding of these chemokines helps home CD8* T-cells to
melanocytes, resulting in their destruction and depigmentation of the epidermis.82

Genetic predisposition sits in tangent to the above pathway with notable mutations
documented in 7YR, XBPI1, HLAI, HLAII, NLRP1, and OCAZ283 Although genetic
predisposition exists and there is some familial clustering, there is only 23% concordance in
monozygotic twins.84

An interesting though controversial question is whether affected vitiligo patients may have
lower rates of melanoma and especially non-melanoma skin cancer.8°86 While melanocytes
are the epidermis' photoprotective cells and their absence should increase sensitivity to UV
damage, vitiligo is ultimately a CD8* driven process, such that altered melanoma rates
might potentially arise secondary to the same autoimmunity. But, autoimmunity should not
explain reduced non-melanoma (squamous cell carcinoma) skin cancer rates. One theory is
that vitiligo patients experience up-regulation of the tumor suppressor p53, which protects
against epithelial malignancies.8” Another hypothesis is that increased superoxide dismutase
and glutathione peroxidase in the setting of decreased IL-10 and TGF- protects from
epithelial malignancies.88

The overall goal of therapy in vitiligo is to halt immune destruction and promote re-
pigmentation. Standard approaches include topical corticosteroids, topical calcineurin
inhibitors, and phototherapy. For disease affecting more than 5% of the body, phototherapy
is a backbone of treatment, with topical treatments used in adjunct. Phototherapy historically
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includes psoralen plus ultraviolet A (PUVA), broadband UVB, narrow-band UVB (nbUVB),
and targeted ultraviolet phototherapy. Among these, the current standard of therapy has
become nbUVB supported by an updated 2015 Cochrane Review.8°

UVB may induce a striking re-pigmentation response which is characterized by
perifollicular re-pigmentation. This process was initially observed before an understanding
of hair follicle melanocyte stem cells in the clinical setting, based on the appearance that re-
pigmentation typically begins at the orifices of hair follicles and extends outwards radially,
and that pigment is hard to recover in glabrous (hairless) skin.%

The reservoir for melanocyte stem cells and their niche is in the lower portion of the
permanent hair follicle, also called the hair bulge near the insertion of the arrector pili
muscle? (Figure 3). Under the influence of TGF-B, melanocyte stem cells reside here in a
quiescent state. However, they undergo cyclic activation, downward migration, and
maturation during early anagen of the hair cycle, as discussed below.491 In the setting of
UVB-induced re-pigmentation, melanocyte stem cells in the hair bulge region become
activated and migrate upwards to the supra bulge region. As melanaoblasts, these cells begin
to differentiate in the supra bulge region and migrate up the outer root sheath towards the
epidermis surrounding the hair follicle's orifice. In the epidermis surrounding the orifice, a
portion of the melanoblasts become fully differentiated melanocytes, which migrate out to
re-pigment the vitiliginous lesions (Figure 3).

Deciphering signaling cascades regulating re-pigmentation process may not only provide
fundamental insights into pathophysiological mechanisms of vitiligo, but also point to novel
therapeutic strategies. Although molecular mechanisms underlying re-pigmentation are not
fully understood, several important signaling pathways have been identified and are
discussed below. Melanocyte stem cells are maintained in a state of quiescence by TGF-p.%1
UVB irradiation results in reduced TGF- signaling,? which may serve to lower the
threshold for melanocyte activation.

UVB induces expression of Wnt7A in hair follicle stem cells, hair follicle keratinocytes, and
epidermal keratinocytes.% It also causes an increase of Kit-ligand.?3 Melanocyte stem cells
express Wnt receptors whose activation prevents the degradation of p-catenin, that is
subsequently transferred to the nucleus where it serves as a transcriptional co-activator and
trigger the differentiation of melanocyte stem cells (likely via MITF induction) into
melanoblasts.?3 The increase in Kit-ligand serves to support melanoblasts and melanocyte
differentiation and survival.# Interestingly, re-pigmentation can still occur in the absence of
Kit-ligand/Kit signaling but not without Wnt.?3 This finding suggests that Wnt/g-catenin
signaling is critical in re-pigmentation, and the increase in Kit-ligand is supportive.

Another pathway of interest is the endothelin/endothelin receptor B (EDN/EDNRB). Sato-
Jin et al showed that EDN/EDNRB signaling markedly up-regulated MITF expression via
mitogen-activated protein kinase (MAPK)-p90 ribosomal S6 kinase (RSK)-cAMP response
element-binding protein (CREB) pathway and cAMP-protein kinase A (PKA)-CREB
pathway, that EDNRB expression was dependent on MITF, and that EDN induced MITF-
dependent up-regulation of S/LVmRNA (melanosomal structure and melanocyte
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pigmentation marker) and CDK2 mRNA (melanocyte proliferation marker) in human
primary melanocytes.9 These results suggest that a self-reinforcing positive feedback loop
between EDN/EDNRB signaling and MITF expression enhances the proliferation and
pigmentation of melanocytes. Moreover, Takeo et al demonstrated that Wnt-dependent
EDN1/EDNRB signaling cascade boosted proliferation and differentiation of melanocyte
stem cells and promoted regeneration of epidermal melanocytes post-wounding.> EDN,
overexpressed in mouse epithelial cells, binds to EDNRB on the surface of melanocyte stem
cells and promotes melanocyte regeneration and epidermal pigmentation. Together, these
two reports support the notion that EDN/EDNRB signaling is crucial in melanocyte
proliferation, regeneration, and re-pigmentation.

In addition to UVB-induced Wnt/B-catenin, Kit-ligand, and EDN1, the MC1R pathway
plays a role. MC1R deficient mice exhibit less re-population of melanocytes triggered by
UVB.% Further, in the presence of a functional MC1R, the addition of MC1R stimulators,
ACTH or a-MSH analogs, enhances the re-pigmentation abilities, likely illustrating another
supportive role.%9

In summary, the signaling pathways governing re-pigmentation of vitiliginous lesions are
complex. A hypothetical model would be as follows: UVB phototherapy results in the
keratinocyte lineage driven increase of Wnt, Kit-ligand, EDN1, ACTH/a-MSH as well as a
decrease in TGF-B. The reduction in TGF- renders melanocyte stem cells more susceptible
to activation. In a paracrine fashion, Wnt activates melanocyte stem cells via the Wnt/pB-
catenin pathway. The stimulation of EDNRB by EDN1 supports activation of melanocyte
stem cells. As activated melanoblasts are now in the supra bulge region, they migrate up the
outer root sheath towards the epidermis and differentiate towards mature melanocytes. This
process may include a balance of melanocyte stem cell migration away from the follicular
niche versus maintenance of follicular melanocyte stem cells that preserve hair
pigmentation. The process of migration and differentiation downstream of Wnt is supported
and enhanced by Kit-ligand/Kit, EDN1/EDNRB, ACTH/MCI1R, and a-MSH/MC1R
signaling.

Detailed knowledge of the above pathways offers unique points of potential intervention.
One area already explored is the modulation of the MC1R pathway by combining nbUVB
with afamelanotide, a synthetic analog of a-MSH.9798 A randomized control trial found that
this combined therapy resulted in significantly superior and faster re-pigmentation than
nbUVB monotherapy.?8 Afamelanotide is administered as an implant, which results in
systemic absorption. Thus, typical side effects in the above study were diffuse
hyperpigmentation of non-lesional skin and nausea.

Other potential intervention targets could be selected from the above-outlined pathways.
Importantly, a possible crucial initiation step of stem cell stimulation has been identified in
Whnt/B-catenin as well as multiple supporting pathways. Thus, a future of vitiligo treatment
with perifollicular re-pigmentation without phototherapy may eventually be achievable.
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Hair Greying and the Role of Stem Cells

As mentioned above, melanocyte stem cells and their niches exist in the hair bulge and the
sub bulge areas.* These areas are located in the lower permanent portion of the hair follicles,
near the arrector pili attachment, and share their niches with epithelial stem cells.#%°
Melanocyte stem cells in the bulge are primarily quiescent but undergo cyclic activation and
migration.

In early anagen, a subpopulation of quiescent melanoblasts and melanocyte stem cells
become activated and begin to surround the secondary hair germ.#100 As the secondary hair
germ begins to grow and migrate downwards, these activated melanoblasts are separated
from the niche/sub-bulge area and continue to undergo division and differentiation.4100
Eventually, these melanoblasts become fully differentiated melanocytes that surround the
hair bulb. These mature melanocytes then produce melanosomes that are transferred to
keratinocytes, supplying the growing hair with pigmentation.# Shortly after the start of
anagen, activated melanoblasts and melanocyte stem cells in the bulge re-enter a quiescent
state and serve as the melanocyte stem cell population for the next hair growth cycle.®? In
catagen, the mature melanocytes in the hair bulb undergo apoptosis and are replaced from
the stem cell pool in the next hair cycle.101

Similar to re-pigmentation in vitiligo, this cyclic process of melanocyte stem cells producing
hair pigmentation is under complex signaling control that is still being elucidated. Several
pathways deserve mention. First, the activation of melanocyte stem cells in early anagen and
terminal differentiation of melanocytes is dependent on Wnt/B-catenin signaling.100 Wnt is
produced by cells adjacent to melanocyte stem cells under paracrine control. Epithelial stem
cells undergo cyclic activation, division, migration, and differentiation in parallel with
melanocyte stem cells.100 In this same process, epithelial stem cells secrete EDN1 and 2 that
bind to the melanocyte lineage EDNRB receptor, promoting proliferation and differentiation.
100 At the same time, melanoblast differentiation and eventual pigmentation are supported
by Kit-ligand/Kit signaling.192, Notch signaling works alongside the above signals by
facilitating proper migration and terminal pigmentation in the hair bulb.103

The entrance and maintenance of melanocyte stem cells and melanoblasts into quiescence is
controlled by TGF-B.%1 In late anagen, TGF-B levels increase in the niche, halting stem cell
differentiation and inducing and maintaining quiescence through a BCL2-dependent pro-
survival mechanism.®! In addition to TGF-B, Notch signaling also helps maintain
melanocyte stem cells in a quiescent state.103104

Ultimately, hair greying often occurs through the inability of hair follicles to maintain
melanocyte stem cells in their niches. In 2005, Nishimura et al modeled this process in a
series of experiments utilizing Bc/2knockout and Mitfmutant mice.®> Bc/2 knockout mice
exhibited hair graying due to the rapid depletion of melanocyte stem cells at postnatal day 8.
Mutated Mt mice had a more gradual loss of melanocyte stem cell which was seen to be
accompanied by ectopic pigmentation within the bulge region. Pigmented melanocytes
within the stem cell niche should be a “forbidden” event, which was thus proposed to
represent a mechanism leading to the demise of melanocyte stem cells and their eventual
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depletion. Similar findings were seen in scalp hair follicles from human subjects, where
progressive loss of hair bulge melanoblasts was seen, with younger (20-30-year-olds) having
an abundance, middle-aged (40-60-year-olds) having moderate amounts, and older aged
(70-90-year-olds) having a near absence. Again, in human aging, “ectopically pigmented”
melanocytes were observed within the stem cell niche in association with loss of melanocyte
stem cells. These findings led to the understanding of senile hair greying secondary to
progressive melanocyte stem cell loss through a mechanism involving an odd form of stem
cell differentiation within the niche.

A recent study investigating how acute stress induces hair greying by Zhang et al has
significantly advanced these findings.19% Their study was undertaken based on the anecdotal
observation that acute stress caused greying. Using mouse models, they illustrated that acute
stress caused hair greying through rapid depletion of melanocyte stem cells. They observed
this process to be independent of immune destruction or increased stress glucocorticoids.
Instead, it was driven by norepinephrine release from sympathetic neurons that terminate
around the hair bulge. Free norepinephrine directly bound B,-adrenergic receptors on
melanocyte stem cells, leading to activation, differentiation, and ectopic migration of
approximately 50% of niche melanocytes stem cells, which is contrasted against the 6% of
stem cell activation in regular hair cycling. This hyperproliferation quickly produced
depletion of melanocyte stem cells and hair graying during the subsequent hair follicle cycle.
Lastly, they outlined that acute stress-induced hair greying could be prevented by blocking
the sympathetic release of norepinephrine, preventing the binding of norepinephrine to
melanocyte stem cells, or suppressing melanocyte proliferation.

Interestingly, patients who have undergone partial sympathectomy exhibit decreased hair
greying on the denervated side.196107 Thys, the findings of Zhang et al appear to suggest that
senile hair greying may result from decades of cumulative stress-associated melanocyte stem
cell depletion.19% Their model also documents a novel route of melanocyte stem cell
activation via B,-adrenergic receptors independent of epithelial stem cells.1%5 This raises the
question of the extent to which sympathetic activation might play a role in UVB-induced re-
pigmentation in vitiligo? As it pertains to hair greying, these advances introduce several
potential points of intervention. Based on current understanding, senile greying might be
prevented by topically blocking the sympathetic release of norepinephrine or blocking the
binding of norepinephrine to melanocyte stem cells. Such approaches would require careful
attention to safety and toxicity.

Further, some studies on re-pigmentation illustrate that migrating melanoblasts might
occasionally repopulate depleted stem cell niches and potentially produce pigmented hairs.
Thus, could the process of senile hair greying become reversible?

Major Open Questions

Through this review, we have documented numerous open questions. One question to
answer is whether the UVA-driven delayed tanning process is genuinely due to “neo-
melanogenesis.” If so, why does this process not produce the similar photoprotection as
UVB (within its context as a mutagen and carcinogen)? Future research efforts comparing
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UVA and UVB tanning will hopefully elucidate melanogenic markers in each of these
tanning responses.

Another open question is whether current understanding of tanning addiction can be levied
to promote sun protection policies. We outline neuro-endocrine pathways governing tanning
addiction, provide an overview of its extent in the public arena, and review some common-
sense sun protection policies. We would encourage this information to support advocacy for
more significant sun protection policies such as via recognition of the organic, opioid-related
addiction response triggered by UV.

Pertaining to mutations in the UV-induced pigmentation pathway, this review covered
current literature on MC1R, ASIP, and POMC variants. Within MC1R, the last robust meta-
analysis was published in 2008. Since that time, numerous studies have reported
considerable heterogeneity across high-frequency polymorphisms, including geographic
location, sex, ethnicity, and age. Thus, another high-quality meta-analysis may help guide
the effects of MC1R variants. The question also arises whether SIK inhibitors might offer a
therapeutic approach to MC1R and ASIP variants or in other pigmentation contexts. Future
studies may thus explore the safety and potential role(s) of SIK inhibitors in human
populations.

This review has discussed signaling pathways thought to govern melanocyte stem cell-driven
perifollicular re-pigmentation in vitiligo. Based on the recent finding of sympathetic
activation of stem cells in acute stress, an interesting question is whether sympathetic
activation could play a role in UVB-induced re-pigmentation. This can be tested through a
series of experiments modeling re-pigmentation and blocking or stimulating the B,-
adrenergic receptors on melanocyte stem cells. Other small molecule strategies (described
above) which modulate the state of melanocytes may also warrant examination in the
context of vitiligo.

Through our review of hair greying mechanisms and recent discoveries, we highlight
multiple potential points of intervention. Can hair greying be impeded by interrupting
sympathetic activation of melanocyte stem cells? Future studies could explore to what extent
topical therapies might prevent the stimulation and depletion of melanocyte stem cells.

Conclusions and Perspectives

UV radiation is a critical modulator of human pigmentation. Amongst its many byproducts,
the increase in B-endorphin can result in UV addiction. This addiction is mediated by a
bona-fide neuroendocrine circuit, and numerous studies have illustrated that it meets DSM-
IV addiction criteria. Thus, tanning addiction should be viewed as a psychiatric disorder and
deserves recognition as such. From an evolutionary perspective, one wonders whether this
sun-seeking behavior might have represented a survival advantage that contributed early to
the incorporation of “addictive propensities” into the armamentarium of behavioral
responses. The likely benefit of UV-seeking behavior would be maintenance of vitamin D
production by skin. Future public health advocacy efforts should focus on sun protection
policies, with tanning booth restrictions and access to sunscreen in schools as practical
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examples. Although research discoveries advance incrementally, well-placed policies can
affect significant proportions of the population and are under-utilized in the prevention of
skin cancer.

Genomic sequence variation among genes within the UV pigmentation control pathway is
common, and in our review, we focused on MC1R, ASIP, and POMC. MCL1R in particular is
highly polymorphic, and is likely to reflect at least some of the variability that contributes to
varied UV-tanning responsiveness, with redhaired alleles being associated with essentially
disabled UV-tanning. It is notable that a high-quality meta-analysis could help advance the
understanding of its effects, especially as personalized genetic risk profiles may become
more widespread in tailoring optimal skin cancer prevention approaches. Further, several
small molecule approaches toward mitigating high risk skin cancer alleles may provide new
options for novel prevention strategies.

nbUVB phototherapy is the backbone of vitiligo treatment and results in perifollicular re-
pigmentation of lesions. Perifollicular re-pigmentation occurs from the activation and
migration of melanocyte stem cells. Our review focusses on several pathways governing and
modulating this process. UVB reduces TGF-p which may lower the threshold for
melanocyte stem cell activation, in response to Wnt/p-catenin signaling. EDN/EDNRB, Kit-
ligand/Kit, a-MSH/MC1R, and ACTH/MCI1R serve to support melanocyte stem cell and
melanoblast stimulation, differentiation, and migration. Early results from combining
afamelanotide with nbUVB illustrate that modulation of these pathways can have significant
therapeutic benefits. Modulating other pathways may also warrant investigation. It must also
be noted that further research is required to uncover additional potential pathways and
targets for modulation of melanocyte stem cell state. Based on the sympathetic activation of
melanocyte stem cells reviewed here, sympathetic influence in UVB-induced re-
pigmentation will be interesting to examine.

Lastly, the physiological process of senile hair greying results from the progressive loss of
melanocyte stem cells. The cyclic hair growth process results in melanocyte stem cell and
melanoblast activation, division, migration, and differentiation. TGF-B/BCL2 initiates and
maintains quiescence. Wnt/B-catenin signaling causes stem activation, and EDN/EDNRB,
Kit-ligand/Kit, and Notch have varying supportive roles. Acute stress induces the
sympathetic activation of p,-adrenergic receptors on melanocyte stem cells to provide a
Whnt-independent route of activation and results in their rapid depletion. Thus, the
sympathetic release of norepinephrine may significantly influence hair greying, and
modulation of this pathway may help to mitigate hair greying. Advances in understanding
melanocyte biology, from molecular to organismal levels, have progressed at a remarkable
rate, in some instances serving as prime examples of fundamental biologic processes (e.g.,
cancer prevention and stem cell behaviors). It is hoped further discovery will continue to
enlighten basic concepts while offering novel opportunities to improve quality and longevity
of human lives.
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The delayed tanning pathway. UV radiation causes keratinocyte DNA damage and p53
expression. P53 expression leads to transcription of POMC. Processing of POMC produces

a-MSH and p-endorphins. a-MSH binds MC1R on melanocytes which leads to the

expression of MITF and resultant melanogenesis. As a byproduct of POMC cleavage, -

endorphins can influence tanning addiction.
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Figure 2:
CRTC regulates the expression of MITF independent of CREB phosphorylation by PKA.

CRTC can be sequestered in the cytoplasm via phosphorylation by salt inducible kinase
(SIK). SIK inhibitors lead to increased un-phosphorylated CRTC, which can increase MITF
expression and melanogenesis.
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Figure 3:
Melanocyte stem cells are located in the hair bulge. Perifollicular re-pigmentation occurs as

a portion of quiescent melanocyte stem cells and melanoblasts become activated and migrate
to the supra bulge region. From the supra bulge region they undergo further differentiation
and migration upwards along the outer root sheath and into the peripheral epidermis.
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