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Abstract

The human melanocortin receptor 1(MC1R) gene has a complex structure; it possesses rich polymorphism and variable
spliceosome and participates in several key biological pathways. This paper reviews the structure and function of the human
MC1R gene and its polymorphisms on the increased risk of cutaneous carcinoma, nevus, Parkinson's disease, vitiligo, and
other diseases to provide a theoretical basis for incorporating the MC1R gene into the risk prediction model of human-related

diseases.
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Abbreviation: MC1R: Melanocortin Receptor; MSHR:
Melanocyte-Stimulating Hormone Receptor; RHC: Red-
Hair Color; ASIP: Antagonist Agouti Signaling Protein; AC:
Adenylate Cyclase; CAMP: Cyclic Adenosine Monophosphate;
PKA: protein kinase A; DCT: Dopachrome Tautomerase;
GEF: Guanine Nucleotide Exchange Factor; UVR: Ultraviolet
Radiation; CPD: Cyclobutane Pyrimidine Dimer; NR4A:
Nuclear Receptor 4A; NMSCs: Non-Melanoma Skin Cancers;
BCC: Basal Cell Carcinoma; SCC: Squamous Cell Carcinoma;
PKC: Protein Kinase C; PD: Parkinson’s Disease.

Introduction

The melanocortin receptor 1 (MC1R) gene is also named
melanocyte-stimulating hormone receptor (MSHR), which
encodes MC1R protein, have been described as belonging
to the G Protein-coupled receptors (GPCRs) superfamily, a
member of the adrenal cortex (MC) receptor family. MC1R
protein contains seven transmembrane structures, including
one glycosylation site at the extracellular N-terminal and one
palmitoylation site at the intracellular C-terminal. It was first
discovered in melanocytes and mainly regulated animals and
humans’ hair color and skin color [1], and other traits related
to pigment deposition [2-4]. Mammalian MC1R gene is highly
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conserved with only one exon, but the human MC1R gene has
a complex structure with multiple splicing variants and is
highly polymorphic. MC1R-001 is the major transcript that
encodes 317 amino acids and possesses all the structural
characteristics of GPCRs of the A family; it contains exons
2, 3 and 4, and retains two un-spliced insertion sequences
between exons 2-3 and 3-4 [5]. In this splicing isoform, the
N-terminal segment, cytoplasmic tail, and transmembrane
fragment-connecting loops are shorter than most GPCRs
[6]. MC1R-002 contains exons 1-4, with the same first 316
amino acids as MC1R-001, but with the extension of 66
amino acids at the C-terminal, encoding a total of 382 amino
acids [7]. MC1R-350 was isolated from normal cultured
melanocytes and skin sections, with the same first 315
amino acids identical to MC1R-001 and MC1R-002, followed
by 35 different amino acid fragments at the C-terminal [8].
MC1R-003 lacks a functional open reading framework [9].
In addition, the human MC1R gene has a highly complex
and inefficient Poly (A) site, resulting in intergenic splicing
with its immediate downstream neighbor Tubulin-B-1II
(TUBB3) to produce two MC1R isoforms [10,11]. MC1R gene
polymorphisms, particularly red-hair color (RHC) variants
associated with red hair, are linked to cutaneous carcinoma,
freckle, nevus, vitiligo and Parkinson’s disease. This article
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reviews the function of the human MC1R gene and its effect
on the risk of developing related diseases.

Function of the MC1R Gene

MC1R plays an essential role in pigmentation and
regulates eumelanin and pheomelanin synthesis by binding
to its natural ligand amelanocyte-stimulating hormone
(a-MSH) or its antagonist agouti signaling protein (ASIP),
therebyregulating pigmentdeposition, whichhasbeenwidely
reported. When MC1R binds to a-MSH, it leads to increased
adenylate cyclase (AC) activity and intracellular cyclic
adenosine monophosphate(CAMP), then activates protein
kinase A(PKA), leading to phosphorylation of cAMP response
element-binding protein (CREB), followed by activating the
promoter of microphthalmia-associated transcription factor
(MITF), promote the expression of MITF, and then activate
tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1) and
dopachrome tautomerase(DCT) simultaneously promote
their expression, resulting in eumelanin synthesis [12]. When
MC1R binds to ASIP, this process will be silenced, resulting
in functional impairment of MC1R downstream signal and
finally a synthesis of pheomelanin. Beta defensin 3(HBD3) is
another antagonist of human MC1R, which also blocks the

effects of a-MSH on cAMP and tyrosinase activities in human
melanocytes [13] (Figure 1).

Receptor protein-tyrosine kinase (C-kit) also plays
a role in pigmentation; It binds to stem cell factor (SCF),
resulting the recruitment of adapter proteins that contain
SRC homology 2(SH2) domain which is associated with the
guanine nucleotide exchange factor (GEF) [14,15]. SH2 /GEF
complex activates the NRAS/BRAF/MEX/ERK cascade and
then activates MITF expression [16]. In melanocytes, MC1R
can transactivate C-KIT by SRC, then transmit the signal to
extracellular signal-regulated kinase (ERK) via SCF/ c-KIT
pathway independent of cAMP [16].

Pheomelanin has a weaker ability to shield ultraviolet
radiation (UVR) compared to eumelanin [17] and has been
proved to amplify UVA-induced reactive oxygen species
(ROS) [10]. Data also suggest that melanin may contribute
to DNA oxidative damage and melanoma by producing free
radicals in melanocytes, even in the absence of UV radiation
[18,19]. Therefore, the fairer the skin, the greater the damage
from UV radiation and the higher the risk of skin diseases.

Figure 1: MC1R gene regulates the signal pathway of melanogenesis and DNA repair.
Note: The melanocyte membrane receptor MC1R binds to its agonist a-MSH or antagonists ASIP / HBD3 to promte or inhibit
melanogenesis by affecting expression of the downstream melanogenic enzymes(TYR,TYRP1,DCT),which are also regulated
by SCF/ c-KIT pathway transactivated by MC1R. Meanwhile, the process of DNA repair can be activated by the p38 and/or Ras
pathways (independent of cAMP) and those signals dependent on cAMP.

MC1R gene and DNA Repair

UVR consists of about 95% UVA (320-400 nm) and 5%
UVB (290-320 nm) [20]. UVA penetrates the skin and reaches
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the dermis to induce pigmentation through oxidation or
distribution of existing melanin; UVB acts on the epidermis
to induce skin pigmentation by increasing melanin synthesis
[21]. UVR is one of the main environmental factors that
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damage DNA. The most significant injury caused by UVB is
the change at the epidermal level. Itleads to covalent bonding
between two adjacent pyrimidines, resulting in the formation
of cyclobutane pyrimidine dimer (CPD) and 6-4 pyrimidine
photoproduct (6-4PP) [22]. Both of these photoproducts
distort the structure of DNA by introducing bends or kinks,
leading to transcription and replication errors which can
eventually lead to permanent mutations if not effectively
repaired [23]. By inducing oxidative stress, UVA produces
7, 8-dihydro-8-oxyguanine (8-OXODG) in the dermis that
presents in clusters on stretched chromatin fibers, and
disruption of chromatin structure may lead to single-strand
breaks and double-strand breaks. UVR-induced light leakage
and DNA breakage lead to increased genomic instability and
the formation of mutations, which are the driving force of
melanoma [20].

After UVR, MCI1R expression is up-regulated in
melanocytes through the synergistic action of p38 protein
kinase and upstream transcription factor 1(USF1) [24]. In
turn, wild-type MC1R can enhance the activation of P38 in
melanocytes after UVR [25]. Activation of P38 promotes
phosphorylation of members of the nuclear receptor 4A
(NR4A) subfamily and transfers them to the DNA damage
site. At the same time, the level of a-MSH also increased
after UVR, and a-MSH activated MC1R to trigger the cAMP
cascade (Figure 1).0n the one hand, the cascade promotes
the expression of MITF, and MITF directly controls general
transcription and UVR-induced nucleotide excision repair by
transactivation of general transcription factor IIH polypeptide
1(GTF2H1) as a core element of DNA transcription factor
[IH(TFIIH) [26].0n the other hand, the increased level of XPC
activates DNA damage receptors ATR and ATM, promotes
the formation of histone H2AX (YyH2AX), and induces the
expression of NR4A subfamily members [27,28]. The increase
of YH2AX can recruit DNA repair proteins, including XPC,
DDB2 and NR4A, etc., to DNA damage sites for DNA repair
[20]. Furthermore, MC1R is involved in many other key
biological pathways [12,29,30], including cell cycle control of
apoptosis and brown adipose tissue metabolism regulation
by pro-inflammatory cytokines.

Effects of MC1R Gene Polymorphism on
Related Diseases

Cutaneum Carcinoma

Cutaneous carcinoma is common cancer that refers
to malignant tumors of the skin originating in epithelial
tissue, and about 5 million new cases are occurring annually,
mainly including melanoma and non-melanoma skin cancers
(NMSCs) such as basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC). BCC is usually confined, while SCC and
melanoma can be potentially metastatic and challenging
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to treat. The incidence rate of cutaneous carcinoma has
increased over the past ten years.

Genome-wide association analysis and meta-analysis
showed that RHC variants are associated with an increased
risk of melanoma and NMSCs. Compared with the wild-type
allele subjects of MC1R, two subjects carrying RHC variants
showed a 3- to 5-fold increase in overall cancer incidence.
In a study of 220 subjects in Queensland, the prevalence of
NMSCs was associated with the presence of the MC1R alleles
p.R151C, p.R160W and p.D294H. However, Pv60L, P.V92m
and Pr163Q had little effect on BCC and SCC risk. These
findings were confirmed and extended in a case-control study
of Dutch patients by showing the relative risk of NMSCs in
p.D84E and p.H260P carriers was the highest while p.R142H
had a slightly lower risk. Data from the M-SKIP project
highlighted the association of MC1R variants with the risk of
NMSCs development in people living in different geographic
regions. It had a greater significant effect on dark-skinned
people [31,32]. Fair-skinned carriers of the MC1R variant
had almost twice the risk of BCC compared with their non-
carriers. Carriers of p. R163Q variants of medium skin color
had a 3-fold higher risk than non-carriers [33].

The subjects that carried any MC1R R allele variant had
had a 2- to 4-fold increased risk of melanoma compared with
those who had wild-type MC1R allele. In particular, among
individuals with multiple alleles of variation, the risk of
melanoma was twice as high in carriers of two mutations
as in carriers of one mutation [34]. According to the meta-
analysis of literature before 2007, the development of
melanoma and seven mutations, namely p.D84E, p.R142H,
p.R151C, p.I155T, p.R160W, p.R163Q, p.D294H had an
association with RHC phenotype; among them, p.D84E,
p.R151C, p.155T, p.R160W and p.R163Q reduced the
cell surface expression of the receptor and damaged the
cAMP coupling; the surface expression of p.R142H and
p.D294H cells was normal but functional response was
attenuated [35]. Therefore, the relationship between these
MC1R variants and melanoma can be explained by the
pigmentary pathway. Individuals with red hair and fair skin
cannot normally produce melanin themselves through the
pigment synthesis pathway, the mutations are cytotoxic if
UVR elevates melanin levels, and the result has also been
confirmed and extended in later studies. Recent studies have
shown that the number of MC1R variants is also positively
associated with an increased risk of melanoma in non-
RHC individuals [36]. A pooled analysis of 3830 melanoma
cases and 2619 controls showed that the presence of any
MC1R variant had a direct effect on melanoma regardless
of phenotypic characteristics, increasing the risk of carriers
by 60% compared to non-carriers [37]. Therefore, MC1R
mutations may also be involved in melanoma development
through a pathway independent of pigmentation.
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Pigment Spots

Pigment spots and naevus are common biomarkers
of melanoma risk [38]. Several studies have reported an
association between the freckle and melanoma formation,
and the denser the freckle, the higher the risk of illness [39-
41]. A study of 423 primary melanoma patients and 678
controls in the U.S. found that people who have black spots
before the age of 15 are more likely to develop melanoma
[39].

Pigment spots are a common skin pigmentation feature,
mainly including ephelides, solar lentigines and chloasma,
which are benign. Freckles are small pigmented spots
(generally 1-2 mm) that range in color from red to hazel
[42,43]. Fair-skinned people are more prone to developing
freckles, which are believed to be genetically determined
and usually first appear at the age of 2-3 yr, then increase
during adolescence and often partially disappear with age.
They are most frequently found on the face, arms, neck and
chest, and become more pigmented during summertime.
Solar lentigines are larger than freckles, ranging in diameter
from millimetres to centimetres and usually dark brown,
unaffected by the season [42-44]. It often appears on the
face, the back of the hand and the lateral forearm and other
chronic sunshine skin after 50 years old. Chloasma is an
acquired, irregular pattern of facial melanoma, which is the
size of the fingertip to a coin or the size of the palm, which is
light brown or dark brown [43], mostly related to endocrine,
usually symmetrical distribution in the face, forehead, cheeks,
nose and back on both sides of the lip around the neck skin,
it is more likely to occur in people after puberty, pregnancy
women, menopause women and people with darker skin,
and can be aggravated after the sun.

The MC1R gene has been proved to be a major factor in
the formation of freckles. The impaired function or reduced
cell surface receptor expression are two important factors
for the occurrence of freckles and solar lentigines [45]. In
Caucasians, MC1R genes mutation P.R151C, PR160W, and
P.D294H are strongly associated with red hair, skin cancer,
freckles, and solar lentigines. Among them, p.R151C and
P. R160W variants showed abnormal cis-transport and
intracellular retention, leading to abnormal transport of
melanosomes, which accumulated in melanocytes of sunburn
[46,47]. In the Japanese population, the p.92Met allele and
the p.163Arg allele of MC1R were positively associated with
freckles and severe solar lentigines [48,49], and homozygote
subjects had an extremely increased risk of freckles and
solar lentigines. In spite of p.R163Q did not affect MC1R
function, it was negatively associated with freckles and
severe solar lentigines. In the Indonesian population, the
MC1R gene p.V92M was significantly higher in patients with
chloasma than in those without chloasma. It is a risk factor
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for the development of melasma, along with sun exposure
and family history [50]. A study of 962 Cutaneous carcinoma
patients and 385 non-cutaneous carcinoma controls in the
Netherlands showed that people with one or two MC1R
variants had a 3-fold and 11-fold increased risk of childhood
freckles and a 1.5-fold and 2-fold increased risk of severe
sunburn, solar lentigines [51]. Compound heterozygous
(R/r) and compound homozygous (R/R and r/r) have an
8-fold increased risk of freckles compared to individual
variants (R/- and R/-) [52] Therefore, the risk of freckles is
also related to the number of MC1R variants.

Nevus

In addition to pigmentation related features, the most
important risk factors for melanoma were the high number
of nevi and the presence of atypical nevi, which are usually
asymmetrically shaped, ill-defined, irregular brown or red
spots greater than or equal to 5 mm in diameter [53]. The
number of nevi is inversely correlated with age, usually
increasing and then decreasing from adolescence to middle
age [52]. MC1R gene is one of the genetic factors affecting
nevus formation. Carriers of MC1R mutation, especially
those of R allele, are prone to spot and spherical nevi [35].
The nevi with spherical cobblestone pattern are derived from
immature dermal melanocytes proliferating in the dermis
during infancy, and MCI1R is crucial for the proliferation
regulation and differentiation of melanocytes. Therefore,
the reduced function of MC1R may lead to the immaturity
of melanocytes, leading to the punctiform and sphericity of
nevi [52].

In a study of 1131 melanoma patients and 869 healthy
controls, 79 different MC1R variants were identified,
including 69 rare r alleles and five common r alleles(p.V60L,
p.V92M, p.J155T, p.R163Q and p.T314T); and 5 R alleles(p.
D84E, p.R142H, p.R151C, p.R160W and p.D294H), among
them, therallele was significantly correlated with the number
of nevi [54]. Another study explored whether a high number
of nevi, red hair, and the MC1R allele act synergistically on
melanoma risk and found that nevi with a total number
of more than 20 (diameter>5 mm) combined with R/R
genotype leading high risk of melanoma for patients living
in areas with intense solar irradiation, and R/r genotype was
significantly associated with a total number of nevi [55]. A
recent study found that although there was no significant
association between the number of nevi and phenotypic
characteristics in subjects from Leiden, the MC1R gene P.
v60L was highly positively associated with the number of
moles, especially in women. Therefore, p.V60L variation can
be used as an independent predictor of the high number of
nevi [56]. MC1R variants affect nevus size and UV radiation
effect, resulting in a larger nevi size in carriers of MC1R
variants than in wild-type individuals [52].
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Other Diseases

Vitiligo is a common acquired depigmentation skin
disease caused by the loss of melanocyte function or a
decrease in the number of cells in the skin. It is characterized
by localized white patches on the skin. Approximately 1%
of the world’s population has vitiligo [57]. Although vitiligo
is neither physically harmful nor contagious, it is often
psychologically devastating and extremely harmful [58].
Blood MC1R gene expression levels were down-regulated in
patients with vitiligo compared with controls, while MC1R
gene expression levels were also down-regulated in vitiligo
diseased tissue compared with healthy controls [59]. The
p.V60L, p.V92M, p.R151C and p.R163Q alleles of MC1R gene
have been found in the vitiligo population. Still, there is no
significant difference in gene frequency between the vitiligo
group and the control group [60]. The p.R160W allele is an
RHC allele located in the second intracellular loop of MC1R
protein, and it’s a component of the protein kinase C (PKC)
target sequence consisting of four amino acids. Its frequency
is significantly higher in fair-skinned healthy Hungarians
than in vitiligo patients, suggesting that this allele has a
protective effect on vitiligo [61].

Parkinson’s disease (PD) is a neurodegenerative
disease characterized by motor and mental abnormalities.
It tends to occur in middle-aged and elderly people and is
clinically characterized by loss of dopaminergic neurons in
the substantia nigra compact, which can cause great harm
[61,62]. It has been reported that the risk of PD in red hair
is twice as high as that in the general population compared
with black hair. Therefore, the MC1R gene that regulates the
red hair phenotype has also been associated with PD [63].
By a whole-genome sequencing of 870 PD patients and 736
controls from Spain, the p.R160W mutation in MC1R gene was
found to be slightly associated with PD [64]. Another study of
272 PD cases and 1185 normal subjects from different races
(Caucasian, African American, Asian and others) found that
homozygous participants with the p.R151C variant of the
MCI1R gene had a greater risk of PD than wild-type carriers
[65]. Interestingly, other studies found that p. V60L carriers
had a lower risk of PD than those without MC1R variants.
Both MC1R carriers had a lower risk of PD, leading to
the inference that the risk of PD was negatively impacted
correlated with the number of MC1R variants [62]. However,
studies on Chinese and Singaporean populations found no
correlation between MC1R variation and PD [66]. In short,
the correlation between MC1R gene variation and PD may be
different in different populations.

Expectation

Although MC1R has not been used as a targeted therapy
for human-related diseases to date, in vitro and animal
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studies have shown that it induces improvements in NER
function and DNA repair by increasing cAMP levels [67]. It
has been reported that MC1R agonists and antagonists may
be used as a potential therapeutic approach. For instance,
an a-MSH analogue has been used in clinical practice
to treat photosensitivity in patients with erythropoietic
protoporphyria [68]. Based on the information available in
the literature to date, further studies are needed to provide
data on the role of MC1R genomic risks that have potential
clinical implications for the early detection of treatment and
prevention strategies.

With the rapid advancement of knowledge, future
directions should be to determine the biological mechanisms
of non-pigment MC1R function evaluate gene-gene and gene-
environment interactions, and incorporate MC1R variants
into skin cancer and Parkinson’s disease risk prediction
models for diseases such as vitiligo and test their effectiveness
as prevention strategies in eliciting risk-reducing behaviors
to tailor treatment options for patients.
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