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Microphthalmia-associated transcription factor-M (MITF-M) is the key gene in the
proliferation and differentiation of melanocytes, which undergoes an array of post-
translation modifications. As shown in our previous study, deubiquitinase USP13 is
directly involved in melanogenesis. However, it is still ambiguous that the effect of
USP13-mediated MITF-M expression on melanocytes proliferation and apoptosis.
Herein, we found that MITF-M overexpressing melanocytes showed high cell
proliferation, reduced apoptosis, and increased melanin levels. Besides, melanin-
related genes, TYR, DCT, GPNMB, and PMEL, were significantly up-regulated in
MITF-M overexpressing melanocytes. Furthermore, Exogenous USP13 significantly
upregulated the endogenous MITF-M protein level, downregulated USP13 significantly
inhibited MITF-M protein levels, without altering MITF-M mRNA expression. In addition,
USP13 upregulation mitigated the MITF-M degradation and significantly increased the
half-life of MITF-M. Also, USP13 stabilized the exogenous MITF protein levels. In
conclusion, the MITF-M level was regulated by USP13 deubiquitinase in melanocytes,
affecting melanocytes proliferation and apoptosis. This study provides the theoretical basis
for coat color transformation that could be useful in the development of the new breed in fur
animals.
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INTRODUCTION

Melanocytes, derived from the neural crest, exert vital effects on pigmentation in mammals.
Melanocyte development involving cell differentiation, proliferation, and migration is regulated
by multiple biochemical and physical factors. Melanocytes are distributed in multiple mammalian
tissues, such as the epidermis and dermis of the skin, hair follicle, eyes, and heart (Steingrímsson
et al., 2004; Flavia et al., 2008; Yajima et al., 2010). Melanin pigments in the skin are synthesized by
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different melanocytes and play crucial roles in protecting
mammalian skin against UV light-induced damage. Distinct
distribution of pigments in mammals results in diverse coat
colors (Slominski et al., 2004).

MITF-M (microphthalmia-associated transcription factor-
M), a MITF isoform belonging to the MIT family, is a
melanocyte-specific transcription factor with a basic-helix-
loop-helix leucine zipper (bHLH-LZ) domain (Hemesath
et al., 1994). It is involved in melanocyte development and
functionally essential for melanocytes or melanoma (Shibahara
et al., 2000; Selzer et al., 2002; Takemoto et al., 2002). Previous
studies have found that as a new transcription factor, MITF-M
genes mutations depleted melanocyte counts, resulting in white-
colored mice (Hodgkinson et al., 1993; Hughes et al., 1994;
Widlund and Fisher, 2003). Wnt signaling activates the MITF-
M promoter, which is crucial for melanocyte development
derived from the neural crest (Dorsky et al., 2000; Saito
et al., 2003). Furthermore, MITF transcriptionally regulates
crucial melanogenesis genes encoding melanin biosynthesis
enzymes by mediating significant differentiation effects
through a-melanocyte-stimulating hormone (α-MSH), such
as TYR, TYRP1, and DCT (TYRP2) genes (Bertolotto et al.,
1998; Price et al., 1998; Hartman and Czyz, 2015). In humans,
MITF mutations are associated with different clinical
presentations of Waardenburg Syndrome, such as deafness
and hypopigmentation due to melanocytic deficiencies in the
inner ear, eye, and skin (Kumawat et al., 2019; Pang et al., 2019).
In melanocytes, c-Kit stimulation can regulate MITF
ubiquitination, culminating in its proteolysis (Schwarz et al.,
2010).

Numerous studies have shown that MITF-M is subjected to
multiple post-translational modifications, such as
phosphorylation and ubiquitination, affecting the activity and
stability of MITF protein. The miRNA (microRNAs) are
primarily involved in the post-transcriptional regulation of
genes, which affects melanogenesis. MITF expression required
for the formation of coat color in alpacas is subdued by the miR-
25 as per microarray-based analysis (Zhu et al., 2010). In human
pigmented skin, miR-218 suppressed melanogenesis through
MITF repression (Guo et al., 2014). As shown previously, NO
(nitric oxide) stimulation promoted MITF phosphorylation to
enhance melanogenesis in alpaca skin melanocytes (Dong et al.,
2011) and phosphorylation induced MITF activation promoted
overexpression of TYR, TYRP1, and TYRP2 genes, which resulted
in increased melanin level (An et al., 2011).

The ubiquitin-conjugating enzyme, hUBC9, involved in
melanocyte differentiation, regulates the MITF sumoylation at
Lys182 and Lys316 and promotes MITF degradation (Xu et al.,
2000). Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1)
knockdown in human melanocytes showed upregulated MITF
and increased melanin content. It indicated that UCHL1
regulates skin pigmentation by reducing MITF activity via
protein degradation (Seo et al., 2017). Therefore, post-
translation modification plays a crucial role in regulating
MITF-M activity.

Deubiquitinating enzymes (DUBs), are the distinctive
proteases. DUBs can prevent target protein degradation by

removing ubiquitin or ubiquitin-like proteins (Mevissen and
Komander, 2017). USP13, a deubiquitinating enzyme, which
belongs to the deubiquitin-specific protease family contains
two highly conserved structural domains (Cys-box and His-
box). It removes ubiquitin (Ub) molecules from ubiquitinated
target proteins that serve as substrates (Wang et al., 2017).
Previous studies have found that the deubiquitinase USP13
could reverse Mcl1 ubiquitination (Robinson et al., 2018).
Previous studies have shown that deubiquitinase USP13
regulates the stability of tumor-related proteins p53 and PTEN
as well as cellular antiviral response (Liu et al., 2011; Yeh et al.,
2013; Zhang et al., 2013). Deubiquitinase USP13 deficiency
prevented the growth of melanoma in vitro and in vivo;
however, MITF overexpression prevented USP13’s inhibition,
indicating MITF’s involvement in melanoma development,
which was mediated by USP13 (Zhao et al., 2011). Besides,
USP13 is implicated in DNA damage response, the
endoplasmic reticulum stress pathway, cell cycle regulation,
and innate antiviral immunity (Chen et al., 2011; Liu et al.,
2014; Li et al., 2017; Sun et al., 2017).

In our previous study based on RNA-seq analysis, we
showed that USP13 expression involved in melanin
pigmentation was significantly different in rabbit skin with
different coat colors (Qin et al., 2016). However, the role of
MITF-M in melanocytes proliferation and apoptosis remains
largely unexplored, and the regulatory relationship between
MITF-M and USP13 remains ambiguous. Thus, it is crucial to
reveal the role of MITF-M in melanocyte proliferation,
apoptosis and melanogenesis, further identify the
underlying molecular mechanism for MITF-M mediated
regulation of USP13 in melanocytes. Therefore, MITF-M
deubiquitination could unravel the molecular mechanism
involved in coat color formation in mammals.

MATERIALS AND METHODS

Ethics Statement
The experimental animal’s care and surgical procedure were
approved by Jiangsu Administration Rule of Laboratory
Animals and strictly followed Institutional Animal Care and
Maintenance protocols. The animal experimentations were
approved by the Animal Care and Use Committee at
Yangzhou University (Yangzhou, China, January 15, 2021, No.
202102001).

Experimental Animals and Skin Sample
Collection
Zhejiang Yuyao Xinnong Rabbit Industry Co., Ltd provided a
total of 18 adult Rex rabbits of six different coat colors (black,
white, chinchilla, brown, gray, and gray yellow). Rabbits were
anesthetized by injecting sodium pentobarbital into the rabbit’s
ear vein. Total RNA and protein were extracted from dorsal skin
samples of identical size (1 cm2) with the same anatomical
location and subsequently, the wounds were topically treated
with iodophor.
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Rabbit Melanocytes Culture
Rabbit melanocytes were cultured in Melanocyte Medium-2
(ScienCell, San Diego, CA, United States) supplemented with
1% melanocyte growth supplement-PMA-free, 0.5% fetal bovine
serum (FBS), and 0.5% penicillin/streptomycin solution
(ScienCell, San Diego, CA, United States), as described by
Chen et al. (Chen et al., 2019).

Tagged Vector Construction
ClonExpress II One Step cloning kit (Vazyme, Nanjing, China)
was used to obtain full-length cDNA sequences of MITF-M
(GenBank accession no. XM_017343949.1) and USP13
(GenBank accession no. XM_008266542.2). The MITF-M
cDNA was inserted into pcDNA3.1-Flag or pcDNA3.1-Myc
vectors using restriction enzymes Hind III and EcoR I.
Similarly, USP13 cDNA was inserted into pcDNA3.1-Myc
vectors or pcDNA3.1-Flag using restriction enzymes Hind III
and Xho I. The MITF-M cloning primers are shown in Table 1.

Cell Transfection
MITF-M and USP13 containing vectors were transfected into
melanocytes using Lipofectamine™ 3,000 Reagent (Invitrogen,
Carlsbad, CA, United States). Melanocytes were cultured in 24-
well plates until the cell growth reached 70–90% confluency.
Briefly, 1 μg plasmid diluted in 25 μl Opti-MEM™ medium
(Gibco, Carlsbad, CA, United States) was added to diluted 2 μl
Lipofectamine™ 3,000 (Lipofectamine™ 3,000 was diluted in
25 μl Opti-MEM™ medium). This mixture was incubated for
10–15 min at room temperature. Finally, the DNA-lipid complex
was added to cultured melanocytes and maintained in an
incubator at 37°C with 5% CO2 for 48 h, before qRT-PCR
analysis.

MITF-M siRNAs Screening
Three MITF-M siRNAs (with 5′FAM modification) and the
negative control were purchased from Shanghai GenePharma

Co., Ltd. (Table 2). MITF-M knockdown was performed using
Lipofectamine™ 3,000 (Invitrogen, Carlsbad, CA, United States)
when the melanocytes attained 70–90% confluency. 1 μl siRNA
(0.264 μg/μl) and 2 μl Lipofectamine 3,000 were diluted in 25 μl
Opti-MEM™ medium and it was mixed with diluted
Lipofectamine 3,000 and incubated for 10–15 min at room
temperature. This mixture was added to cultured melanocytes.
The transfection efficiency was determined using fluorescent
inverted microscopy after 12 h. The total RNA of transfected
cells was extracted and analyzed using qRT-PCR after 48 h.

RNA Isolation and Quantitative
Real-Time PCR
Total RNA from rabbit skin and cells were extracted using
RNAsimple Total RNA kit (Tiangen Biotech Co., Ltd.,
Beijing), as per manufacturer’s instructions. cDNA was
synthesized using 1 μg total RNA and Super RT cDNA kit
(Tiangen Biotech Co., Ltd.). ChamQTM SYBR® qPCR Master
Mix (Vazyme, Nanjing, China) was used for qRT-PCR. All qRT-
PCR reactions were carried out in QuantStudio®5 software
(Applied Biosystems; Thermo Fisher Scientific, Foster City,
CA, United States). Each sample was analyzed three times and
the resulting relative expression of genes was determined using
the 2−ΔΔCt method (Schmittgen and Livak, 2008). GAPDH was
used as an internal control. The primer details of MITF-M,
USP13, TYR, DCT, PMEL, and GAPDH genes are shown in
Table 3.

Protein Preparation and Wes Simple
Western Analysis
Total protein from rabbit skin was isolated using cell lysis buffer
with 1% phenylmethanesulfonyl fluoride (PMSF) (Beyotime,
Shanghai, China) for Wes simple western analysis. The protein
concentration of the lysed cells was estimated using the BCA
protein assay kit (Beyotime, Shanghai, China). Protein assay was
performed using Wes̛s automated western blotting system
(ProteinSimple) (Harris, 2015). Anti-GAPDH mouse
monoclonal antibody (Abcam, Cambridge, United Kingdom),
anti-MITF mouse monoclonal antibody (SANTA CRUZ, Dallas,
TX, United States), USP13 monoclonal antibody (Proteintech,
Wuhan, China) in 1: 100 dilution was used.

Melanin Content Measurement
Transfected melanocytes post 72 h were washed using phosphate-
buffered saline (PBS) (HyClone, Logan, United States) three
times lightly. Later, these melanocytes were centrifuged and
the supernatant was discarded. The pelleted cells were lysed
using 1 M NaOH and incubated at 80°C for 1 h. Finally,
optical density (OD) was measured at 475 nm using an
Infinite M200 PRO (Tecan, Männedorf, Switzerland)
spectrophotometer.

Cell Proliferation Assay
12 h post-transfection, transfected cells were seeded into 96-well
plates using Cell Counting Kit-8 assay (Vazyme, Nanjing, China),

TABLE 1 | Primer sequences for cloning rabbit MITF-M CDS.

Primers Sequence (59 → 39)

MITF-M-F tgaaccgtcagatccgctagcATGCTGGAAATGCTAGAATATAACCA
MITF-M-R cgactgcagaattcgaagcttACAAGCATGCTCAGTTTCTTCCA

TABLE 2 | Primer sequences of siRNAs.

Primers Sequence (59 to 39)

Negative control Forward: UUCUCCGAACGUGUCACGUTT
Reverse: ACGUGACACGUUCGGAGAATT

siRNA-MITF-M-820 Forward: GCAGAUGGAUGAUGUAAUUTT
Reverse: AAUUACAUCAUCCAUCUGCTT

siRNA-MITF-M-1300 Forward: GGAGCACGCUAACCGGCAUTT
Reverse: AUGCCGGUUAGCGUGCUCCTT

siRNA-MITF-M-1465 Forward: GCAGCAUCAUGCAGACCUATT
Reverse: UAGGUCUGCAUGAUGCUGCTT

siRNA-USP13 Forward: GGUUAUGGAGGAGCAGCUUTT
Reverse: AAGCUGCUCCUCCAUAACCTT
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as per the manufacturer’s instructions. Later, OD at 450 nm was
measured at 0, 24, 48, and 72 h using an Infinite M200 Pro
spectrophotometer (Tecan, Männedorf, Switzerland).

Apoptosis Assay
36 h post-transfection, transfected cells were harvested.
Apoptosis assay was performed using an Annexin V-FITC
apoptosis detection kit (Vazyme, Nanjing, China). Later, the
cells were sorted using a fluorescence-activated cell sorter
(FACSAria SORP flow cytometer, Becton Dickinson, San Jose,
CA, United States). OD of each sample was measured three times.

Co-Immunoprecipitation
Melanocytes were cotransfected with pcDNA3.1-Myc-MITF-M
and pcDNA3.1-Flag-USP13 plasmids using Lipofectamine™
3,000 Reagent (Invitrogen, Carlsbad, CA, United States). After
72 h, transfected melanocytes were collected and lysed for 1 h
using 1 ml RIPA Lysis Buffer at 4°C. These cells were centrifuged
at 12, 000 g for 10 min and the supernatant was separated. Cell
lysates were incubated with Protein A/G agarose and IgG as the
control for 2 h to remove non-specific binding proteins. Later, cell
lysates were centrifuged to remove Protein A/G agarose, and the
supernatant (80 μl) was collected for western blot assay. The rest
of the lysates were incubated with DYKDDDDK TagMonoclonal
Antibody (Binds To FLAG® Tag Epitope) (Proteintech, Wuhan,
China) overnight at 4°C. Then, Protein A agarose beads that were
washed using RIPA Lysis Buffer were added to the lysates
containing DYKDDDDK Tag Monoclonal Antibody and
incubated for 2 h at 4°C. Finally, cell lysates were centrifuged,
and the supernatant was collected for immunoblot analysis after
immunoprecipitation.

Deubiquitination Assay
MITF-M plasmids containing Flag tag and USP13 plasmids
containing Myc tag were cotransfected in melanocytes. Cell
lysates were collected and immunoprecipitated using anti-Flag
M2 magnetic bead at 4°C overnight with gentle shaking.
Immunoprecipitated complexes were adsorbed using magnetic
stand and the supernatant was discarded, the rest precipitates
were washed and resuspended using IP Buffer for four times.

Finally, the lysates were discarded as much as possible, and
5 × SDS-PAGE loading buffer was added to the rest
immunoprecipitates, at 100°C for 5 min. Later, the supernatant
was collected for immunoblot analysis.

Statistical Analysis
All data were analyzed using SPSS version 25 (SPSS Inc., Chicago,
IL, United States). One-way ANOVA was employed to analyze
significant differences. All values represent means ± standard
deviation (SD).

RESULTS

MITF-M is Involved in the Formation of
Different Coat Colors in Rex Rabbits
Based on the mammalianMITF-M sequence, the amino-terminal
with unique M domain (MLEMLEYNHY) as well as specific
primers were designed. Rabbit MITF-M cDNA was successfully
cloned according to the reference sequence in NCBI (GenBank
accession no. XM_017343949.1), containing 1,242 bp coding
sequence (CDS) (Figure 1A). As shown in our previous study,
MITF-M is involved in the coat color formation of Rex rabbits.
The MITF-M expression levels were detected in rabbit’s skin with
different coat colors using qRT-PCR and Wes assays. As per the
outcomes, the highest and lowest change in mRNA and protein
expression levels of MITF-M was observed in black coat colored
rabbit skin and white coat colored rabbit skin, respectively
(p < 0.01) (Figures 1B–D).

MITF-M Regulated the Expression of
Melanin-Related Genes in Melanocytes
As a transcription factor, MITF-M plays a crucial role in
regulating the expression of the downstream genes. The
mRNA expression levels of melanin-related genes were
determined post-MITF-M overexpression and knockdown
in melanocytes. As per the outcomes, MITF-M mRNA and
MITF-M protein levels (Figures 2A,B) and that of
downstream melanin-related genes, TYR, DCT, GPNMB,

TABLE 3 | qRT-PCR primer sequences.

Primers Sequence (59 → 39) Product length (bp) Application

MITF-M Forward: GCCTTGGAACTGGGACTGAG 142 qRT-PCR
Reverse: CCGACGGCTGCTTGTTTTAG

USP13 Forward: TCGCCATACAGAAAGCAGG 165 —

Reverse: ATCGGTCAGATTCAACCAGAG
TYR Forward: CTCTTCTTGTTGCTGTGGG 156 —

Reverse: GCTGAGTAGGTTAGGGTTTTC
DCT (TYRP2) Forward: ATTCTGCTGCCAATGACCC 154 —

Reverse: AACGGCACCATGTTATACCTG
PMEL Forward: GTCAGCACCCAGCTTGTCA 130 —

Reverse: GCTTCATTAGTCTGCGCCTGT
GPNMB Forward: TCCAGATTGCAGAAGTCCCGAT 173 —

Reverse: GCAGCTCTCAGTCTCGTCCA
GAPDH Forward: CACCAGGGCTGCTTTTAACTCT 141 —

Reverse: CTTCCCGTTCTCAGCCTTGACC
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and PMEL, were upregulated significantly in MITF-M
overexpressing melanocytes (p < 0.01) (Figure 2C).
Furthermore, melanocytes were transfected with MITF-M
siRNAs containing 5’ FAM modification. As per the qRT-
PCR based analysis, three siRNAs showed high transfection
efficiency (Figure 2D), and the siRNA-1,300 showed the
highest interference efficiency, which was significantly
lower than the negative control (p < 0.01) (Figure 2E).
MITF-M knockdown using siRNA-1,300 decreased the
MITF-M protein level (Figure 2F). mRNA expression
levels of melanin-related genes also decreased significantly
(p < 0.01) (Figure 2G).

MITF-M Increased Melanin Synthesis by
Promoting Proliferation and Inhibiting
Apoptosis in Melanocytes
To discern the effects of MITF-M on melanocyte development,
the melanin content was measured in MITF-M overexpressing or

knockdown melanocytes. MITF-M overexpressing melanocytes
showed a significant increase in melanin content (p < 0.01)
(Figure 3A) and cell proliferation (p < 0.01) (Figure 3B) and
a significant decrease in apoptosis rate (p < 0.01) (Figures 3C,D).
Subsequently, melanin content (p < 0.01) (Figure 3E) and cell
proliferation (p < 0.01) (Figure 3F) was significantly decreased in
melanocytes with MITF-M knockdown; however, apoptosis was
significantly increased (p < 0.01) (Figures 3G,H).

Endogenous MITF-M Protein Levels Were
Regulated by USP13 in Melanocytes
As per the outcomes of our analysis, MITF-M plays a crucial
role in the melanogenesis of melanocytes. However,
deubiquitinase USP13 mediated regulation of MITF-M
expression remains obscure. Thus, MITF-M expression in
USP13 overexpressing or knockdown melanocytes was
analyzed. MITF-M protein levels were substantially increased
in USP13 overexpressing, and significantly reduced in USP13

FIGURE 1 | The mRNA and protein expression levels of MITF-M in rabbit skin with different coat colors. (A) The rabbit MITF-M cDNA was successfully cloned and
reconstructed into pcDNA3.1-Flag vectors. M, DL10000 DNA Marker. Lane 1, pcDNA3.1(+)-Flag-MITF-M plasmid was digested by restriction enzymes Hind III and
EcoR I. Lane 2, pcDNA3.1(+)-Flag-MITF-M plasmid was digested by restriction enzymes Hind III. Lane 3, pcDNA3.1(+)-Flag-MITF-M plasmid was not digested. (B) The
MITF-MmRNA level in rabbit skin with different coat colors was determined through qRT-PCR. Each sample had three replicates, and the relative expression levels
of genes were determined using GAPDH as an internal control by using the 2−ΔΔCt method. The significant differences among the studied groups were analyzed by using
the white rabbit’ skin as the control group, the fold change of other studied groups was calculated by the expression level of the white rabbit’ skin was normalized to 1.
Each group is an independent group. Least—Significant Difference (LSD) was employed to compare the studied groups to the control group. ** indicates p < 0.01. (C)
The MITF-M protein expression in rabbit skin with different coat colors. (D) MITF-M protein differential expression trend in Rex rabbits with different coat colors. The
relative expression ratio of MITF-M/GAPDH was quantified by the area of Wes. BL, black; CH, chinchilla; BR, brown; GR, gray; GY, gray-yellow; WH, white.
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FIGURE 2 |MITF-M regulated the expression of the downstreammelanin-related genes. (A)MITF-M mRNA expression level, as per the qRT-PCR based analysis,
in MITF-M overexpressing melanocytes. (B) The MITF-M protein expression was determined by Wes in MITF-M overexpressing melanocytes. (C) The qRT-PCR assay
was performed to detect the mRNA expression levels of melanin-related genes in MITF-M overexpressing melanocytes. (D) The MITF-M siRNAs containing 5′FAM
modification were transfected in melanocytes to determine its transfection efficiency, and transfected cells were observed using fluorescent inverted microscopy
(100×). (E) The MITF-M mRNA expression was determined in MITF-M silenced melanocytes using qRT-PCR. (F) The MITF-M protein expression was determined in
MITF-M silenced melanocytes using Wes. (G) The expression of melanin-related genes was determined after MITF-M downregulation in melanocytes using qRT-PCR.
Each sample had three replicates, and the relative expression of genes was determined using GAPDH as an internal control by using the 2−ΔΔCt method. ** indicates
p < 0.01.
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downregulated cells treated with siRNA, without altering MITF-
M mRNA expression (Figure 4). Thus, we observed that USP13
could regulate MITF-M at the level of a post-translational
modification.

USP13 Interacted With MITF-M and
Regulated MITF-M Protein Stability
To explore the mechanism of USP13 regulated changes in
MITF-M protein levels, USP13 and MITF-M were
overexpressed in melanocytes, and interaction between
exogenous MITF-M and exogenous USP13 was detected in
these cells using Co-IP assay (Figure 5A). Furthermore,
MITF-M protein was overexpressed post USP13 and MITF-
M, co-transfection as compared to cells transfected with only
MITF-M (Figure 5B). To investigate the USP13 regulated
MITF-M protein stability, MITF-M and USP13 containing
vectors were co-expressed in melanocytes. 72 h post-
transfection, these cells were treated with cycloheximide
(CHX) at specific time points. As per the outcomes, USP13
upregulation mitigated the MITF-M degradation and
significantly increased the half-life of MITF-M (Figure 5C).
It indicated that USP13 stabilized the exogenous MITF protein
levels.

To further verify whether MITF-M protein ubiquitination
level was affected by deubiquitinase USP13, MITF-M and
USP13 plasmid were cotransfected in melanocytes, a

ubiquitination assay that the change of MITF-M
ubiquitination level was performed. MITF-M ubiquitination
level was determined using ubiquitin antibody. The outcomes
of this analysis demonstrated that MITF-M ubiquitination level
was apparently inhibited by USP13 deubiquitination, compared
to the control group, which conained melanocytes transfected
with pcDNA3.1-Flag-MITF-M and pcDNA3.1-Myc plasmids
(Figure 5D).

DISCUSSION

Different coat colors in rabbits are due to different melanin levels,
which are regulated by several essential genes in melanocytes. In
this study, we observed that MITF-M mRNA and MITF-M
protein levels were not the same in the rabbit skin with
different coat colors. The highest expression of MITF-M was
observed in the black coat colored rabbit skin, and the white coat
colored rabbit skin showed the lowest expression of MITF-M. As
shown in a previous study, MITF-MmRNA andMITF-M protein
levels were the lowest in rabbit skin with black coat color and the
highest in mice skin with brown color post-miR-137
overexpression, and it negatively affected the coat colors, and
down-regulated MITF protein (Dong et al., 2012; Chen et al.,
2018). As reported previously, MITF-M has a unique promoter,
known as the M promoter, which is explicitly activated in
melanocytes (Fuse et al., 1996). It is speculated that MITF-M

FIGURE 3 |MITF-M regulated melanin synthesis, proliferation, and apoptosis of melanocytes. (A) The melanin content in MITF-M overexpressingmelanocytes. (B)
Melanocyte proliferation was estimated using CCK-8 assay at 24, 48, and 72 h in MITF-M overexpressing melanocytes. (C) Melanocyte apoptosis in MITF-M
overexpressing melanocytes. (D) Cellular apoptosis rate in MITF-M overexpressing melanocytes. (E) The melanin content in MITF-M knockdown melanocytes. (F)
Melanocyte proliferation was estimated in MITF-M knockdown melanocytes at 24, 48, and 72 h using CCK-8 assay (G) Cellular apoptosis in MITF-M inhibited
melanocytes. (H) The cellular apoptosis rate in melanocytes was calculated post-MITF-M interference. Each sample had three replicates. ** indicates P < 0.01.
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affects pigmentation in other species as well. For instance,
the mutation in the M promoter gives rise to MITF
major melanocyte isoform resulting in white spots in
horses and dogs (Hauswirth et al., 2012; Baranowska
Körberg et al., 2014). Chicken skin color is altered based
on the mutation of MITF promoter in black-boned chicken
(Wang et al., 2018).

MITF-M, the master regulator of melanocyte
differentiation, is a crucial transcription factor that
regulates melanin-related gene expression. It has been
reported that melanin-related genes, such as TYR and
TYRP1, play a crucial role in melanin biosynthesis
(Hartman and Czyz, 2015). Tyrosinase is a rate-limiting
enzyme in melanin synthesis, which can determine the
eumelanin/pheomelanin ratio (Wagner et al., 2001). The
pheomelanin level increased when tyrosinase content
decreased (Ito, 2003). GPNMB, a distinctive melanosomal
protein, affects the transcriptional regulation of
melanocytes. Previous studies demonstrated that the
GPNMB expression was identical to that of MITF and
DCT, which was remarkably reduced in MITF mutated
melanocytes (Loftus et al., 2009). As per the outcomes of
our analysis, TYR, DCT, GPNMB, and PMEL expression
were regulated by MITF-M. The expression of melanin-
related genes was significantly increased in MITF-M
overexpressing melanocytes. Conversely, the mRNA levels

of these genes decreased apparently in MITF-M silenced
cells using siRNA.

Melanocytes are well-differentiated and melanin-producing
cells. Melanocytes of different embryonic origins synthesize
distinct melanin types, which have a unique function at
different target locations (Plonka et al., 2009). Proliferation
and apoptosis are crucial components of melanocyte
development. It is a well-known fact that cell proliferation is
inhibited during cell differentiation. It was speculated that
epidermal melanocytes do not proliferate under normal
circumstances (Cichorek et al., 2013). MITF functions as a
crucial adaptor to regulate melanocyte proliferation, apoptosis,
and differentiation (Becker et al., 2009; Margue et al., 2013;
Nicholas et al., 2013; Xu et al., 2013). Overexpression of BCL2,
an anti-apoptotic gene, mitigates apoptosis by MITF disruption
in melanocytes (McGill et al., 2002). The MET promoter
activation mediated by MITF prevents apoptosis in
melanocytes (Beuret et al., 2007). As per the outcome of our
analysis, melanin content was increased in MITF-M
overexpressing melanocytes. MITF-M upregulation
promoted cell proliferation and inhibited apoptosis in
melanocytes. Conversely, apoptosis increased in siRNA-
treated MITF-M knockdown cells, decreasing cellular
proliferation. In conclusion, our results indicated that MITF-
M, as a transcription factor, promotes melanocyte
development.

FIGURE 4 | Exogenous USP13 regulated endogenous MITF protein. (A) MITF-M mRNA expression was determined in USP13 overexpressing cells. (B)
Endogenous MITF protein was detected in USP13 overexpressing cells. (C) The MITF-M mRNA expression in USP13 knockdown cells treated with siRNA. (D)
Endogenous MITF protein was detected post USP13 overexpression. Each sample had three replicates. ** indicates p < 0.01.
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Protein ubiquitination is a post-translational protein
modification, which participates in multiple biological
processes, such as DNA repair, signal transduction, and
melanocyte proliferation (Di Fiore et al., 2003; Feng et al.,
2015; Yatsu et al., 2015). As per previous studies,
ubiquitination promotes Melan-A/MART-1 degradation in
melanosomes present in melanocytes (Lévy et al., 2005). To
inhibit melanocyte proliferation, E3 ligase APC/C(Cdh1)
enhanced ubiquitination and degradation of the
transcription factor PAX3 (Cao et al., 2015). Thus, we
speculated that deubiquitination has a vital effect on
melanocyte development. As per the current study, MITF-
M post-translational levels were regulated by deubiquitinase
USP13. MITF-M protein level was significantly reduced when
the USP13 expression was suppressed by siRNA. Conversely,
USP13 upregulation promoted MITF-M protein levels,
without influencing MITF-M mRNA levels. MITF-M
ubiquitination level was reduced by USP13 deubiquitinase.

Furthermore, MITF-M stability was augmented by USP13. It
demonstrated that USP13 regulates melanocyte expression by
modulating MITF-M stability.

In summary, MITF-M acts as the master regulator of
melanogenesis, melanocyte proliferation, and apoptosis. USP13
deubiquitination positively affects MITF-M stability in
melanocyte development. USP13 is a crucial deubiquitinase,
which regulates melanocyte development and determines coat
colors in mammals.
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FIGURE 5 | Exogenous USP13 interacted with MITF-M and stabilized the exogenousMITF protein levels. (A)Melanocytes co-transfected with Flag-tagged USP13
and Myc-tagged MITF-M were immunoprecipitated using anti-Flag antibody and the protein complex was detected through western blot analysis using anti-Myc and
anti-Flag antibodies. (B) MITF-M protein was detected in MITF-M overexpressing group, and pcDNA3.1-Myc-USP13 and pcDNA3.1-Flag-MITF-M co-transfected
melanocytes usingWes. (C)Melanocytes were transfected with MITF-M, USP13, or plain vector and incubated for 3 days. Later, the transfected cells were treated
with 50 ng/μl CHX for 1, 4, and 8 h. Cells were collected at the indicated time points, and MITF, USP13, and GAPDH protein levels were measured by Wes using MITF,
USP13, and GAPDH antibodies. The MITF protein bands were quantified by calculating the area of Wes and normalized using GAPDH. (D)MITF-M ubiquitination level
was determined after pcDNA3.1-Flag-MITF-M and pcDNA3.1-Myc-USP13were co-transfected in melanocytes. The anti-Flag antibody was used to immunoprecipitate,
the anti-GAPDH mouse monoclonal antibody and anti-Flag antibody were used in western blot assay.
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Melanocytes: Biology and Development. pdia 1, 30–41. doi:10.5114/pdia.
2013.33376

Di Fiore, P. P., Polo, S., and Hofmann, K. (2003). When Ubiquitin Meets Ubiquitin
Receptors: a Signalling Connection. Nat. Rev. Mol. Cel Biol. 4, 491–497. doi:10.
1038/nrm1124

Dong, C., Wang, H., Xue, L., Dong, Y., Yang, L., Fan, R., et al. (2012). Coat Color
Determination by miR-137 Mediated Down-Regulation of Microphthalmia-
Associated Transcription Factor in a Mouse Model. Rna 18, 1679–1686. doi:10.
1261/rna.033977.112

Dong, Y., Wang, H., Cao, J., Ren, J., Fan, R., He, X., et al. (2011). Nitric Oxide
Enhances Melanogenesis of Alpaca Skin Melanocytes In Vitro by Activating the
MITF Phosphorylation. Mol. Cel Biochem. 352, 255–260. doi:10.1007/s11010-
011-0761-1

Dorsky, R. I., Raible, D. W., and Moon, R. T. (2000). Direct Regulation of Nacre, a
Zebrafish MITF Homolog Required for Pigment Cell Formation, by the Wnt
Pathway. Genes Dev. 14, 158–162.

Feng, L., Li, N., Li, Y., Wang, J., Gao, M., Wang, W., et al. (2015). Cell Cycle-
dependent Inhibition of 53BP1 Signaling by BRCA1. Cell Discov 1, 15019.
doi:10.1038/celldisc.2015.19

Flavia, Carneiro., Brito, Lidia., Cell, K. J. P., and Research, M. (2008). Timeline and
Distribution of Melanocyte Precursors in the Mouse Heart.

Fuse, N., Yasumoto, K.-i., Suzuki, H., Takahashi, K., and Shibahara, S. (1996).
Identification of a Melanocyte-type Promoter of the Microphthalmia-
Associated Transcription Factor Gene. Biochem. Biophysical Res. Commun.
219, 702–707. doi:10.1006/bbrc.1996.0298

Guo, J., Zhang, J.-F., Wang, W.-M., Cheung, F. W.-k., Lu, Y.-f., Ng, C.-f., et al.
(2014). MicroRNA-218 Inhibits Melanogenesis by Directly Suppressing
Microphthalmia-Associated Transcription Factor Expression. RNA Biol. 11,
732–741. doi:10.4161/rna.28865

Harris, V. M. (2015). Protein Detection by Simple Western Analysis. 1312, 465,
468.doi:10.1007/978-1-4939-2694-7_47

Hartman, M. L., and Czyz, M. (2015). MITF in Melanoma: Mechanisms behind its
Expression and Activity. Cell. Mol. Life Sci. 72, 1249–1260. doi:10.1007/s00018-
014-1791-0

Hauswirth, R., Haase, B., Blatter, M., Brooks, S. A., Burger, D., Drögemüller, C.,
et al. (2012). Mutations in MITF and PAX3 Cause "splashed white" and Other
white Spotting Phenotypes in Horses. Plos Genet. 8, e1002653. doi:10.1371/
journal.pgen.1002653

Hemesath, T. J., Steingrimsson, E., Mcgill, G., Hansen, M. J., Vaught, J.,
Hodgkinson, C. A., et al. (1994). Microphthalmia, a Critical Factor in
Melanocyte Development, Defines a Discrete Transcription Factor Family.
Genes Development 8, 2770–2780. doi:10.1101/gad.8.22.2770

Hodgkinson, C. A., Moore, K. J., Nakayama, A., Steingrímsson, E., Copeland, N. G.,
Jenkins, N. A., et al. (1993). Mutations at the Mouse Microphthalmia Locus Are
Associated with Defects in a Gene Encoding a Novel basic-helix-loop-helix-
zipper Protein. Cell. 74, 395–404. doi:10.1016/0092-8674(93)90429-t

Hughes, A. E., Newton, V. E., Liu, X. Z., and Read, A. P. (1994). A Gene for
Waardenburg Syndrome Type 2 Maps Close to the Human Homologue of the
Microphthalmia Gene at Chromosome 3p12-p14.1. Nat. Genet. 7, 509–512.
doi:10.1038/ng0894-509

Ito, S. (2003). A Chemist’s View of Melanogenesis. Pigment Cel Res. 16, 230–236.
doi:10.1034/j.1600-0749.2003.00037.x

Kumawat, D., Kumar, V., Sahay, P., Nongrem, G., and Chandra, P. (2019). Bilateral
Asymmetrical Partial Heterochromia of Iris and Fundus in Waardenburg
Syndrome Type 2A with a Novel MITF Gene Mutation. Indian
J. Ophthalmol. 67, 1481–1483. doi:10.4103/ijo.ijo_931_17

Lévy, F., Muehlethaler, K., Salvi, S., Peitrequin, A.-L., Lindholm, C. K., Cerottini, J.-
C., et al. (2005). Ubiquitylation of a Melanosomal Protein by HECT-E3 Ligases
Serves as Sorting Signal for Lysosomal Degradation. MBoC 16, 1777–1787.
doi:10.1091/mbc.e04-09-0803

Li, Y., Luo, K., Yin, Y., Wu, C., Deng, M., Li, L., et al. (2017). USP13 Regulates the
RAP80-BRCA1 Complex Dependent DNA Damage Response. Nat. Commun.
8, 15752. doi:10.1038/ncomms15752

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 69272410

Hu et al. Deubiquitination of MITF-M Regulates Melanocytes

https://doi.org/10.1371/journal.pone.0016516
https://doi.org/10.1371/journal.pone.0104363
https://doi.org/10.1186/1476-4598-8-4
https://doi.org/10.1186/1476-4598-8-4
https://doi.org/10.1083/jcb.142.3.827
https://doi.org/10.1083/jcb.142.3.827
https://doi.org/10.1074/jbc.m611563200
https://doi.org/10.1074/jbc.m611563200
https://doi.org/10.1126/scisignal.aab1995
https://doi.org/10.1073/pnas.1100028108
https://doi.org/10.1016/j.jdermsci.2018.02.008
https://doi.org/10.3390/ijms20102493
https://doi.org/10.5114/pdia.2013.33376
https://doi.org/10.5114/pdia.2013.33376
https://doi.org/10.1038/nrm1124
https://doi.org/10.1038/nrm1124
https://doi.org/10.1261/rna.033977.112
https://doi.org/10.1261/rna.033977.112
https://doi.org/10.1007/s11010-011-0761-1
https://doi.org/10.1007/s11010-011-0761-1
https://doi.org/10.1038/celldisc.2015.19
https://doi.org/10.1006/bbrc.1996.0298
https://doi.org/10.4161/rna.28865
https://doi.org/10.1007/978-1-4939-2694-7_47
https://doi.org/10.1007/s00018-014-1791-0
https://doi.org/10.1007/s00018-014-1791-0
https://doi.org/10.1371/journal.pgen.1002653
https://doi.org/10.1371/journal.pgen.1002653
https://doi.org/10.1101/gad.8.22.2770
https://doi.org/10.1016/0092-8674(93)90429-t
https://doi.org/10.1038/ng0894-509
https://doi.org/10.1034/j.1600-0749.2003.00037.x
https://doi.org/10.4103/ijo.ijo_931_17
https://doi.org/10.1091/mbc.e04-09-0803
https://doi.org/10.1038/ncomms15752
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Liu, J., Xia, H., Kim, M., Xu, L., Li, Y., Zhang, L., et al. (2011). Beclin1 Controls the
Levels of P53 by Regulating the Deubiquitination Activity of USP10 and USP13.
Cell 147, 223–234. doi:10.1016/j.cell.2011.08.037

Liu, Y., Soetandyo, N., Lee, J. G., Liu, L., Xu, Y., Clemons, W. M., Jr., et al. (2014).
USP13 Antagonizes Gp78 to Maintain Functionality of a Chaperone in ER-
Associated Degradation. Elife 3, e01369. doi:10.7554/elife.01369

Loftus, S. K., Antonellis, A., Matera, I., Renaud, G., Baxter, L. L., Reid, D., et al.
(2009). Gpnmbis a Melanoblast-Expressed, MITF-dependent Gene. Pigment
Cel Melanoma Res. 22, 99–110. doi:10.1111/j.1755-148x.2008.00518.x

Margue, C., Philippidou, D., Reinsbach, S. E., Schmitt, M., Behrmann, I., and Kreis,
S. (2013). New Target Genes of MITF-Induced microRNA-211 Contribute to
Melanoma Cell Invasion. PLoS One 8, e73473. doi:10.1371/journal.pone.
0073473

Mcgill, G. G., Horstmann,M., Widlund, H. R., Du, J., Motyckova, G., Nishimura, E.
K., et al. (2002). Bcl2 Regulation by the Melanocyte Master Regulator Mitf
Modulates Lineage Survival and Melanoma Cell Viability. Cell 109, 707–718.
doi:10.1016/s0092-8674(02)00762-6

Mevissen, T. E. T., and Komander, D. (2017). Mechanisms of Deubiquitinase
Specificity and Regulation. Annu. Rev. Biochem. 86, 159–192. doi:10.1146/
annurev-biochem-061516-044916

Nicholas, C., Yang, J., Peters, S. B., Bill, M. A., Baiocchi, R. A., Yan, F., et al. (2013).
PRMT5 Is Upregulated in Malignant and Metastatic Melanoma and Regulates
Expression of MITF and p27(Kip1.). PLoS One 8, e74710. doi:10.1371/journal.
pone.0074710

Pang, X., Zheng, X., Kong, X., Chai, Y., Wang, Y., Qian, H., et al. (2019). A
Homozygous MITF Mutation Leads to Familial Waardenburg Syndrome Type
4. Am. J. Med. Genet. Part. A. 179, 243–248. doi:10.1002/ajmg.a.60693

Plonka, P. M., Passeron, T., Brenner, M., Tobin, D. J., Shibahara, S., Thomas, A.,
Slominski, A., Kadekaro, A. L., Hershkovitz, D., Peters, E., Nordlund, J. J.,
Abdel-Malek, Z., Takeda, K., Paus, R., Ortonne, J. P., Hearing, V. J., and
Schallreuter, K. U. (2009). What Are Melanocytesreallydoing All Day Long. . .?.
Exp. Dermatol. 18, 799–819. doi:10.1111/j.1600-0625.2009.00912.x

Price, E. R., Horstmann, M. A., Wells, A. G., Weilbaecher, K. N., Takemoto, C.
M., Landis, M. W., et al. (1998). α-Melanocyte-stimulating Hormone
Signaling Regulates Expression of Microphthalmia, a Gene Deficient in
Waardenburg Syndrome. J. Biol. Chem. 273, 33042–33047. doi:10.1074/
jbc.273.49.33042

Qin, L. Z., Wang, W. Z., Shi, L. J., Wan, X. Y., Yan, X. R., Weng, Q. Q., et al. (2016).
Transcriptome Expression Profiling of Fur Color Formation in Domestic
Rabbits Using Solexa Sequencing. Genet. Mol. Res. 15. doi:10.4238/gmr.
15027413

Robinson, E. J., Aguiar, S. P., Kouwenhoven, W. M., Starmans, D. S., Von Oerthel,
L., Smidt, M. P., et al. (2018). Survival ofMidbrain Dopamine Neurons Depends
on the Bcl2 Factor Mcl1. Cell Death Discov 4, 107. doi:10.1038/s41420-018-
0125-7

Saito, H., Yasumoto, K.-I., Takeda, K., Takahashi, K., Yamamoto, H., and
Shibahara, S. (2003). Microphthalmia-associated Transcription Factor in the
Wnt Signaling Pathway. Pigment Cel Res. 16, 261–265. doi:10.1034/j.1600-0749.
2003.00039.x

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing Real-Time PCR Data by the
Comparative CT Method. Nat. Protoc. 3, 1101–1108. doi:10.1038/nprot.
2008.73

Schwarz, T., Sohn, C., Kaiser, B., Jensen, E. D., and Mansky, K. C. (2010). The 19S
Proteasomal Lid Subunit POH1 Enhances the Transcriptional Activation by
Mitf in Osteoclasts. J. Cel Biochem. 109, 967–974. doi:10.1002/jcb.22475

Selzer, E., Wacheck, V., Lucas, T., Heere-Ress, E., Wu, M., Weilbaecher, K. N., et al.
(2002). The Melanocyte-specific Isoform of the Microphthalmia Transcription
Factor Affects the Phenotype of HumanMelanoma. Cancer Res. 62, 2098–2103.

Seo, E. Y., Jin, S.-P., Sohn, K.-C., Park, C.-H., Lee, D. H., and Chung, J. H. (2017).
UCHL1 Regulates Melanogenesis through Controlling MITF Stability in
Human Melanocytes. J. Invest. Dermatol. 137, 1757–1765. doi:10.1016/j.jid.
2017.03.024

Shibahara, S., Yasumoto, K.-I., Amae, S., Udono, T.,Watanabe, K.-I., Saito, H., et al.
(2000). Regulation of Pigment Cell-specific Gene Expression by MITF. Pigment
Cel Res. 13 (Suppl. 8), 98–102. doi:10.1034/j.1600-0749.13.s8.18.x

Slominski, A., Tobin, D. J., Shibahara, S., and Wortsman, J. (2004). Melanin
Pigmentation in Mammalian Skin and its Hormonal Regulation. Physiol. Rev.
84, 1155–1228. doi:10.1152/physrev.00044.2003

Steingrímsson, E., Copeland, N. G., and Jenkins, N. A. (2004). Melanocytes and
theMicrophthalmiaTranscription Factor Network. Annu. Rev. Genet. 38,
365–411. doi:10.1146/annurev.genet.38.072902.092717

Sun, H., Zhang, Q., Jing, Y. Y., Zhang, M., Wang, H. Y., Cai, Z., et al. (2017). USP13
Negatively Regulates Antiviral Responses by Deubiquitinating STING. Nat.
Commun. 8, 15534. doi:10.1038/ncomms15534

Takemoto, C. M., Yoon, Y.-J., and Fisher, D. E. (2002). The Identification and
Functional Characterization of a Novel Mast Cell Isoform of the
Microphthalmia-Associated Transcription Factor. J. Biol. Chem. 277,
30244–30252. doi:10.1074/jbc.m201441200

Wagner, C. A., Lang, F., and Bröer, S. (2001). Function and Structure of
Heterodimeric Amino Acid Transporters. Am. J. Physiology-Cell Physiol.
281, C1077–C1093. doi:10.1152/ajpcell.2001.281.4.c1077

Wang, G., Liao, J., Tang, M., and Yu, S. (2018). Genetic Variation in the MITF
Promoter Affects Skin Colour and Transcriptional Activity in Black-Boned
Chickens. Br. Poult. Sci. 59, 21–27. doi:10.1080/00071668.2017.1379053

Wang, J., Liu, Y., Tang, L., Qi, S., Mi, Y., Liu, D., et al. (2017). Identification of
Candidate Substrates of Ubiquitin-specific Protease 13 Using 2D-DIGE. Int.
J. Mol. Med. 40, 47–56. doi:10.3892/ijmm.2017.2984

Widlund, H. R., and Fisher, D. E. (2003). Microphthalamia-associated
Transcription Factor: a Critical Regulator of Pigment Cell Development and
Survival. Oncogene 22, 3035–3041. doi:10.1038/sj.onc.1206443

Xu, W., Gong, L., Haddad, M. M., Bischof, O., Campisi, J., Yeh, E. T. H., et al.
(2000). Regulation of Microphthalmia-Associated Transcription Factor MITF
Protein Levels by Association with the Ubiquitin-Conjugating Enzyme hUBC9.
Exp. Cel Res. 255, 135–143. doi:10.1006/excr.2000.4803

Xu, Y., Zhang, X.-H., and Pang, Y.-Z. (2013). Association of Tyrosinase (TYR) and
Tyrosinase-Related Protein 1 (TYRP1) with Melanic Plumage Color in Korean
Quails (Coturnix coturnix).Asian Australas. J. Anim. Sci. 26, 1518–1522. doi:10.
5713/ajas.2013.13162

Yajima, I., Larue, L., and Research, M. (2010). The Location of Heart Melanocytes
Is Specified and the Level of Pigmentation in the Heart May Correlate with Coat
Color. Pigment Cel Melanoma Res. 21, 471–476. doi:10.1111/j.1755-148X.2008.
00483.x

Yatsu, A., Shimada, H., Ohbayashi, N., and Fukuda, M. (2015). Rab40C Is a Novel
Varp-Binding Protein that Promotes Proteasomal Degradation of Varp in
Melanocytes. Biol. Open 4, 267–275. doi:10.1242/bio.201411114

Yeh, H.-M., Yu, C.-Y., Yang, H.-C., Ko, S.-H., Liao, C.-L., and Lin, Y.-L. (2013).
Ubiquitin-specific Protease 13 Regulates IFN Signaling by Stabilizing STAT1.
J.I. 191, 3328–3336. doi:10.4049/jimmunol.1300225

Zhang, J., Zhang, P., Wei, Y., Piao, H.-l., Wang, W., Maddika, S., et al. (2013).
Deubiquitylation and Stabilization of PTEN by USP13. Nat. Cel Biol. 15,
1486–1494. doi:10.1038/ncb2874

Zhao, X., Fiske, B., Kawakami, A., Li, J., and Fisher, D. E. (2011). Regulation of
MITF Stability by the USP13 Deubiquitinase. Nat. Commun. 2, 414. doi:10.
1038/ncomms1421

Zhu, Z., He, J., Jia, X., Jiang, J., Bai, R., Yu, X., et al. (2010). MicroRNA-25 Functions
in Regulation of Pigmentation by Targeting the Transcription Factor MITF in
Alpaca (Lama pacos) Skin Melanocytes. Domest. Anim. Endocrinol. 38,
200–209. doi:10.1016/j.domaniend.2009.10.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hu, Bai, Dai, Yang, Li, Zhang, Wang, Zhao, Bao, Chen and Wu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 69272411

Hu et al. Deubiquitination of MITF-M Regulates Melanocytes

https://doi.org/10.1016/j.cell.2011.08.037
https://doi.org/10.7554/elife.01369
https://doi.org/10.1111/j.1755-148x.2008.00518.x
https://doi.org/10.1371/journal.pone.0073473
https://doi.org/10.1371/journal.pone.0073473
https://doi.org/10.1016/s0092-8674(02)00762-6
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1146/annurev-biochem-061516-044916
https://doi.org/10.1371/journal.pone.0074710
https://doi.org/10.1371/journal.pone.0074710
https://doi.org/10.1002/ajmg.a.60693
https://doi.org/10.1111/j.1600-0625.2009.00912.x
https://doi.org/10.1074/jbc.273.49.33042
https://doi.org/10.1074/jbc.273.49.33042
https://doi.org/10.4238/gmr.15027413
https://doi.org/10.4238/gmr.15027413
https://doi.org/10.1038/s41420-018-0125-7
https://doi.org/10.1038/s41420-018-0125-7
https://doi.org/10.1034/j.1600-0749.2003.00039.x
https://doi.org/10.1034/j.1600-0749.2003.00039.x
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1002/jcb.22475
https://doi.org/10.1016/j.jid.2017.03.024
https://doi.org/10.1016/j.jid.2017.03.024
https://doi.org/10.1034/j.1600-0749.13.s8.18.x
https://doi.org/10.1152/physrev.00044.2003
https://doi.org/10.1146/annurev.genet.38.072902.092717
https://doi.org/10.1038/ncomms15534
https://doi.org/10.1074/jbc.m201441200
https://doi.org/10.1152/ajpcell.2001.281.4.c1077
https://doi.org/10.1080/00071668.2017.1379053
https://doi.org/10.3892/ijmm.2017.2984
https://doi.org/10.1038/sj.onc.1206443
https://doi.org/10.1006/excr.2000.4803
https://doi.org/10.5713/ajas.2013.13162
https://doi.org/10.5713/ajas.2013.13162
https://doi.org/10.1111/j.1755-148X.2008.00483.x
https://doi.org/10.1111/j.1755-148X.2008.00483.x
https://doi.org/10.1242/bio.201411114
https://doi.org/10.4049/jimmunol.1300225
https://doi.org/10.1038/ncb2874
https://doi.org/10.1038/ncomms1421
https://doi.org/10.1038/ncomms1421
https://doi.org/10.1016/j.domaniend.2009.10.004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Deubiquitination of MITF-M Regulates Melanocytes Proliferation and Apoptosis
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Animals and Skin Sample Collection
	Rabbit Melanocytes Culture
	Tagged Vector Construction
	Cell Transfection
	MITF-M siRNAs Screening
	RNA Isolation and Quantitative Real-Time PCR
	Protein Preparation and Wes Simple Western Analysis
	Melanin Content Measurement
	Cell Proliferation Assay
	Apoptosis Assay
	Co-Immunoprecipitation
	Deubiquitination Assay
	Statistical Analysis

	Results
	MITF-M is Involved in the Formation of Different Coat Colors in Rex Rabbits
	MITF-M Regulated the Expression of Melanin-Related Genes in Melanocytes
	MITF-M Increased Melanin Synthesis by Promoting Proliferation and Inhibiting Apoptosis in Melanocytes
	Endogenous MITF-M Protein Levels Were Regulated by USP13 in Melanocytes
	USP13 Interacted With MITF-M and Regulated MITF-M Protein Stability

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


