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A Basic Domain-Derived Tripeptide Inhibits
MITF Activity by Reducing its Binding to the
Promoter of Target Genes

Dongyoung Lim"r’7, Kyoung-Jin Lee'”, Yuri Kim', Minseo Kim', Hyun-Mi Ju', Myoung-Ju Kim',
Dong-Hwa Choi”, Jiwon Choi’, Suree Kim">, Dongmin Kang®, Kyoungyul Lee” and Jang-Hee Hahn'

The keratinocytes in UV-irradiated skin produce and secrete a-melanocyte-stimulating hormone. a-Melano-
cyte-stimulating hormone upregulates the expression of MITF in melanocytes through the cAMP—protein ki-
nase A—CREB signaling pathway. Thereafter, MITF induces the expression of melanogenic genes, including the
tyrosinase gene TYR and TYRP-1 and TYRP-2 genes, which leads to the synthesis and accumulation of melanin.
In this study, we examined whether MITF basic region-derived tripeptides can bind to the DNA-binding domain
of MITF and inhibit MITF-induced melanogenesis through the inhibition of MITF-DNA binding. MITF-KGR, a
representative MITF-derived tripeptide, suppressed the transcriptional activity of MITF by disrupting its binding
to the promoter region of the target genes, which resulted in the inhibition of skin epidermis thickness and
melanin synthesis in vivo and in vitro. Our results indicate that MITF-KGR exerts an inhibitory effect on

melanogenesis by targeting MITF.
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INTRODUCTION

Melanogenesis is a multistep biosynthesis process of
melanin. Melanin is synthesized in the melanosome of me-
lanocytes (Maresca et al., 2015). Various intrinsic and
extrinsic factors affect the synthesis of melanin, such as hor-
monal proteins, aging, and long-term UV light exposure
(D’'Mello et al., 2016). The long-term exposure to UVR,
especially UVB (280-320 nm), elicits an inflammatory
response and promotes the production of ROS in the skin
cells, including keratinocytes and fibroblasts. Consequently,
the DNA and other cellular components in the skin cells
undergo oxidative damage. The photoinduced oxidative
damage activates the melanin biosynthetic pathway to pro-
tect the skin from the deleterious effects of UVR (Gray-
Schopfer et al., 2007; Natarajan et al., 2014). a-Melano-
cyte-stimulating hormone (a-MSH), which is produced by the
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proteolytic cleavage of prohormone POMC, is secreted by
the keratinocytes. The paracrine effect of a-MSH activates the
MCI1R that is located on the surface of melanocytes. The
interaction between o-MSH and MCIR induces the phos-
phorylation of CREB through the cAMP—protein kinase A
signaling pathway. The phosphorylated CREB, a transcription
factor, interacts with CBP or p300 and promotes the expres-
sion of MITF, which is a key regulator of melanogenesis
(Brindle et al., 1995; Garcia-Borrén et al., 2014; Lee et al.,
2012).

MITF is a member of the basic helix-loop-helix (bHLH)—
leucine zipper (bHLH-LZ) transcription factor family and
belongs to the MiT subfamily. The variants of MITF (MITF-A,
-B, -C, -D, -E, -H, -, -MC, -CX, and -M, among others) can be
distinguished by their unique amino-terminal structure
(Hartman and Czyz, 2015; Liu, 2020). These isoforms are
widely expressed in various cell types, including the retinal
pigment epithelium, mast cells, osteoclasts, heart cells, and
melanocytes (Amae et al., 1998; Fuse et al., 1999). The
melanocyte-specific MITF, MITF-M, regulates the expression
of melanogenesis-related enzymes, such as tyrosinase (TYR),
TYRP-1, and TYRP-2 (Goding and Arnheiter, 2019; Shibahara
et al., 2000). Hence, MITF-M is a potential therapeutic target
for skin hyperpigmentation disorders, such as melasma and
freckles (Kumari et al., 2018).

Various MITF inhibitors have been developed to achieve
skin depigmentation through different mechanisms (Pillaiyar
et al., 2017). The adamantyl benzylbenzamide derivative,
AP736, suppresses the MITF expression by inhibiting the
cAMP—protein kinase A—-CREB signaling pathway (Shin et al.,
2015). The transcriptional activity of MITF is regulated by
phosphorylation or sumoylation of its serine residues at po-
sitions 73 and 409. In addition, MITF transcriptional activity
can be regulated by several protein inhibitors, such as acti-
vated signal transducer and activator of transcription 3
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Figure 1. Identification and characterization of MITF antagonistic peptides from the conserved bHLH domain of MITF. (a) Schematic diagram of MITF-peptide
variants. (b) To identify the crucial amino acid sequences, B16F1 melanoma cells were treated with 10 pM MITF-peptide (ALAK, KERQ, KKDN, HNLI, IERR, and
RRRF) for 72 h in the presence of a-MSH (0.1 pM). The interaction between MITF and Polll was analyzed by in situ PLA. The red dot indicates the physical
interaction between the indicated molecules. Nuclei were stained with DAPI (blue fluorescence). Magnification: x600; Bar = 5 pm. (c) B16F1 melanoma cells
were treated with 10 pM MITF-peptide (KERQ, KER, ERQ, KGR, and YAC) for 72 h in the presence of a-MSH (0.1 uM). PLA signals in the cell population (n = 10)
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(PIAS3) and protein kinase C inhibitors. The post-translational
modification of MITF, such as sumoylation, phosphorylation,
or ubiquitination, can also be targeted for modulating the
melanogenesis (Chen et al., 2014). Unlike modulators of
signaling pathways or post-translational processes, targeted
inhibitors of MITF-DNA binding can directly modulate me-
lanocyte pigmentation. The small molecule inhibitors of
MITF-E-box DNA binding were reported to decrease the
melanogenic activity of MITF (Um et al., 2012). Furthermore,
caffeic acid phenyl ethyl ester markedly inhibits the binding
of MITF to the M-box region of the TYR, TYRP-1, and TYRP-2
promoters (Lee et al., 2013).

In this study, we investigated the inhibitory effects of MITF-
KGR, a MITF basic domain—derived tripeptide, on melano-
genesis and its underlying mechanism in vitro and in vivo.
Our study showed that MITF-KGR exerts an antagonistic ef-
fect against a-MSH— and UVB-induced melanin synthesis by
disrupting the binding of the MITF transcriptional complex to
the promoter region of the target genes.

RESULTS

Cell penetrating MITF-derived peptides suppress the a-
MSH-induced assembly of the transcription complex
involving MITF and RNA polymerase Il in B16 melanoma
cells

Previous studies have shown that the conserved bHLH
domain is involved in DNA binding as well as in dimeriza-
tion of MITF (Hallsson et al., 2007; Raviv et al., 2014).
Interestingly, most MITF mutations associated with Waar-
denburg syndrome and Tietz syndrome are located in the
basic domain of the protein, which plays a major role in DNA
binding (Grill et al., 2013). On the basis of these studies, we
prepared a series of synthetic tetramer peptides covering the
basic domain of MITF-M and examined their antagonistic
activity against MITF-M—mediated transcriptional activation
(Figure Ta). We hypothesized that the peptides, which inhibit
the MITF—=DNA binding, can also interfere with the formation
of the transcription factor complex involving MITF and RNA
polymerase Il, which in turn plays a key role in regulating
melanogenic enzyme production. In situ proximity ligation
assay was performed to analyze the inhibitory effect of tet-
rapeptides on a-MSH-induced MITF-RNA polymerase |l
interaction in the murine melanoma cell line B16F1.
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Although most tetrapeptides inhibited the assembly of those
two transcription factors, MITF-KERQ exhibited the most
significant inhibitory effect (Figure 1b). Next, we compared
the antagonistic efficacy of MITF-KERQ and that of its trimer
derivatives to identify the smallest and most effective lead
compound. MITF-KGR, in which the glutamic acid 203 was
substituted with glycine, was the most effective trimer that
inhibited the interaction between MITF and RNA polymerase
I (Figure Tc). Contrastingly, the control tripeptide, EGF-YAC,
did not affect the MITF-RNA polymerase Il interaction (Yoo
et al., 2014). Remarkably, 7-amino-4-methylcoumarin
(AMC)—labeled MITF-KGR penetrated both the nuclear
membrane and outer cell membrane of the melanocytes in a
time-dependent manner, suggesting that MITF-KGR can
inhibit MITF-mediated transcriptional activation in the nu-
cleus (Figure 1d). It is worth noting that MITF and AMC-
labeled MITF-KGR colocalized in the nucleus of B16F10
melanoma cells, which was not observed in the MITF-
knockdown B16F10 melanoma cells (Figure Te), suggesting
that MITF-KGR directly binds to MITF. We performed a sur-
face plasma resonance analysis to verify the direct interaction
between MITF-KGR and MITF. The surface plasma resonance
sensorgram showed efficient binding of MITF-KGR to re-
combinant human MITF (Figure 1f). The equilibrium disso-
ciation constant value of MITF-KGR binding to MITF was
calculated as 13.9 pM. The possible interaction of MITF-KGR
with MITF was assessed by molecular docking analysis. To
identify a potential binding pocket for MITF-KGR, we used
the SiteMap program of the Schrédinger software (Schro-
dinger, New York, NY) and finally selected a binding site that
includes the DNA-binding region and homodimeric protein—
protein interface in MITF. In the docking model of MITF-KGR
in MITF dimer, the peptide can pack tightly into the binding
cavity formed by MITF region N-terminal to the DNA binding
site through two favorable salt bridges that interact with
glutamine 213 in each MITF monomer (Figure 1g). Especially,
the amine and carbonyl groups of MITF-KGR form H-bonds
with glutamine 213, arginine 216, and arginine 217 of MITF
dimer. Taken together, these results suggest that MITF-KGR is
able to penetrate the cytoplasm and block the binding of
MITF to the promoter region by masking the DNA-binding
domain of MITF, thereby inhibiting its function in the
nucleus.

were quantified using NIS-Elements analysis. The average number of RCPs per cell & SD is shown. *P < 0.05, **P < 0.01. (d) B16F10 cells were incubated with
AMC-labeled MITF-KGR at 37 °C and 5% CO,. At each time point, confocal images were taken to analyze the penetration of the MITF-KGR into the cells and
are displayed in a compressed z-stack form. (e) B16F10 cells were incubated with AMC-labeled MITF-KGR for 24 h at 37 °C. Cells were stained with
rhodamine-conjugated anti-MITF antibody. Cell images were obtained to analyze the internal distributions of AMC-labeled MITF-KGR and MITF transcriptional
factors. (d, e) F-actin was detected by FITC-conjugated phalloidin. Images were analyzed using a confocal microscope. Magnification: x600; Bar = 10 um. (f)
The direct interaction between rhMITF-M and MITF-KGR was determined by SPR analysis. (g) The docking pose of NH-KGR-NH2 peptide in MITF dimer:

1. The MITF dimer—DNA complex showing the predicted binding mode of NH-KGR-NH2 peptide. The MITF dimer (green and cyan) and the DNA (red) are
shown in cartoon representation, and the NH-KGR-NH2 peptide is depicted in a purple surface style. Hydrogen bonds are indicated as red, and salt bridges

are indicated as blue lines.

2. Detailed interactions between NH-KGR-NH2 peptide and MITF dimer are shown as a cartoon model, and the residues involved in the interaction with NH-
KGR-NH2 peptide are presented in stick-ball style. H-bonds are indicated by red dashed lines. Salt bridges are indicated by pink dashed lines.

3. Close-up surface view of the predicted binding pose of NH-KGR-NH2 peptide to the bottom part of MITF dimer.

4. Schematic diagram (2D) showing the interactions of NH-KGR-NH2 peptide with MITF dimer.
Figures were drawn in Maestro (Schrodinger, New York, NY). a-MSH, a-melanocyte-stimulating hormone; 2D, two-dimensional; AMC, 7-amino-4-
methylcoumarin; bHLH, basic helix-loop-helix; CO,, carbon dioxide; h, hour; PLA, proximity ligation assay; polll, RNA polymerase II; RCP, rolling-
circle product; rhMITF-M, recombinant human MITF-M; s, second; SPR, surface plasmon resonance.
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Figure 2. MITF-KGR directly inhibits the transcriptional activity of the MITF but not its expression. B16F1 melanoma cells were treated with MITF-KGR (0.1, 1,
and 10 pM) in the presence of a-MSH (0.1 pM) as described earlier. (a) The binding of MITF to the promoter region of the gene encoding TYR or melastatin was
examined by ChIP assay. (b) Confocal microscopy images of B16F10 melanoma cells expressing the mTyr-GFP or TRPM1—GFP (green) before and after treatment
with 0-MSH (100 nM) in the presence or absence of MITF-KGR (10 pM) for 24 hours. The relative fluorescence intensities (n = 6 for mTyr-GFP and n = 9 for
TRPM1-GFP) were quantified using NIS Elements AR 3.0 software. **P < 0.01, ***P < 0.001. Magnification: x600; Bar = 20 pm. (c) The effect of MITF-KGR on
the formation of MITF—B-catenin complex was investigated by in situ PLA. The red dot indicates the physical interaction between the indicated molecules. PLA
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MITF-KGR inhibits the MITF transcriptional activity by
interfering with the binding of MITF to the promoter region

of downstream target genes

Chromatin immunoprecipitation (ChIP) assay was performed
in the B16F1 melanoma cells to examine the inhibitory effect
of MITF-KGR on the binding of MITF to the promoter region
of target genes, TYR and melastatin (TRPMT). MITF-KGR
exhibited a dose-dependent inhibition of a-MSH-induced
enhanced binding of MITF to the promoters of non-
melanogenic as well as melanogenic genes (Figure 2a). In
addition, the inhibitory activity of MITF-KGR on the gene
expression of TYR and TRPM1 was evaluated using the
mTyr-GFP plasmid containing mouse TYR promoter or
TRPM1-GFP plasmid containing human melastatin pro-
moter. MITF-KGR inhibited the a-MSH—induced expression
of mTyr-GFP and TRPM1—-GFP in the B16F10 melanoma cells
(Figure 2b). MITF is a transcription factor that interacts with
the transcriptional coactivator B-catenin and promotes the
transcription of downstream target genes. We speculated that
the inhibitory effect of MITF-KGR on the DNA binding of
MITF may interfere with the interaction between MITF and B-
catenin. In situ proximity ligation assay revealed that MITF-
KGR exhibited a dose-dependent inhibition of a-MSH-
induced interaction between MITF and B-catenin (Figure 2¢).
Next, we examined whether the MITF-KGR exerts a consid-
erable effect on the a-MSH—induced signaling cascade and
on MITF expression itself. MITF-KGR did not affect the a-
MSH—induced phosphorylation levels of protein kinase A and
CREB and the a-MSH-induced MITF expression as well
(Figure 2d). These results suggest that MITF-KGR directly
suppresses the interaction between MITF and the promoter
region of the downstream target genes without affecting the
o-MSH—induced signaling pathway.

MITF-KGR inhibits melanin synthesis through the
downregulation of the melanogenesis-related enzymes TYR,
TYRP-1, and TYRP-2

The inhibitory effect of MITF-KGR on the expression of the
melanogenesis-related enzymes TYR, TYRP-1, and TYRP-2
was evaluated in two different cell lines. MITF-KGR exhibi-
ted a dose-dependent inhibition of the a-MSH-induced
expression of all the three melanogenesis-related genes and
proteins in the B16F1 murine melanocytes (Figure 3a and b).
Similarly, MITF-KGR inhibited the expression levels of mMRNA
and protein of these three enzymes in the normal human
melanocytes (Figure 3c and d). The melanin synthesis rate
was correlated with the decreased expression of the
melanogenesis-related enzymes (Figure 3e and f). Further-
more, melanin production was also significantly inhibited on
treatment with different doses of MITF-KGR (Figure 3g).
However, treatment with MITF-KGR did not affect dendrite
formation in melanocytes. These results suggest that MITF-
KGR exerts its antimelanogenic activity by downregulating
the melanogenesis-related downstream target genes, not
other physiological processes.
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MITF-KGR attenuates the transcriptional activity of MITF

in vivo

To confirm the skin-penetrating ability of MITF-KGR, we
employed a reconstructed human skin model, Neoderm-M.
MITF-KGR penetrated through the epidermis 3 hours after its
topical application and reached the dermis layer 24 hours
after the application (Figure 4a). To further investigate the
antimelanogenic effect of MITF-KGR on human skin
pigmentation, a melanocyte-containing reconstructed human
skin model, Neoderm-ME, was used. UVB irradiation prom-
inently increased melanin synthesis in the epidermis
(Figure 4b). In contrast, MITF-KGR significantly inhibited
UVB-induced melanin synthesis. These results indicate that
MITF-KGR autonomously penetrates the dermis and effec-
tively inhibits melanin biosynthesis in human skin.

To determine the role of MITF-KGR in melanogenesis
in vivo, we examined the inhibitory effects of the peptide on
UVB-induced skin pigmentation in melanin-possessing hair-
less mice (HRM2 hairless mice). Mice were treated according
to the experimental plan described in Figure 5a. Mice treated
with MITF-KGR for 3 days before UVB irradiation did not
show any skin irritation. Repeated UVB irradiation induced
pigmentation on the dorsal skin of HRM2 mice (Figure 5b).
Treatment with MITF-KGR significantly reduced skin
pigmentation compared with vehicle treatment. Consistent
with this result, skin sections (hematoxylin stained only)
indicated that the repeated UVB irradiation led to melanin
accumulation in the basal layer of the epidermis (Figure 5d).
In contrast, treatment with MITF-KGR significantly reduced
skin pigmentation compared with vehicle treatment. MITF-
KGR—treated mice showed fewer melanin spots than UVB-
irradiated vehicle controls. Next, we investigated whether
MITF-KGR  directly affects UVB-induced expression of
melanogenesis-related genes. Repeated UVB irradiation
upregulated the expression of MITF and melanogenic en-
zymes TYR, TYRP -1, and TYRP-2 (Figure 5c). As expected,
MITF-KGR suppressed the expression of TYR, TYRP-1, and
TYRP-2 in a dose-dependent manner but did not affect MITF
expression. Notably, the topical application of MITF-KGR
also had an inhibitory effect on the UVB-induced thick-
ening of the epidermis (Figure 5e). Previous studies showed
that MITF may be involved in UV-induced epidermal thick-
ening (Amaro-Ortiz et al., 2013; El-Abaseri et al., 2006;
Hruza and Pentland, 1993; Jin et al., 2010). Consistent with
these studies, treatment with MITF-KGR significantly reduced
UVB-induced melanocyte proliferation and production of
proinflammatory cytokine TNF-o. (Figure 5f). These results
suggest that MITF-KGR effectively not only suppresses the
expression of melanogenic genes but also attenuates UVB-
induced epidermal thickening through the suppression of
MITF activity.

DISCUSSION
Previous studies on the inhibition of melanin synthesis re-
ported that the dimeric or trimeric bioactive peptides

;gna[s in the cell population (n = 10) were quantified using NIS-Elements analysis. The average number of RCPs per cell & SD is shown. **P < 0.01.
Magnification: x600; Bar = 5 um. (d) Whole-cell lysates were subjected to SDS-PAGE and were analyzed using western blotting with the indicated antibodies.
a-MSH, a-melanocyte-stimulating hormone; bp, base pair; ChIP, chromatin immunoprecipitation; pCREB, phosphorylated CREB; PKA, protein kinase A; PLA,
proximity ligation assay; pPKA, phosphorylated protein kinase A; RCP, rolling-circle product; TYR, tyrosinase.
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reconstituted human skin was fixed with 4% PFA and permeabilized with
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downregulate the expression of MITF, which subsequently
downregulates the expression of melanogenic genes and re-
sults in skin hypopigmentation (Choi et al., 2016; Kim et al.,
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2012; Lee et al., 2012). In this study, we reported the tri-
peptide inhibitor of MITF-DNA binding that is, to our
knowledge, previously unreported. MITF-KGR strongly sup-
pressed the expression of the melanogenesis-related enzymes
TYR, TYRP-1, and TYRP-2. However, treatment with MITF-
KGR did not activate the upstream signaling molecules,
such as protein kinase A and CREB, which were induced by
treatment with o-MSH. These results indicate that the MITF-
derived peptide directly regulates the transcriptional func-
tion of MITF and not its expression.

MITF-KGR is an extrinsic functional competitive inhibitor,
which was derived from the conserved bHLH-LZ domain.
The 12 variants of MITF among the 13 known human variants
share a bHLH-LZ DNA-binding and/or dimerization domain
(Hartman and Czyz, 2015). The proteins of this family share a
basic DNA-binding region and an HLH-leucine zipper
domain, which is important for dimerization. The bHLH is a
characteristic protein structural motif of one of the largest
families of dimerizing transcription factors (Amoutzias et al.,
2008). The bHLH transcription factors are often important
during development or cell functions. In bHLH transcription
factors, there are two signals located in the DNA-binding
region, spanning the residues 197—206 and 214-217,
whereas the third signal is present in the bHLH-LZ domain,
spanning the residues 255—265 (Fock et al., 2019). As
mentioned previously, MITF-KGR was derived from the
conserved bHLH-LZ domain, and it also belongs to the DNA-
binding region.

Lysine 202 and arginine 204 residues are evolutionarily
conserved between humans and Drosophila melanogaster
(Holowatyj et al., 2015). Interestingly, lysine residue is the
site for the interaction between MITF and p300 cofactor
(Hartman and Czyz, 2015). Our data revealed that MITF-KER
and MITF-KGR markedly inhibit the interaction between
MITF and RNA polymerase Il, whereas MITF-ERQ did not
affect the interaction. Hence, lysine 202 residue plays a key
role in the MITF-DNA binding. Arginine 204 is a hot spot for
the human germline MITF mutation, which indicates its
functional significance. Because lysine 202 and arginine 204
are located in the basic domain, we speculated that MITF-
KGR can competitively inhibit the binding of MITF to the
TYR promoter region. ChIP assay revealed that treatment with
MITF-KGR resulted in dose-dependent inhibition of the a-
MSH—induced binding of MITF to the promoter region of the
TYR gene. Moreover, MITF-KGR inhibited the o-MSH—
induced interaction between MITF and B-catenin complexes.
MITF-KGR might modulate the binding stability of MITF to
the TYR gene promoter, which decreases the interaction of
MITF with B-catenin. Consistently, MITF-KGR exhibited a
dose-dependent inhibition of the a-MSH-induced expression
of all the three melanogenesis-related genes and melanin in
the B16F1 murine melanocytes and the normal human me-
lanocytes. However, MITF-KGR did not have any inhibitory
effect on the UVB-induced expression of MITF. Together,
these results suggest that MITF-KGR may affect the

t‘reatment are shown by asterisks as follows: *P < 0.05, **P < 0.01. (e) The TYR activity and (f) melanin content were determined by measuring the absorbance at
490 nm. (g) NHMs were cotreated with MITF-KGR (0.1, 1, or 10 uM) in &-MSH (0.1 uM) for 120 hours. The TYR was determined by L-DOPA staining. Images
were captured under identical conditions using a bright-field microscope. Bar = 100 um. a-MSH, a-melanocyte-stimulating hormone; NHM, normal human
melanocyte; QRT-PCR, quantitative real-time reverse transcriptase—PCR; TYR, tyrosinase.
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Figure 5. Histological analysis of a cross-section of the skin topically treated with MITF-KGR. (a) HRM2 mice were exposed to 312 nm UVB and were then
treated with MITF-KGR (10 and 20 uM) or 1,3BG (vehicle control solvent) as described in Materials and Methods. The mice were irradiated 11 times at the
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transcriptional activity of MITF as a transcription factor for
downstream target genes.

MITF-KGR also significantly inhibited melanocyte prolif-
eration and inflammatory cytokine release in the UVB-
irradiated dorsal skin of the mice, which led to inhibition of
epidermis thickening. MITF has been shown to upregulate
the expression of genes involved in cell survival and prolif-
eration (Goding and Arnheiter, 2019). Consistently, our
in vivo results indicate that MITF-KGR can function as an
inhibitor of pro-proliferative function for MITF. However, it
remains elusive how MITF-KGR suppresses UV-induced in-
flammatory cytokine release. Contrary to our results, a pre-
vious study reported that MITF represses inflammatory
responsiveness by decreasing c-Jun expression (Riesenberg
et al., 2015). At this moment, we cannot rule out the possi-
bility that MITF-KGR suppresses inflammation through its
unknown effect, which leads to the reduction of pigmenta-
tion. In this regard, our results suggest that MITF-KGR might
reduce melanogenesis by the suppression of not only MITF
activity but also inflammation.

Given that dendrite formation in melanocytes is correlated
with melanin production in the transportation of melanosome
first to the dendritic tips and then to the keratinocytes (Scott,
2002; Scott and Cassidy, 1998), it is notable that MITF-KGR
significantly inhibited melanin production, whereas it had no
inhibitory effect on dendrite formation in melanocytes. This
shows that MITF-KGR may only affect MITF-mediated melanin
synthesis by interrupting the interaction of MITF with other
transcription factors but not other cellular responses.

Collectively, we showed that the basic region-derived
peptides of MITF inhibit the expression of the
melanogenesis-related enzymes, namely TYR, TYRP-1, and
TYRP-2, by suppressing the binding of MITF to the promoter
region of the downstream target genes, subsequently block-
ing melanin synthesis (Figure 5g). Furthermore, these pep-
tides blocked the UVB-mediated epidermal thickening in the
mice. These results suggest that the MITF-derived peptide
MITF-KGR has therapeutic potential in MITF-related skin
disorders, including solar lentigo, by suppressing MITF tran-
scriptional activity in human melanocytes.

MATERIALS AND METHODS

Cell culture and transfection

The murine melanoma cell lines, B16F1 and B16F10, were pur-
chased from ATCC (Manassas, VA). The normal human melanocytes
were purchased from Korean Cell Line Bank. Transfection with small
interfering RNA, cell stimulation, and western blotting analysis are
described in the Supplementary Materials and Methods.
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Plasmids
The details of the plasmids used are provided in the Supplementary
Materials and Methods.

Synthesis of MITF-derived peptides

The MITF-derived peptides were synthesized using an automatic
peptide synthesizer (PeptrEX-R48; Peptron, Daejeon, Republic of
Korea), following the manufacturer’s instructions. The synthesized
polypeptides were purified and characterized by reverse-phase high-
performance liquid chromatography (Prominence LC-20AB; Shi-
madzu, Kyoto, Japan) and mass spectrometry (HP1100 Series LC/
MSD; Hewlett-Packard, Palo Alto, CA).

Quantification of melanin content

The effects of UVR on melanogenesis were evaluated using the
B16F1 melanoma cells, following the previously described protocol
with minor modifications (Amoutzias et al., 2008). The details are
described in the Supplementary Materials and Methods.

TYR activity

The TYR activity was determined following a previously described
protocol with minor modifications (Bertolotto et al., 1998). The
details are described in the Supplementary Materials and Methods.

In situ L-DOPA staining

The in situ enzymatic activity of TYR was measured by L-DOPA
staining. The normal human melanocytes were grown on coverslips
and fixed with 4% paraformaldehyde for 15 minutes and per-
meabilized with 0.1% Triton X-100 for 5 minutes. The cells were
washed with PBS and incubated with 0.1% L-DOPA (Sigma-Aldrich,
St. Louis, MO) prepared in PBS (pH 6.8) for 3 hours at 37 °C. The
cells were then rinsed in PBS, and the images were captured using
an Olympus fluoview FV1000 (Olympus, Tokyo, Japan) microscope.

Live-cell fluorescence imaging

The B16F10 cells were cultured in 12-well cell culture plates con-
taining coverslips (diameter: 18 mm) coated with poly-L-lysine
(Sigma-Aldrich) for fluorescence imaging. The cells were tran-
siently transfected with mTyr—GFP or TRPM1-GFP for 24 hours.
Next, the cells were incubated with a-MSH (100 nM) in the presence
of MITF-KGR (10 pM) or control peptide (10 uM) for 24 hours. Live-
cell imaging was performed using the Nikon ATR laser-scanning
confocal microscope (Nikon, Tokyo, Japan) equipped with a heat-
ed stage chamber (LCI, Gyeonggi-do, S. Korea) and supplied with
5% carbon dioxide. Image analysis was performed with the NIS-
Elements AR 3.0 software (Nikon).

Peptide penetration assay

The B16F10 cells were cultured in 24-well plates with 12 mm
coverslips (Paul Marlenfeld GmbH, Lauda-K6nigshofen, Germany).
Alternatively, the cells were transfected with small interfering RNA
against MITF mRNA (Santa Cruz Biotechnology, Dallas, TX). The

;dicated doses (200 mJ/cm?). (b) The photographs indicate the differences in pigmentation between the dorsal skins of the experimental mice. As shown in the
photographs, changes in skin tone are visible. (c) UVB-induced expression of melanogenesis-related proteins (MITF, TYR, TYRP-1, and TYRP-2) was analyzed by
SDS-PAGE. B-Actin was used as a loading control. (d) The skin tissue sections were stained with hematoxylin only to detect UVB-increased melanin (dark brown
dots) in the basal layer of the epidermis. Representative images are shown at x40 magnification. Bar = 20 pm. The bar graph shows the mean + SD (n = 5) of
the intensity of brown dots. Statistical significance between treatment groups is denoted by asterisks: ***P < 0.001. (e) The mouse skin sections were subjected
to H&E staining. Images were captured under identical conditions using a bright-field microscope. Representative images are shown at x 10 magnification.
Bar = 100 pm. The bar graph shows the mean =+ SD (n = 5) of the epidermal thickness. Statistical significance between treatment groups is denoted by asterisks:
**P < 0.01, ***P < 0.001. (f) The relative expressions of MALT-1 and TNF-a. were measured using SABIA software (SABIA, San Diego, CA). Representative
images are shown at x40 magnification. Bar = 20 um. The bar graph shows the mean + SD (n = 5) of the intensity of brown stains on the epidermis. Statistical
significance between treatment groups is denoted by asterisks: ***P < 0.001. (g) MITF-KGR can exhibit an inhibitory effect on melanogenesis by suppressing the
binding of MITF to the promoter regions of TYR, TYRP-1, and TYRP-2. 1,3BG, 1,3-butylene glycol; PIC, preinitiation complex; polll, RNA polymerase II; TYR,
tyrosinase; TYRP-1, tyrosinase-related protein-1; TYRP-2, tyrosinase-related protein-2.
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cells were time-dependently incubated with serum-free DMEM
containing 10 uM of AMC-labeled MITF-KGR at 37 °C. After incu-
bation, the cells were washed with PBS three times. To confirm the
colocalization of MITF and AMC-labeled MITF-KGR, the cells were
stained with anti-MITF antibody and rhodamine-conjugated sec-
ondary antibody. F-actin was detected using FITC-conjugated phal-
loidin. The cells were imaged at an excitation wavelength of 405 nm
using a confocal microscope (Fluoview FV1000; Olympus).

RNA extraction and quantitative real-time reverse
transcriptase—PCR

Total RNA was extracted from the cell lysates using the Total RNA
Purification Kit (NanoHelix, Daejeon, Republic of Korea), and
cDNA was prepared using an RT-premix (ELPIS-Biotech, Daejeon,
Republic of Korea), following the manufacturer’s instructions. The
oligonucleotide primers were purchased from Bioneer (Daejeon,
Republic of Korea). Quantitative real-time reverse transcriptase-PCR
was performed using Rotor-Gene Q (Qiagen, Hilden, Germany). The
details of primers are provided in the Supplementary Table S1. The
PCR products were resolved on 1% agarose gel by electrophoresis
and were visualized under UV light. The target gene expression was
normalized against the expression of the housekeeping gene,
GAPDH. Relative quantification of expression level was performed
using the comparative AAC, method, following the manufacturer’s
instructions.

Western blotting

Western blotting was performed as described previously (Lee et al.,
2017). The details are provided in the Supplementary Materials and
Methods.

ChIP assay

ChIP assay was performed using the ChIP assay kit (Merck Millipore,
Darmstadt, Germany), following the manufacturer’s instructions.
Briefly, the cells were fixed with 1% formaldehyde, and the cell
pellet was sonicated in the lysis buffer. The lysate was centrifuged,
and the supernatant was diluted and precleared with salmon
DNA and/or protein in agarose 50% slurry (Thermo Fisher Scientific,
Waltham, MA) for 30 minutes at 4 °C. The precleared supernatant
was incubated overnight at 4 °C with anti-MITF antibody and isotype
IgG (all from Santa Cruz Biotechnology). The target genes in the
precipitated DNA and input genomic DNA were amplified by PCR
using the following primers: TYR (—404 to +46), forward, 5'-
GAGGCAACTATTTTAGACTGATTACTTT-3  and  reverse, 5'-
GAAGTCTGTGACACTCATTAACCT-3' and TRPMT (—429 to —194),
forward, 5-GAGCAACCAAGCCTGTAAGC-3’ and reverse, 5'-
TCCAGCAAGGTGAAATGTGA-3'. The PCR products were resolved
on a 2% agarose gel and visualized under UV light.

In situ proximity ligation assay

In situ proximity ligation assay was performed using a kit (Duolink In
Situ reagents; O-LINK Bioscience, Uppsala, Sweden), following the
manufacturer’s instructions as described previously (Lee et al., 2017).

Surface plasmon resonance assay

Binding kinetics and affinities of MITF-KGR to recombinant human
MITF (OriGene, Rockville, MD) were assessed using a Pro-
teOnXPR36 (Bio-Rad Laboratories, Hercules, CA). The GLH sensor
chip (Bio-Rad Laboratories) was activated with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride and N-hydrox-
ysulfosuccinimide according to the manufacturer’s instructions.
Recombinant human MITF was successfully immobilized to a sur-
face density of 4,000 response units by injecting 300 pl of 6 ng/ul
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solution (pH 4.5) at a flow rate of 30 pl/min. Kinetic data were ob-
tained by injecting different concentrations of MITF-KGR (from
0.625 to 2.5 UM in PBS with Tween 20 containing T % DMSO) onto
the sensor chip at a flow rate of 100 pl/min, and the association and
dissociation behavior were compared. Peptide binding affinities
were measured and calculated by the response units. The equilib-
rium dissociation constant was derived by a Langmuir model using
the ProteOn Manager software (Bio-Rad Laboratories).

Molecular docking analysis

To determine the binding mode of NH-KGR-NH2 peptide to MITF,
the crystal structure was retrieved from the RCSB Protein Data Bank
(Protein Data Bank Identification: 4ATI). Molecular docking studies
were performed using the Glide software (Schrédinger), which uses
an optimized potential for liquid simulations-2005 force field, and
refinement was carried out as per the recommendations of the
Schrodinger Protein Preparation Wizard (Jacobson et al., 2004,
2002). LigPrep was used to generate three-dimensional structures of
the ligands. The active binding sites of NH-KGR-NH2 were identi-
fied using the modeled protein structure in the SiteMap program of
the Schrodinger software (Halgren, 2009). On a defined receptor
grid, flexible docking was performed using the standard precision
mode of Glide (Friesner et al., 2004). The best docking pose for a
compound was selected on the basis of the best-scoring conforma-
tions obtained from the Glide program.

Reconstructed human skin model

The reconstructed human skin models, Neoderm-M and Neoderm-
ME, were purchased from Tego Science (Seoul, Republic of Korea)
and analyzed according to the manufacturer’s instructions. The de-
tails are provided in the Supplementary Materials and Methods.

In vivo study

Animal experiments were carried out in accordance with the
Declaration of Kangwon National University (Chuncheon, Republic
of Korea) and were approved by a local ethics committee. The details
are provided in the Supplementary Materials and Methods.

Statistical analysis

Statistical significance was tested using the Student’s t-test. The dif-
ference was considered statistically significant when the P-value was
<0.05.
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