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Kazinol U inhibits melanogenesis through the
inhibition of tyrosinase-related proteins via
AMP kinase activation
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BACKGROUND AND PURPOSE

Kazinol U is a prenylated flavan isolated from an extract of Broussonetia kazinoki Sieb (Moraceae). Kazinol U has shown
cytoprotective effects against cytokine-induced apoptotic cell death and induces AMP kinase (AMPK) activation through LKB1
activation. However, kazinol U has not been tested as a regulator of melanogenesis, although bark extract of B. kazinoki has been
used as a cosmetic ingredient for skin conditioning.

EXPERIMENTAL APPROACH

We cultured mouse, human melanoma cells and normal human melanocytes to demonstrate anti-melanogenic effects of kazinol
U. A tyrosinase activity assay, Western blot, RT-qPCR and a luciferase reporter gene assay were performed to determine the anti-
melanogenic mechanisms of kazinol U. We confirmed its effect on melanogenesis in vivo using zebrafish.

KEY RESULTS

Kazinol U inhibited the expression and activity of tyrosinase, the rate-limiting enzyme in melanogenesis, and reduced tyrosinase
expression and activity in response to cAMP-inducing agents. Kazinol U reduced the expression of other melanogenic enzymes,
such as tyrosinase-related protein (Tyrp) 1 and Tyrp2, and down-regulated microphthalmia-associated transcription factor
(MITF), the master regulator of the tyrosinase gene family. Moreover, kazinol U induced phosphorylation of AMPK and MAPK
proteins, which are MITF inhibitors. It also exhibited anti-melanogenic effects in zebrafish, a recently developed in vivo model.

CONCLUSIONS AND IMPLICATIONS

Our findings suggest that kazinol U reduces melanogenesis via its inhibitory effect on MITF and its downstream target genes,
tyrosinase, Tyrp1 and Tyrp2. This work may provide a basis for the application of kazinol U for the treatment of
hyperpigmentation skin disorders.

Abbreviations

a-MSH, a-melanocyte-stimulating hormone; AMPK, AMP kinase; Dct/Trp2, dopachrome tautomerase; MITF,
microphthalmia-associated transcription factor; NHMs, normal human melanocytes; Tyrpl, tyrosinase-related protein 1;
UVR, UV radiation
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Introduction

The visible pigmentation of mammals is determined by the
synthesis and distribution of melanin in the eye, skin and
hair bulbs (del Marmol and Beermann, 1996; Simon et al.,
2009). Melanin is synthesized in the melanosomes of
melanocytes through highly organized pathways and has
various roles in the skin, such as determining its appearance
and protecting it from UV radiation (UVR), toxic drugs and
chemicals (Park et al., 2015; Slominski et al., 2015). Normally,
exposure to solar UVR induces the synthesis of melanin, in
particular black eumelanin, by melanocyte. UV irradiation
increases DNA photoproducts and induces Kkeratinocytes
to secrete various autocrine and paracrine factors.
a-Melanocyte-stimulating hormone (o-MSH) is the
most notable factor and is known as proopiomelanocortin,
gene symbol POMC, which is post-translationally cleaved
into several peptides, such as p-endorphin and o-MSH.
a-MSH activates the melanocortin 1 receptor (MC,
receptor) on the plasma membrane of skin melanocytes and
promotes cAMP-dependent signalling, which finally induces
melanin synthesis. Uncontrolled synthesis or the irregular
distribution of melanin can cause hyperpigmentation
skin disorders, such as age spots and melasma (Slominski
et al., 2000; Slominski et al., 2004; Dessinioti et al., 2009;
Abdel-Malek et al., 2010; Cheli et al., 2010).

Melanin synthesis progresses through a series of
reactions, including several intermediates and substrates.
The non-essential aromatic amino acid L-tyrosine, a precur-
sor of melanin pigment, is hydroxylated to L-DOPA, which
is oxidized to dopaquinone. L-tyrosine can be directly oxi-
dized to dopaquinone. After several enzymatic steps, melanin
pigments are formed. However, many parts of melanin
synthesis are still debatable. It has long been recognized
that these steps are regulated by diverse factors, the
most popular being the tyrosinase gene family, which
includes tyrosinase, tyrosinase-related protein 1 (Tyrpl)
and tyrosinase-related protein 2 (Tyrp2), in melanocytes.
Tyrosinase is a membrane-bound, copper-containing,
glycoprotein and the rate-limiting enzyme in melanin bio-
synthesis; it principally participates in the conversion step
of L-tyrosine and L-DOPA to melanin pigments (Yasumoto
et al.,, 1994; Ando et al., 2007; Yamaguchi et al., 2010;
Slominski et al., 2012). The microphthalmia-associated tran-
scription factor (MITF) is a master regulator of melanocyte
survival and proliferation and plays a crucial role in melano-
genesis as a key regulator of tyrosinase and Tyrp1 (Yasumoto
et al., 1994; Widlund and Fisher, 2003; Abdel-Malek et al.,
2010; Liu and Fisher, 2010). Given that tyrosinase is a crucial
factor for melanin production, various regulators of melanin
synthesis have been studied for treating a variety of hyperpig-
mentation disorders and skin whitening (Ando et al., 2007;
Gillbro and Olsson, 2011; Pillaiyar et al., 2015).

Kazinol U, a prenylated flavan, was isolated from an
extract of Broussonetia kazinoki Sieb (Moraceae), which is
distributed throughout China, Korea and Japan. B. kazinoki
has been used as a diuretic, a tonic and a suppressant of
oedema in Chinese folk medicine (Zhang et al., 2001; Lee
et al., 2010). Several prenylated flavonols, flavanes and
diphenyl propanes from B. kazinoki have been reported to
have cytotoxic, anti-oxidative, anti-inflammatory, anti-
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tumorigenic and tyrosinase inhibitory activities (Baek et al.,
2009; Lee et al., 2010; Kim et al., 2012; Kim et al., 2015).
Kazinol U has been reported to have phytoestrogenic, anti-
inflammatory and cytoprotective activity against cytokine-
induced apoptotic cell death and induce LKB1 activation
(Lee et al., 2010; Bae et al., 2011; Kim et al., 2012). Although
several anti-melanogenic compounds from B. kazinoki have
been evaluated as inhibitors of tyrosinase (Baek et al., 2009),
kazinol U has not been tested as a regulator of melanogenesis.
In this study, we report on the anti-melanogenic activity of
kazinol U in mouse and human melanoma cells and on the
mechanisms related to its inhibitory activity.

Methods

Cell cultures

The B16F10 murine melanoma cell line was obtained from
the American Type Culture Collection (ATCC Cat# CRL-
6475, RRID:CVCL_0159) and cultured in DMEM (Gibco/
Invitrogen, Carlsbad, CA) containing 10% FBS (Gibco/
Invitrogen) and 100 U-mL™" of penicillin/100 pg-mL™" of
streptomycin (Gibco/Invitrogen) at 37°C in a humidified
95% air/5% CO, atmosphere incubator. SK-MEL-2 (RRID:
CVCL_0069), MNT-1 (RRID:CVCL_5624), SK-MEL-5 (RRID:
CVCL_0527), SK-MEL-28 (RRID:CVCL_0526) and M14
(RRID:CVCL_1395) human melanoma cell lines were kindly
provided by Dr Min-Geol Lee (Yonsei University College of
Medicine, Seoul, Republic of Korea), Dr Jin Ho Chung (Seoul
National University College of Medicine, Seoul, Republic of
Korea) and Dr Sukjoon Yoon (Sookmyung Women'’s Univer-
sity, Seoul, Republic of Korea). MNT-1 cells were cultured in
the same conditioned media as B16F10 cells. SK-MEL-2, SK-
MEL-5, SK-MEL-28 and M14 cells were cultured in RPMI11640
(Gibco/Invitrogen). Normal human melanocytes (NHMs)
from the neonatal foreskin of moderately pigmented donors
were purchased from Cascade Biologics/Invitrogen (SKU# C-
102-5C) and cultured in Medium 254 (Cascade Biologics)
supplemented with human melanocyte growth supplement
(Cascade Biologics) at 37°C in a humidified 95% air/5% CO,
atmosphere incubator.

MTTassay

B16F10 cells were seeded in a 96-well plate and incubated for
24 h for stabilization. Then, cells were treated with arbutin,
kazinol U or DMSO for 48 h. After this incubation, cell
viability was determined using 3-(4,5-dimethylthiazol-2-yl)
2,5-diphenyltetrazolium bromide (MTT). The MTT solution
® mg~mL’1) was added to each well, and then cells were
incubated for 3 h at 37°C. The absorbance of the resulting
formazan crystals dissolved in DMSO (200 pL) was measured
using Victor3™ (PerkinElmer, Waltham, MA).

Tyrosinase activity assay

Cells were lysed with 1% Triton X-100 in Dulbecco’s PBS. The
lysates were subjected to repeated freeze/thaw cycles for
complete cell lysis, and the supernatant fractions were
obtained by centrifugation at 10000x g for 5 min at 4°C.
The lysates were made up to the same concentration of
protein using lysis buffer; 90 pL of lysate was reacted with
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10 uL of L-DOPA (10 mM) and incubated for 15-90 min at
37°C. Dopachrome formation was detected by measuring
the absorbance at 475 nm using Victor3 and normalized to
the total amount of protein. The activity was expressed in
comparison with absorbance obtained from the reaction of
L-DOPA with various amounts of mushroom tyrosinase.
The data are shown as a percentage of the value of the
control sample.

RNA isolation and real-time RT-PCR

Total RNA was isolated using TRIzol (Invitrogen) according to
the manufacturer’s instructions. For the RT reaction, first-
strand cDNA was generated using M-MLV reverse transcrip-
tase (Promega, Madison, WI), oligo-(dT) primers and dNTPs
(Bioneer, Daejeon, Republic of Korea). Briefly, 5 pg of total
RNA was reverse transcribed to cDNA. Quantitative real-time
PCR was performed using an ABI StepOnePlus™ real-time
PCR thermal cycler with Power SYBR Green PCR Master Mix
according to the manufacturer’s instructions (Applied
Biosystems, CA). Primer sequences are listed in the Supporting
Information Table S1 (Koo et al., 2010). Target mRNA levels
were normalized to the expression of cyclophilin.

Western blot analysis

Cells were lysed on ice in protein extraction solution
(iNtRON, Daegu, Republic of Korea) for 15 min. The superna-
tant fraction was reserved after centrifugation at 14 000x g for
15 min at 4°C. Total protein was separated by electrophoresis
on an SDS-PAGE gradient gel (8% to 15%) and transferred
onto a PVDF membrane (Amersham Biosciences, Burkes,
UK). The membranes were blocked with Tris-buffered saline
plus 0.05% Tween-20 (TBST) containing 5% skimmed milk
and incubated with primary antibodies overnight at 4°C.
After this incubation, the membranes were washed with TBST
and incubated with HRP-conjugated secondary antibodies.
The blots were visualized with an enhanced chemilumines-
cence system using an Ez-Capture MG (ATTO Corporation,
Tokyo, Japan).

Luciferase reporter assay

The pMITF-Gluc reporter system harbouring the promoter re-
gion (GenBank seq. ID: D82874/502 bp/EcoRI/MITF-sense 5'-
GGCGAATTCCTGCAGTCGGAAGTGGCAGTTA-3/, BamHI/
MITF-anti-sense 5'-GGCGGATCCAGACTATCCCTCCCTCT
ACTTTC-3') of MITF and the pTyrosinase-Gluc reporter
system harbouring the promoter region (GenBank seq. ID:
M27160/398 bp/EcoRI/Tyrosinase-sense 5'-GGCGAATTCCT
CTCATTTGCAAGGTCAAATCA-3/, BamHI/Tyrosinase-anti-
sense  5-GGCGGATCCTTCCTCTAGTCCTCACAAGGT-3')
were Kkindly provided by AmorePacific R&D Institute
(Yongin, Gyeonggi-do, Republic of Korea). For the luciferase
reporter assay, semi-confluent cells grown in 24-well plates
were co-transfected with each luciferase plasmid and the
pCMV-B-galactosidase reporter plasmid using PolyFect trans-
fection reagent (Qiagen, Valencia, CA). Arbutin, kazinol U or
DMSO treatments were applied immediately after transfec-
tion, and IBMX was added 1 h later. After incubation for
18 h, cells were harvested using passive lysis buffer, and the
Gaussia luciferase activity was measured from the culture su-
pernatants using a luminescence microplate reader set (Vic-
tor3) and the Gaussia Luciferase Assay Kit (New England
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Biolabs, Ipswich, MA) according to the manufacturer’s
instructions. B-Galactosidase activity was measured using
the substrate o-nitrophenyl-p-D-galactopyranoside and was
used to adjust for any variability in transfection efficiency.

Knockdown of AMPK by siRNA

The control and AMP kinase (AMPK) siRNAs (Santa Cruz)
were transfected into B16F10 cells using Lipofectamine™
RNAIMAX (Invitrogen).

Measurement of melanin concentration

NHMs were treated with kazinol U or arbutin for the
indicated time points (0-4 days) and harvested. After
centrifugation, the pellets obtained from cells or zebrafish
embryos were dissolved in 1N NaOH/10% DMSO for 2 h at
80°C, and the concentration of solubilized melanin was
determined by measuring the absorbance at 405 nm with
Victor3. The melanin concentration was normalized to the
cell number or the number of zebrafish.

Animals

All zebrafish husbandry and experimental protocols com-
plied with institutional guidelines were approved by the local
ethics boards (Sookmyung Women'’s University Animal Care
and Use Committee, SMWU-IACUC-1712-036), and they
were maintained in the Sookmyung Zebrafish Facility
(Sookmyung Women'’s University, Seoul, Korea). Animal
studies are reported in compliance with the ARRIVE guide-
lines (Kilkenny et al., 2010). Adult AB zebrafish (RRID:
ZFIN_ZDB-GENO-960809-7) were maintained in a 3 L poly-
styrene aquarium tank tanks (15 zebrafish per tank) under
standard conditions at 28.5°C with a 14 h light/10 h dark
cycle (Westerfield, 2007). Food with Artemia nauplii for
adults and rotifers for larvae was fed twice per day. The eggs
were obtained by natural mating with a ratio of two males
to one female in a 1.0 L breeding tank and incubated in em-
bryonic water at 28.5°C with a 14 h light/10 h dark cycle.

In vivo anti-melanogenic assay in zebrafish
Embryos were obtained from natural crosses between the wild
type AB strain fish and raised in embryonic water (sea salt,
0.06 g-L™"). Synchronized 24 hpf (hours post-fertilization)
embryos that were placed in 12-well plates (10 embryos per
well), in 5 mL embryonic water (maintained and changed
daily) were treated with kazinol U, phenylthiourea (PTU),
arbutin or DMSO for 48 h at 28.5°C with a 14 h light/10 h dark
cycle. Embryos were dechorionated by forceps, anaesthetised
in tricaine methanesulfonate solution (0.02%, Sigma-
Aldrich), mounted in 1% methyl cellulose and photographed
under the stereomicroscope (Nikon SMZ1500, Tokyo, Japan).
PTU (200 uM) was used as a positive control. To determine
the tyrosinase activity and melanin contents, 50 zebrafish em-
bryos (total 300 embryos) were treated with either kazinol U,
PTU, arbutin or DMSO from 24 to 72 hpf, anaesthetised in
tricaine methanesulfonate solution and lysed by 1% Triton
X-100 in DPBS. After the centrifugation, the supernatants
were used for determining tyrosinase activity. The pellets were
dissolved in 500 pL of 1N NaOH/10% DMSO for 2 h at 80°C
and used for measuring the melanin concentration.
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Data and statistical analysis

The results were analysed with GraphPad Prism (GraphPad
Prism, Ver# 5, RRID:SCR_002798) statistic software (La Jolla,
CA). All the values are presented as means + SEM and
analysed using ANOVA and the Newman-Keuls post hoc test
when the F value was significant. P < 0.05 was considered
statistically significant.

Materials

Preparation of kazinol U. The air-dried root bark of B. kazinoki
collected from the Gyeonggi Province, Republic of Korea
(voucher specimen no. SPH 07002) (0.6 kg) was extracted for
24 h at room temperature with 2 L of ethanol. The extract
(51 g) was suspended in water and successively partitioned
with n-hexane, EtOAc, CHCl3; and BuOH. The EtOAc
fraction (31 g) was subjected to silica gel column

chromatography eluted with an n-hexane/acetone gradient
system (20:1 — 1:10), and 11 fractions were collected.
Fraction 8 was chromatographed on a RP-C18 column with a
gradient elution of MeOH (30% — 100%) to yield compound
1 (139 mg). Compound 1 was obtained as an oily substance,
and the HREIMS showed the [M]* ion at m/z 326.1516 (calcd
326.1518) corresponded to a molecular formula of CyoH2,04.
The structure of compound 1 was identified as kazinol U as
previously reported (Lee et al., 2010).

Antibodies and chemicals. Antibodies against actin, o-actinin
(Cat# sc-166524, RRID:AB_2257995), tyrosinase (Cat#
sc-15341, RRID:AB_2256771) and anti-rabbit (Cat# sc-2357,
RRID:AB_628497) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against MITF
(Cat# 12590, RRID:AB_2616024), phospho-JNK (Cat# 9251,
RRID:AB_331659) and phospho-AMPK (Cat# 2531, RRID:
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Figure 1

The effect of kazinol U on tyrosinase activity and pigmentation in B16F10 mouse melanoma cells. (A) Schematic of the chemical structure of
kazinol U. (B) Cells were treated with the indicated concentrations of kazinol U or DMSO for 48 h. (C, D) Cells were treated with kazinol U, arbutin
(500 pM) or DMSO for 24 h (C) or 48 h (D, G). (E, F and H, ]) Cells were pretreated with arbutin, kazinol U or DMSO for 3 h before the addition of
IBMX (100 uM) or a-MSH (1 uM) for 48 h (B-F: n=5). (G-I) Cell pellets were photographed using a Canon EOS 60D. One-way ANOVA with a post

hoc Newman-—Keuls test was used for the statistical analysis; *P < 0.05.
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AB_330330) were purchased from Cell Signaling Technology
Inc. (Beverly, MA). Anti-mouse (Cat# A4416, RRID:AB_258167),
a-MSH, IBMX, mushroom tyrosinase, L-DOPA, arbutin,
SP600125 and compound C were purchased from Sigma-
Aldrich (St. Louis, MO).

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmaco-
logy.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Harding et al., 2018), and are
permanently archived in the Concise Guide to PHARMA-
COLOGY 2017/18 (Alexander et al., 2017a,b).

Results

Kazinol U inhibits tyrosinase activity and
melanin synthesis

Kazinol U is a prenylated flavan isolated from the EtOAc
soluble fraction of B. kazinoki. It was identified as a new
phytoestrogen with a novel structure (Lee ef al., 2010)
(Figure 1A). Initially, we determined the cytotoxicity of
kazinol U against B16F10 mouse melanoma cells and MNT-
1 human melanoma cells by the MTT assay (Supporting
Information Figure S1). Up to 20 pM, kazinol U did not affect
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cell viability and exhibited a minimal effect on the viability at
60 uM in B16F10 cells, whereas it did not affect the cell viabil-
ity up to 60 pM in MNT-1 cells. Its effect on the viability of
other human melanoma cell lines was not significant in the
similar concentration range (data not shown). Kazinol U
reduced L-DOPA oxidation of B16F10 cells in a dose-
dependent manner (Figure 1B). Consistently, tyrosinase
mRNA expression was also dose-dependently decreased
(Figure 1C). Arbutin has been known to inhibit L-DOPA
oxidation by mushroom tyrosinase (Yagi et al., 1987) by
reducing melanosomal tyrosinase activity rather than
tyrosinase expression (Parvez et al., 2006; Tada et al., 2014).
We observed that kazinol U more effectively decreases the
tyrosinase activity compared with arbutin at the lower
concentration of 20 uM (Figure 1D). a-MSH is a regulator of
melanocyte differentiation and melanogenesis by binding
to the MC1R on melanocytes, leading to the induction of
intracellular cAMP. The pharmacological agent IBMX is an
inducer of intracellular cAMP (Park and Gilchrest, 1999;
Kim et al., 2008; Jin et al., 2012). To determine whether
kazinol U suppresses tyrosinase activity induced by IBMX or
a-MSH, tyrosinase activity was assessed after co-treatment.
Kazinol U inhibited tyrosinase activity induced by IBMX or
a-MSH with higher efficacy than arbutin (Figure 1E, F) and
inhibited the pigmentation of the cell pellets (Figure 1G).
Moreover, IBMX- or o-MSH-induced cell pigmentation was
also substantially suppressed by kazinol U (Figure 1H, I).
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Figure 2

Inhibition of melanogenic enzyme by kazinol U. (A-C) B16F10 cells were pretreated with arbutin (500 uM), kazinol U (20 pM) or DMSO for 1 h
before treatment with IBMX (100 uM). After treatment with IBMX for 24 h, tyrosinase (A), Tyrp1 (B) and Dct (C) mRNA expressions were mea-
sured by quantitative RT-PCR using specific primers (n = 5). (D, E) Cells were co-transfected with pTyrosinase-Gluc and a p-galactosidase plasmid
and incubated for 18 h. Arbutin, kazinol U or DMSO was added to the cells after transfection. One hour later, the cells were treated with IBMX or
nothing for 18 h before luciferase analysis. The luciferase activities were measured with a luminometer using a dual luciferase assay system
(D: n=6, E: n=5). One-way ANOVA with a post hoc Newman—Keuls test was used for the statistical analysis; *P < 0.05.
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These findings indicate that kazinol U inhibits the endoge-
nous tyrosinase activity, cAMP-induced tyrosinase activity
and cell pigmentation.

Kazinol U represses the expression of
melanogenic enzymes

Tyrosinase is stabilized by the expression of tyrosinase and
Tyrpl, and dopachrome tautomerase (Dct) and Tyrpl
induce melanogenesis (Kobayashi ef al., 1994; Kobayashi
et al., 1998; Manga et al., 2000). To determine whether the
inhibition of tyrosinase activity by kazinol U was caused
by the modulation of the tyrosinase gene family, RT-qPCR
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Figure 3

was performed. Kazinol U inhibited the mRNA levels of
tyrosinase, Tyrpl and Dct and suppressed IBMX-induced
expression of the tyrosinase gene family (Figure 2A-C).
Kazinol U suppressed tyrosinase protein levels and IBMX-
or o-MSH-induced tyrosinase expression (Supporting
Information Figure S2A-C). Consistent with the qPCR
results, kazinol U repressed the basal and IBMX-induced
tyrosinase promoter activity more effectively compared with
arbutin (Figure 2D, E). Taken together, these results suggest
that kazinol U efficiently reduces the tyrosinase expression
and its promoter activity as well as the expression of
tyrosinase-related proteins in the presence of melanogenic
inducers.
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for 6 h (B, C) or 24 h (D). (A-C) MITF expression was detected by Western blot analysis (A: n=5, B and C: n = 7). (D) MITF mRNA expression
was measured by quantitative RT-PCR using specific primers (n = 5). (E, F) Cells were co-transfected with pMITF-Gluc and a p-galactosidase
plasmid. The treatment condition was the same as in Figure 2. The changes in luciferase activity with respect to the DMSO-control were calculated
(Eand F: n=6). One-way ANOVA with a post hoc Newman-Keuls test was used for the statistical analysis; *P < 0.05.
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Kazinol U reduces the expression and
transcriptional activation of MITF

MITF plays a crucial role in melanogenesis as a key
transcriptional regulator of tyrosinase and tyrosinase-related
proteins. Thus, we further investigated whether kazinol U
regulates MITF expression. Interestingly, MITF protein levels
were inhibited by kazinol U. In addition, IBMX- and
o-MSH-induced MITF expression was also inhibited by
kazinol U (Figure 3A-C). Kazinol U also down-regulated the
basal and IBMX-induced MITF mRNA levels in RT-qPCR
experiments in B16F10 mouse melanoma cells (Figure 3D).
Furthermore, the effect of kazinol U on MITF expression
was also observed in several human melanoma cell lines,
including MNT1, M14, SK-MEL-2, SK-MEL-5 and SK-MEL-28
(Supporting Information Figure S3A-J). To verify whether
kazinol U affects the transcriptional activation of MITF,
reporter gene assays were performed. In accordance with the
RT-qPCR results, kazinol U suppressed basal and IBMX-
induced MITF transcriptional activation (Figure 3E, F). These
results collectively indicate that kazinol U suppresses MITF
expression and its transcriptional activation.

Kazinol U induces AMPK and JNK protein
phosphorylation

MITF expression or stability is regulated by several pathways
(Singh et al., 2005; Kono et al., 2006; Baek and Lee, 2015). In
a previous study, we reported that melanogenesis is regulated
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by JNK phosphorylation (Lim et al., 2016). It has recently
been reported that kazinol U induces LKB1, an upstream
kinase of AMPK (Kim et al., 2012). Moreover, the correlation
between AMPK activity and MITF expression has been
reported in melanoma (Borgdorff et al., 2014; Lehraiki et al.,
2014). However, the relationship between AMPK activity
and melanogenesis has not been established to date. To
identify the protein involved in melanogenesis and MITF
inhibition by kazinol U, western blot analysis was performed.
Interestingly, kazinol U significantly induced AMPK and JNK
phosphorylation in B16F10 cells (Figure 4A). Consistent with
these results, kazinol U increased the AMPK and JNK
phosphorylation in human melanoma cell lines, whereas
arbutin failed to increase the phosphorylation (Figure 4B-D
and Supporting Information Figure S4), indicating that
arbutin and kazinol U use different mechanisms for melano-
genesis regulation. Furthermore, when we treated cells with
compound C (AMPK inhibitor, dorsomorphin), the expres-
sion of MITF and tyrosinase markedly increased in parallel
with the decrease in AMPK phosphorylation, which was
partially reversed by co-treatment with kazinol U in B16F10
cells (Figure SA-C). We also confirmed these effects in human
melanoma cell lines (Supporting Information Figure SSA-F).
In fact, compound C significantly induced tyrosinase activity
that was suppressed by kazinol U in B16F10 cells (Figure 5D).
In addition, we transfected cells with AMPK siRNA to elimi-
nate off-target effects of compound C and found that kazinol
U partially increased siAMPK-inhibited phosphorylation of
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The effect of kazinol U on AMPK and JNK phosphorylation. (A-D) Cells were treated with kazinol U (20 uM) for the indicated time points. AMPK
and JNK phosphorylations were analysed by Western blot in B16F10 (A), M14 (B), SK-MEL-2 (C) and SK-MEL-28 (D) melanoma cells (A-D: n=5).
One-way ANOVA with a post hoc Newman-Keuls test was used for the statistical analysis; *P < 0.05.
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for the statistical analysis; *P < 0.05.

AMPK without changes in total AMPK levels. In accordance
with AMPK phosphorylation, siAMPK-induced MITF expres-
sion was reduced by kazinol U (Figure SE, F).

To investigate whether JNK is also involved in
anti-melanogenic effects by kazinol U, the JNK inhibitor
SP600125 was used. Kazinol U reversed the inhibition of
JNK phosphorylation by SP600125 and suppressed MITF
and tyrosinase up-regulation by SP600125 (Figure 6A-C).
Moreover, SP600125-induced reduction in the phos-
phorylation of c-Jun, a JNK downstream protein, was blocked
by kazinol U (Supporting Information Figure S6A). In
accordance with these results, SP600125-induced tyrosinase
activity, and the pigmentation of cell pellets was also reduced
by kazinol U (Figure 6D, E). It has been reported that ERK
and p38 participate in melanogenesis via MITF and
tyrosinase regulation (Bellei ef al., 2010; Baek and Lee, 2015;
Zhou et al., 2017). We found that kazinol U significantly
increased p38 and ERK phosphorylation in B16F10 and SK-
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MEL-28 cells (Supporting Information Figure S6B,C). Kazinol
U restored p38 and ERK phosphorylation that was reduced by
a treatment with SB203580 (p38 inhibitor) or PD98059
(ERK inhibitor) and suppressed MITF expression induced by
SB203580 or PD98059 (Supporting Information Figure
S6D-G). Taken together, our findings suggest that kazinol U
exhibits anti-melanogenic effects through the induction of
AMPK and MAPK phosphorylation.

Kazinol U reduces melanogenesis in NHMs

To investigate whether kazinol U could reduce melanogenesis
in NHMs, the cells were treated with kazinol U or arbutin.
Kazinol U or arbutin did not affect the cell morphology of
NHMs and showed no significant toxicity with treatment for
4 days (Supporting Information Figure S7A). Kazinol U
inhibited both tyrosinase expression and activity in NHMs,
whereas arbutin reduced tyrosinase activity alone (Figure 7A, B).
As expected, kazinol U and arbutin inhibited MITF expression
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The effect of kazinol U on SP600125-induced MITF and tyrosinase expression. (A) B16F10 cells were treated with kazinol U or DMSO for 30 min
and cultured with SP600125 (20 uM) for 30 min. (B) After pretreatment with kazinol U or DMSO for 1 h, cells were treated with SP600125 for 7 h.
(C) Cells pretreated with kazinol U or DMSO for 3 h were treated with SP600125 for 24 h. [NK phosphorylation and MITF and tyrosinase expres-
sion were detected by Western blot analysis (n>5). (D and E) Cells were pretreated with kazinol U (20 uM) or DMSO for 3 h before the addition of
SP600125 (20 uM) for 48 h. Tyrosinase activity was determined by measuring dopachrome formation. Cell pigmentation was photographed
using a Canon EOS 60D (A-D: n=5). One-way ANOVA with a post hoc Newman—Keuls test was used for the statistical analysis; *P < 0.05.

(Figure 7C) and kazinol U repressed IBMX- or a-MSH-induced
MITF expression (Figure 7D, E). In accordance with the previous
data using mouse and human melanoma cells, kazinol U induced
phosphorylation of AMPK, JNK and cJun in NHMs and
increased p38 and ERK phosphorylation (Figure 7F and
Supporting Information Figure S7B). Kazinol U also suppressed
compound C- or SP600125-induced MITF expression in NHMs
(Supporting Information Figure S7C-F). Finally, the melanin
content and tyrosinase activity were reduced by kazinol U in a
time-dependent manner (Figure 7G and Supporting Information
Figure S7G), suggesting that kazinol U displays a remarkable anti-
melanogenic effect even in NHMs.

Kazinol U suppresses melanogenesis in a
zebrafish model

Zebrafish can be used as a whole animal model for
phenotype-based screening of melanogenic inhibitors or
stimulators (Choi et al., 2007). Zebrafish have several advan-
tages, including the cost-effectiveness, small body size,
short-life spans, transparent embryos and physiological
similarity to mammals (Malafoglia et al., 2013; Baek and
Lee, 2015; Wu et al., 2015). Kazinol U was added to the
embryo media for 48 h during embryonic development, and
whole embryos were photographed under the stereomicro-
scope (Figure 8A). Kazinol U, but not arbutin, significantly

suppressed melanogenesis in a dose-dependent manner in
zebrafish compared with the control group (Figure 8B).
Phenylthiourea commonly used for inhibiting the melaniza-
tion of zebrafish embryos showed the strongest effect at
standard concentrations of 0.2 mM. Remarkably, kazinol U
inhibited melanogenesis in the whole body compartments
of zebrafish where melanin is generated. Of note, although
the number of melanin-containing granules in zebrafish was
not significantly altered, melanin content was reduced by
kazinol U (Figure 8C and Supporting Information Figure S8).
Defects in the developmental processes were not observed at
kazinol U concentrations less than 50 puM. Furthermore,
tyrosinase activity in whole body lysates was suppressed by
kazinol U in a dose-dependent manner (Figure 8D). These
results suggest that kazinol U clearly inhibits melanogenesis
not only in vitro but also in vivo.

Discussion

Kazinol U from B. kazinoki Sieb (Moraceae) plants exhibits a
variety of pharmacological activities (Baek ef al., 2009; Lee
et al., 2010; Kim et al., 2012; Kim et al., 2015). Baek et al.
reported tyrosinase inhibitory effects of some compounds
from this plant (Hwang and Lee, 2007; Baek et al., 2009),
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but detailed signalling mechanisms were not studied.
Although remarkable tyrosinase inhibitors have been iso-
lated from the wood and bark of the genus Broussonetia, each
compound shows very weak whitening effects compared to
the extracts. Kazinol U has been identified as a novel
phytoestrogenic substance from B. kazinoki, and its effects
on cytokine-induced apoptotic cell death and LKB1 activa-
tion of kazinol U have been reported (Lee et al., 2010; Bae
et al., 2011; Kim et al., 2012). In this study, we evaluated the
anti-melanogenic activity of kazinol U in B16F10 mouse
melanoma cells and several human melanoma cells, includ-
ing SK-MEL-2, SK-MEL-5, SK-MEL-28, M14 and MNT-1.
Kazinol U remarkably inhibited melanogenesis through the
inhibition of tyrosinase and tyrosinase-related proteins
compared with arbutin. In accordance with these findings,
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itinhibited the expression of melanogenic enzymes and their
enzymatic activity to reduce cell pigmentation. The higher
activity of kazinol U compared to arbutin might partially re-
sult from the enhanced cell permeability assisted by the
prenyl group in the structure (Kim ef al., 2012). Although
we did not assess the melanin synthesis in all five human
melanoma cells, our findings clearly showed that key signal-
ling pathways for melanin synthesis can be similarly
interrupted by treatment with kazinol U.

AMPK is a highly conserved energy sensor related with
growth and metabolism (Mihaylova and Shaw, 2011). AMPK
signalling is directly or indirectly correlated with cAMP,
CREB, AKT, p38 MAPK and ERK, which are associated with
melanogenesis through MITF in melanocytes and melanoma
and with metabolic pathways in various cells, including
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cancer cells (Horike et al., 2008; Mihaylova and Shaw, 2011;
Pylayeva-Gupta ef al., 2011; Sanchez et al., 2012; Kim and
He, 2013; Hardie and Ashford, 2014). Forskolin, an activator
of adenylyl cyclase (AC), and IBMX, a cAMP inducer, phosphor-
ylate the s485/491p site on AMPKa, leading to the inhibition of
phosphorylation of the T172p site on AMPK, which is critical
for AMPK kinase activity and is phosphorylated by LKB1 or
CaMKK, an AMPK upstream kinase (Hurley et al., 2006).
Nevertheless, the effect of AMPK activation on melanogenesis
has rarely been reported. Previous reports demonstrated the
anti-melanogenic effect of metformin, which is an AMPK acti-
vator. Although metformin was shown to be an AMPK-
independent inhibitor of melanogenesis, the AMPK-dominant
negative form or siAMPK transfection caused MITF induction
in NHMs and Mel501 human melanoma cells (Lehraiki
et al., 2014). In contrast, suppression of AMPK inhibits MITF
in primary human melanocytes that ectopically express
BRAF*®" and HA-MITF. siAMPK transfection reduced HA-

MITF expression, and compound C induced p-HA-MITF, which
leads to MITF degradation. These results indicate that AMPK in-
hibition decreases MITF expression through ERK inactivation
(Borgdortf et al., 2014). However, we observed that MITF expres-
sion and tyrosinase activity and expression were increased by
compound C in numerous melanoma cells. Moreover, siAMPK
treatment induced MITF expression in B16F10 mouse mela-
noma cells. Therefore, a further in-depth study on how AMPK
activation is involved in MITF regulation is needed.

As we reported previously, JNK phosphorylation is
involved in anti-melanogenesis (Lim et al., 2016). Kazinol U
also induced JNK phosphorylation in several melanoma cells,
whereas ERK and p38 MAPK phosphorylation showed
differential expression patterns in each melanoma cell.
Moreover, SP600125, a JNK inhibitor, induced MITF, tyrosi-
nase expression and activity, and cell pigmentations, but
kazinol U remarkably reversed these effects. A similar effect
was found in experiments using p38 and ERK inhibitors,
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indicating that MAPKs are strongly involved in the anti-
melanogenesis effects of kazinol U. Finally, kazinol U also
suppresses zebrafish melanogenesis in a dose-dependent
manner. Interestingly, it inhibited melanogenesis in whole
body compartments of the zebrafish. Since zebrafish have
visualizing pigmented cells on the skin and conserved
features among zebrafish melanophores and human melano-
cytes, they are an excellent model for studying melanocyte
development and diseases. While the migration of neural
crest cells to the final destination is distinct from mice, chicks
and zebrafish (Hou et al., 2006; Kelsh et al., 2009), most char-
acteristics for skin structures and melanocyte biology, such as
role of MITF in melanocyte development and transcriptional
regulation of differentiation into melanocytes, are conserved
in mammals and zebrafish (Le Guellec et al., 2004; Fuchs and
Horsley, 2008; Kelsh et al., 2009; Mort et al., 2015; Kaufman
et al., 2016). Thus, the pigmentation pattern of the zebrafish
model facilitates studies on melanogenesis and melanocyte
development, and this model can be used for pharmacologi-
cal agent screening, biochemical stability testing and in vivo
cytotoxicity assessments (Wu et al., 2015).

In summary, kazinol U exhibited anti-melanogenic activity
through the inhibition of MITF expression; inactivation of its
downstream target genes, tyrosinase, Tyrpl and Dct; and
activation of AMPK and MAPK proteins (Supporting Informa-
tion Figure S9). These findings indicate that kazinol U might
be therapeutically and cosmetically applied for several hyper-
pigmentation skin disorders and skin whitening.
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