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Abstract: Skin hypopigmentation, which is observed in albinism or vitiligo, occurs when melanin synthesis is decreased
by genetic, epigenetic, and other factors. To identify drug candidates that can promote melanin synthesis in cells, we
screened an epigenetic modulator library consisting of 141 cell-permeable, small molecule drugs. B16/F10 murine melanoma
cells were treated with each drug at 0.1 #M and melanin synthesis and cell viability were subsequently monitored. As
a result, (—)-neplanocin A, 3-deazaneplanocin A (DZNep), and DZNep hydrochloride were found to increase cellular melanin
synthesis without causing cytotoxicity. Because these three structurally related drugs exhibited similar dose-dependent effects
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on melanin synthesis and cell viability, DZNep was selected as a representative drug for additional experiments. DZNep

increased intracellular melanin content and tyrosinase (TYR) activity. DZNep also induced the expression of TYR,
tyrosinase-related protein 1 (TYRP1), and dopachrome tautomerase (DCT) at the mRNA and protein levels. DZNep also
induced the mRNA and protein expression of microphthalmia-associated transcription factor (MITF), a key regulator of

melanin synthesis. DZNep is a specific inhibitor of S-adenosylhomocysteine hydrolase and it caused the accumulation

of S-adenosylhomocysteine that inhibits histone methyltransferases in cells. This study suggests that melanogenesis can

be modulated by targeting S-adenosylhomocysteine hydrolase in certain cellular contexts.
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1. Introduction

Pigmentary disorders resulting from over-, or under-production
of melanin represent a significant research area in dermatology,
not only for aesthetics but also from a clinical viewpoint[1,2].
Hyperpigmentation occurs when melanin synthesis is
abnormally increased in certain circumstances[3]. Melanin
synthesis and accumulation may be caused by inflammation
and intrinsic or photo-aging of the skin[4]. Hypopigmentation
occurs when melanin synthesis is reduced by genetic or
epigenetic variations, as in the cases of albinism and
vitiligo[5,6]. Although skin pigmentary disorders are not
considered life-threatening, they can cause severe mental stress
and significantly diminish the quality of life[7].

Melanin synthesis begins with the tyrosinase (TYR)-catalyzed
oxidation of L-tyrosine or L~dihydroxyphenylalanine (DOPA),
followed by the production of pheomelanin or eumelanin
depending on the intermediate process[8-10]. Microphthalmia-
associated transcription factor (MITF) plays a primary role in
inducing gene expression of melanogenic enzymes such as
TYR, tyrosinase-related protein 1 (TYRPI), and dopachrome
tautomerase (DCT) in response to various stimuli[11]. Various
approaches have been tried to modulate melanin synthesis and
pigmentation using peptides, amino acids, and their
analogs[12]. In addition, various natural and synthetic products
have been shown to suppress or promote melanin synthesis
and pigmentation[13-17].

Inherited skin color is largely determined by genetic traits
such as polymorphisms in the solute carrier family 24 member
5 (SLC24A5) and solute carrier family 24 member 5 (SLC24A5)
genes|18,19]. Epigenetic mechanisis, such as DNA methylation,
histone modification, and microRNA expression also contribute

o) &5} 4E8k 3] %), A47A Al 2 &, 2021

to long-term changes in skin color[20]. Recent studies have
shown that melanin synthesis may be regulated by various
epigenetic modulators. For example, S-azacytidine, a DNA
methylation inhibitor, reduced melanin levels in Mel-Ab cells
by downregulating MITF and its regulatory target, TYR[21].
Histone deacetylase inhibitors including trichostatin A repress
cellular melanin synthesis through transcriptional downregulation
of the melanocyte-specific isoform of MITF (M-MITF) in
melanocytes and melanoma, and topical treatment of trichostatin
A decreased skin pigmentation in mice[22]. Among the
microRNAs, miR-125b, which targets SRC homology 3 domain-
binding protein 4 (SH3BP4), decreased melanin levels[23,24].

Previously, we screened an epigenetic modulator library to
identify new drug candidates that can suppress cellular melanin
synthesis[25]. In the present study, we used the same drug
library for screening assays, but for a different purpose to
identify drug candidates that can promote cellular melanin
synthesis. As a result, 3-deazaneplanocin A (DZNep) and other
structurally related drugs were found to promote cellular
melanin synthesis. DZNep was shown to induce the expression
of melanogenic enzymes, such as TYR, through a mechanism
mediated by MITF. DZNep is a specific inhibitor of
S-adenosylhomocysteine hydrolase and it caused the accumulation
of S-adenosylhomocysteine in the treated cells[26,27]. This
study suggests that melanogenesis can be modulated by
targeting S-adenosylhomocysteine hydrolase in certain cellular
contexts.

2. Materials and Methods

2.1. An Epigenetic Screening Library
An epigenetic screening library (Item No. 11076), purchased



from Cayman Chemical (USA), was used in the preliminary
screening assays. The library contained 141 cell-permeable,
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Table 1. Epigenetic screening library used in this study
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Code CAS number Drug name Code CAS number Drug name

1 21293-29-8 (+)-Abscisic acid 38 1020149-73-8 SGI-1027

2 3544-24-9 3-Amino benzamide 39 2353-33-5 Decitabine

3 929016-96-6 SB939 40  1300031-49-5 I-BET151

4 950762-95-5 PCI 34051 41 1268524-70-4 (H)-JQI

5 1219807-87-0 4-lodo-SAHA 42 1268524-71-5 (Al

6 410536-97-9 Sirtinol 43 160003-66-7 BSI-201

7 328968-36-1 C646 44 86-55-5 1-Naphthoic acid

8 1239262-52-2 Tubastatin A (trifluoroacetate salt) 45 1716-12-7 Sodium 4-phenylbutyrate
9 78824-30-3 Garcinol 46 459868-92-9 Rucaparib (phosphate)
10 476-66-4 Ellagic acid 47 5852-78-8 10X1

11 287383-59-9 Scriptaid 48  1271738-62-5 MI-2 (hydrochloride)
12 183506-66-3 Apicidin 49 1934302-23-4 Ml-nc (hydrochloride)
13 83209-65-8 HC toxin 50 95058-81-4 Gemcitabine

14 1238673-32-9 UNCO0321 (trifluoroacetate salt) 51 192441-08-0 Lomeguatrib

15 72877-50-0 (-)-Neplanocin A 52 1216744-19-2 GSK4112

16  1373232-26-8 Cl-amidine (hydrochloride) 53 876150-14-0 Octyl-a-ketoglutarate
17 877617-46-4 F-amidine (trifluoroacetate salt) 54 1596-84-5 Daminozide

18  1256375-38-8 JGB1741 55 1797832-71-3 GSK-J1 (sodium salt)
19 1260635-77-5 coumarin-SAHA 56  2108665-15-0 GSK-J2 (sodium salt)
20 1260907-17-2 I-BET762 57 1797983-09-5 GSK-J4 (hydrochloride)
21 1255580-76-7 UNCO0638 58  112522-64-2 CI-994

22 880487-62-7 Phthalazinone pyrazole 59 2108899-91-6 CPTH2 (hydrochloride)
23 961-29-5 Isoliquiritigenin 60 33419-42-0 Etoposide

24 1207113-88-9 CCG-100602 61 111358-88-4 Lestaurtinib

25 1243583-88-1 CAY10669 62 778649-18-6 Butyrolactone 3

26 3690-10-6 Zebularine 63 1069-66-5 Valproic acid (sodium salt)
27 528-53-0 Delphinidin (chloride) 64 380315-80-0 Tenovin-1

28 732302-99-7 ITF 2357 65  1011557-82-6 Tenovin-6

29  1320288-19-4 UNC0631 66 156-54-7 Sodium butyrate

30 1320288-17-2 UNC0646 67  1808255-64-2 BIX01294 (hydrochloride hydrate)
31  1310877-95-2 Methylstat (hydrate) 68 16611-84-0 Anacardic acid

32 120964-45-6 3-Deazaneplanocin A (hydrochloride) 69  304896-28-4 AGK2

33 129-46-4 Suramin (sodium salt) 70 1045792-66-2 CAY10603

34 98-92-0 Nicotinamide 71 5690-03-9 Splitomicin

35 207671-42-9 2,4-Pyridinedicarboxylic Acid 72 174664-65-4 CBHA

36 1403764-72-6 PFI-1 73 251456-60-7 M 344

37 320-67-2 5-Azacytidine 74 151720-43-3 Oxamflatin
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Table 1. Continue

Code CAS number Drug name Code CAS number Drug name
75 1105698-15-4 Salermide 109 199596-05-9 JIB-04
76 299953-00-7 Mirin 110 1477949-42-0 CAY10683
77 937039-45-7 Pimelic diphenylamide 106 111 1346574-57-9 GSK126
78 940943-37-3 KD 5170 112 1446144-04-2 CPI-203
79  404950-80-7 Panobinostat 113 154-42-7 6-Thioguanine
80  209783-80-2 MS-275 114 1252003-15-8 Tubastatin A
81  926908-04-5 HNHA 115 1968-05-4 3,3’-Diindolylmethane
82 48208-26-0 RG-108 116 202590-98-5 OTX015
83 10302-78-0 2°,3’,5’-triacetyl-5-azacytidine 117 2140-61-6 5-Methylcytidine
84 979-92-0 S-adenosyl homocysteine 118  304896-21-7 AGK7
85  1197196-48-7 UNCO0224 119 838-07-3 5-Methyl-2’-deoxycytidine
86  743420-02-2 Chidamide 120 1380288-87-8 EPZ5676
87  537049-40-4 Tubacin 121 852475-26-4 MC 1568
88 102052-95-9 3-Deazaneplanocin A (DZNep) 122 40951-21-1 a-Hydroxyglutaric acid (sodium salt)
89 58944-73-3 Sinefungin 123 52248-03-0 S-(5’-adenosyl)-L-methionine (tosylate)
90  382180-17-8 Pyroxamide 124 1044870-39-4 RVX-208
91 5262-39-5 N-oxalylglycine 125 1012054-59-9 CUDC-101
92 890190-22-4 WDR5-0103 126 404951-53-7 LAQS24
93 1396772-26-1 EPZ005687 127 300816-11-9 Nullscript
94 1561178-17-3 SGC0946 128  1431368-48-7 GSK-LSD1 (hydrochloride)
95  1415800-43-9 UNCI215 129  1357389-11-7 RGFP966
9  420831-40-9 AK-7 130 1440209-96-0 BRD73954
97  1346704-33-3 GSK343 131 501-36-0 Trans-resveratrol
98  1619994-69-2 Bromosporine 132 89464-63-1 DMOG
99  1619994-68-1 GSK2801 133 58880-19-6 Trichostatin A
100 14513-15-6 SIRT1/2 inhibitor IV 134 193551-00-7 CAY10398
101 2147701-33-3 I-CBP112 (hydrochloride) 135  1418131-46-0 RSC-133
102 1613695-14-9 SGC-CBP30 136 537034-17-6 BML-210
103 1481677-78-4 UNC0642 137 10083-24-6 Piceatannol
104 1431612-23-5 UNC1999 138 839699-72-8 CAY10591
105 1627607-87-7 (R)-PFI-2 (hydrochloride) 139 848193-68-0 EX-527
106 1429651-50-2 HPOB 140 149647-78-9 SAHA
107 96017-59-3 2-Hexyl-4-pentynoic acid 141 1986-47-6 2-PCPA (hydrochloride)
108  1819363-80-8 PFI-3

2.2. Reagents

3-Deazaneplanocin A (DZNep) was purchased from Cayman
Chemical (USA). Forskolin (Fsk) was purchased from were
purchased from Sigma-Aldrich (USA).
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2.3. Cell Culture

Cells were cultured at 37 C under humidified air containing
5% CO, in a closed incubator. Murine melanoma B16/F10
cells (ATCC CRL-6475) were purchased from the American
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Type Culture Collection (USA) and cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
(Gibco BRL, USA) and 1% antibiotics (100 U/mL penicillin,
0.1 mg/mL streptomycin, 0.25 g/mL amphotericin B (Thermo
Fisher, USA)).

2.4, Screening Assay for Melanin Synthesis

B16/F10 cells were seeded into 96 well culture plates (5 x
10° cells per well) and incubated for 24 h. The cells were
then treated with 0.1 /M of test drugs. Following drug
treatment, overall melanin synthesis was estimated by
measuring the optical density (OD) of each well (cells plus
medium, without cell lysis) at 400 nm every 24 h up to 3
days using a Spectrostar Nano microplate reader (BMG
LABTECH GmbH, Germany).

2.5. Cell Viability Assay

Cell viability was estimated using 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide (MTT)[28,29]. The attached
cells were washed with PBS and incubated in a 100 (L
growth medium containing 1 mg/mL MTIT (Amresco, USA)
for 2 h at 37 C. After removing the medium, cells were
extracted with 100 (L dimethyl sulfoxide and the OD was
measured at 570 nm. Viable and dead cells were counted by
the trypan blue exclusion assay[30]. Cells were harvested by
trypsinization followed by centrifugation. The cells were
suspended in a culture medium and mixed with 0.1% trypan
blue solution (Sigma-Aldrich) at a one-to-one ratio. The
numbers of stained dead cells and unstained viable cells were

counted on a hemocytometer under a microscope.

2.6, Melanin and Protein Content Assays

The content of intracellular melanin was determined as
previously described[28,29]. Cells were seeded into 6 well
culture plates (1.0 x 10° cells per well) and incubated for 24
h. Then, the cells were treated with various concentrations of
the test drugs for 72 h. The melanin was extracted from the
cells with 1.0 N sodium hydroxide at 60 C for 60 min.
Melanin contents were determined by measuring the OD at
400 nm and normalized to the total protein content of the
cells. The protein contents were determined using DC protein
assay (Bio-Rad, USA).

N
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2.7. Cellular TYR Activity Assay

After treatment of BI6/F10 cells with drug, the TYR activity
of cell lysates was determined by an indirect spectrophotometric
method using L-tyrosine plus L-3,4-dihydroxyphenylalanine
(L-DOPA) as the substrate[31,32]. Cells were extracted with
an ice-cold lysis buffer containing 10 mM Tris-HCl (pH 7.4),
120 mM NaCl, 25 mM KCl, 2.0 mM EGTA, 1.0 mM EDTA,
0.5% Triton X-100, and a protease inhibitor cocktail (Roche,
Germany), followed by centrifugation at 13,000 x g for 15
min at 4 C to obtain a supernatant. The reaction mixture
(200 ¢4) consisting of 100 mM sodium phosphate buffer (pH
6.8), 1.0 mM L-tyrosine, 42 (M L-DOPA, and cell lysate (40
g protein) was incubated at 37 ‘C. Changes in the OD at
475 nm were measured for the reaction mixture with cell
lysates over time and corrected for the values obtained from
the control reaction without cell lysates. The relative enzyme
activity was calculated using the following formula: activity
(percentage of the control) = (C-D)/(A-B) x 100, where A
and B represent the OD changes of the control group over
time, with and without cell lysates, respectively, while C and
D represent the OD changes of the test group over time, with
and without cell lysates, respectively.

2.8. Western Blot Analysis

Western blot analysis was performed as previously
described[28, 33]. The primary antibody for TYR (#127217)
was purchased from MyBioSource (USA), the primary
antibodies for TYRP1 (#10443) and [3-actin (#47778) were
purchased from Santa Cruz Biotechnology (USA), and the
primary antibody for DCT (#74073) was purchased from
Abcam (UK). Anti-rabbit IgG (#2357) and anti-goat IgG
(#2020) secondary antibodies were purchased from Santa Cruz
Biotechnology, and anti-mouse IgG (#7076) secondary antibody
was purchased from Cell Signaling Technology (USA).
Antibodies were diluted in TBST (137 mM Sodium Chloride,
20 mM Tiis, 0.1% Tween 20, pH 7.6.) containing 5% bovine
serum albumin (BSA).

After BI16/F10 cells were incubated with drugs, cell lysates
were prepared using a lysis buffer consisting of 10 mM
Tris-Cl (pH 7.4), 120 mM NaCl, 25 mM KCl, 2 mM EGTA,
1 mM EDTA, 0.5% Triton X-100, and a protease inhibitor

cocktail. These cell lysates were used for the measurement of
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TYR, TYRP1, and DCT expression. To determine MITF
expression, cell lysates were prepared using RIPA buffer
consisting of 25 mM Tris-HCI (pH 7.6), 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), and protease inhibitor cocktail. Each cell lysate (30 ug
protein) was mixed with 5 x SDS-PAGE loading buffer and
heated at 95 C for 5 min to denature the protein. Proteins
were separated by SDS-polyacrylamide gel electrophoresis at
100 V on a gel containing 10% polyacrylamide and the
proteins were transferred overnight at 4 C to a polyvinylidene
difluoride membrane (Amersham Pharmacia, UK). After
blocking the membranes with TBST (137 mM Sodium
chloride, 20 mM Tris, 0.1% Tween 20, pH 7.6.) containing
5% skim milk at room temperature for 1 h, the membrane
was incubated with 1:1000 dilution of the primary antibody
overnight at 4 C followed by incubation with 1:2000 dilution
of the secondary antibody conjugated with horseradish
peroxidase for 1 h at 25 C. Antibody dilution buffer was
TBST containing 5% bovine serum albumin (BSA). The target
protein bands were detected by chemiluminescence using a
picoEPD Western Reagent Kit (ELPIS-Biotech, Korea) and
the blots were densitometrically analyzed using the NIH
Image J program (USA).

2.9. Quantitative Reverse Transcription—Polymerase
Chain Reaction (QRT—PCR) Analysis
After treatment of BI6/F10 cells with drugs, cellular
mRNA was extracted using the RNeasy kit (Qiagen, USA),
and complementary DNA (cDNA) was synthesized from 1 ug

il

of RNA by reverse transcription using the cDNA kit
(High-Capacity ¢cDNA Archive Kit, Applied Biosysterms, USA).
The qRT-PCR analysis was performed with the S’[epOnePlusTM
Real-time PCR System (Applied Biosystems). The reaction
mixture (20 ¢4) consisted of SYBR Green PCR Master Mix
(Applied Biosystems), cDNA (60 ng), and gene-specific primer
sets (2 pmol) (Macrogen, Korea). The primer sequences are
shown in Table 2.

Thermal cycling parameters for PCR were set as follows:
initial incubation at 50 C for 2 min, DNA polymerase
activation at 95 C for 10 min, 40 anplification cycles (annealing
and extension at 60 C for 1 min and melting at 95 C for
15 s), and a dissociation step. Melting curves were generated
to confirm the homogeneity of the amplified product. The
mRNA level of each gene was normalized to the mRNA level
of an intenal standard, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) using the relative Ct method[37]. Ct
is defined as the number of PCR cycles required for the
fluorescence signal to exceed the preset threshold level. Fold
changes in the test group compared to the control group were
calculated as 2 PP where DDCt = DClfgesy — DClicontrol)

= [Ct(gene, test) Ct(refermoe. lst)] - [Ct(gene. control) Ct(refelmm conttol]-

2.10. Enzyme-linked Immunosorbent Assay (ELISA)
for S—adenosylhomocysteine

After B16/F10 cells were treated with drugs, cells were

extracted with an ice-cold lysis buffer consisting of 25 mM

Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium

deoxycholate, 0.1% SDS, and a protease inhibitor cocktail.

Table 2. Sequences of primers used for quantitative reverse transcriptase-polymerase chain reaction

Gene name GenBank accession number Primer sequences References
MO s e SOOmOCRReTST
e womens e soaoenoces
b ANL0100243 Revese, 5-ATAAGGGOCACTOCAGGATC. )
e M 0086013 v 5 TICCAGGCTGATGATGTCATC 4
GAPDH NM 0012897261 Forward: 5’-GCATCTCCCTCACAATTTCCA-3’ [36]

Reverse: 5’-GTGCAGCGAACTTTATTGATGG-3’

RS LER
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Levels of S-adenosylhomocysteine in the cell lysates were
determined using an ELISA Kit (#STA-671-C) from Cell
Biolabs, Inc. (USA). A standard curve was constructed using
S-adenosylhomocysteine-BSA. Contents of S-adenosylhomocysteine
were normalized to the total protein content of the cells.

2.1, Statistical Analysis

The experimental results of this study are expressed as the
mean =+ standard deviation (SD) of three or more independent
experiments. All data were statistically analyzed by one-way
analysis of variance (ANOVA) using SigmaStat v.3.11
Statistical Analysis Software (Systat Software Inc, USA). All
experimental groups were compared with a single control
group through Dunnett's test. p <0.05 was considered

600
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statistically significant.

3. Results

3.1, Screening Assays

An epigenetic screening library consisting of 141 cell-permeable
small molecule drugs was used in the preliminary screening
assay. B16/F10 murine melanoma cells were treated with each
drug at 0.1 (M to monitor its effects on cellular melanin
synthesis and cell viability. As shown in Figure 1, of the 141
different drugs tested, (—)neplanocin A (#15), 3-deazaneplanocin
A (DZNep) hydrochloride (#32), DZNep (#38) effectively
increased cellular melanin synthesis without decreasing cell
viability.
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Figure 1. Effects of epigenetic drugs on cellular melanin synthesis and cell viability in B16/F10 cells. Cells were treated with each

drug at 0.1 (M for 48 h for the cell viability assay using MTT and for 72 h for the melanin synthesis assay. Data are presented as

percentages of the control values (mean + SD, N = 3). All treatments (141 drugs) were compared to the vehicle (dimethyl sulfoxide)

control using Dunnett’s test with one-way ANOVA. *p < 0.05, **p < 0.01 versus control. Drugs that promoted melanin synthesis

without causing cytotoxicity are marked with red color; (—)-neplanocin A (#15), DZNep hydrochloride (#32), and 3-deazaneplanocin A
(DZNep, #88) are inhibitors of S-adenosylhomocysteine hydrolase; BIX01294 (hydrochloride hydrate) (#67) and UNC0642 (#103) are

inhibitors of histone methyltransferase EHMT2.

J. Soc. Cosmet. Sci. Korea, Vol. 47, No. 2, 2021



Eleg

“

114

3.2. Comparison of Three Selected Drugs
(—)Neplanocin A (#15), 3-deazaneplanocin A (DZNep)
hydrochloride (#32), and DZNep (#88) are structurally related
drugs. These three drugs were compared by treating B16/F10
cells with each over a range of concentrations. The chemical
structures and their dose-dependent effects on cellular melanin
synthesis and cell viability are shown in Figure 2. Overall,
they showed similar effects on cellular melanin synthesis and
cell viability. DZNep (#88) was selected as a representative

drug for subsequent experiments.

3.3. Effects of DZNep on Cell Viability and Intracellular
Melanin Content

Time-dependent effects of DZNep on cell viability and
intracellular melanin content were examined. B16/F10 cells
were treated with DZNep or Fsk at the indicated concentrations
for 24 h, 48 h, and 72 h. Viable cells and dead cells within
the grids on a hemocytometer were counted. Cell viability is
calculated as the number of viable cells divided by the total
number of cells, and the data are shown in Figure 3A. As
shown in Figure 3B, Fsk treatment at 1.0 (M increased the
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Figure 2. Dose-dependent effects of three drugs on the cellular
melanin synthesis and cell viability of B16/F10 cells. Cells were
treated with each drug at the indicated concentrations for 48 h in
the cell viability assay using MTT and for 72 h in the melanin
synthesis assay. Data are presented as percentages of the control
values (mean + SD, N = 3).
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Figure 3. Effects of DZNep and Fsk on viability, intracellular melanin content, and cellular TYR activity of B16/F10 cells. Cells were
treated with DZNep or Fsk at the indicated concentrations for 24 h, 48 h, and 72 h. (A) Viable and dead cells were counted by
trypan blue exclusion assay. Cell viability was represented as the number of viable cells divided by the total number of cells (N = 3).

(B) Intracellular melanin content was normalized to total protein contents (N = 6). (C) Cell lysates were used to measure TYR activity

which was normalized to total protein content. Data are presented as mean + SD. *p < 0.05, **p < 0.01 versus control.
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melanin content of the cells compared with the controls at 48
h and then returned to the control level at 72 h, indicating
that the effect is transient. In contrast, 1.0 @M of DZNep
increased the melanin content of the cells at 48 h, to a level
similar to 1.0 (M Fsk. DZNep at 1.0 (M increased the
melanin content to a much higher level at 72 h. DZNep at
0.1 M also increased the intracellular melanin content of
the cells at 72 h. Overall, these results indicated that the
promelanogenic effects of DZNep were slower, but more
prolonged compared with those of Fsk.

3.4, Effects of DZNep on Cellular TYR Activity

The increase of melanin content in cells treated with DZNep
or Fsk may be associated with the enhancement of melanin
synthetic activity of the cells. To address this issue, the activity
of TYR, a rate-limiting enzyme in the melanin synthetic pathway,

TYR Protein
(% of control)

TYRP1 Protein
(% of control)

0
500

OCT Protein
(% of control)
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was assessed using cell lysates from B16/F10 cells treated
with DZNep or Fsk at the indicated concentrations for 24 h,
48 h, and 72 h. As shown in Figure 3C, Fsk increased cellular
TYR activity 24 to 48 h after drug treatment, and then decreased
it to a very low level at 72 h. In contrast, DZNep increased
cellular TYR activity gradually and the increase was statistically
significant at 72 h after treatment with 1.0 (M DZNep.

3.5, Effects of DZNep on the Protein Levels of
Melanogenic Enzymes

To examine whether DZNep or Fsk increases protein expression
of TYR and other melanogenic enzymes, such as TYRP1 and
DCT, western blot analysis was performed using cell lysates
from the B16/F10 cells treated with DZNep or Fsk at the
indicated concentrations for 48 h and 72 h. As shown in
Figure 4, treatment with 1.0 (M Fsk or 1.0 tM DZNep for
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Figure 4. Effects of DZNep and Fsk on the protein levels of TYR, TYRPI, and DCT in BI16/F10 cells. Cells were treated with

DZNep or Fsk at the indicated concentrations for 48 h and 72 h. Cell lysates were used for western blot analysis with B-actin as a

loading control. Typical blot images are shown. Data are presented as percentages of the control values (mean + SD, N = 3). *p < 0.05,

**p < 0.01 versus control.
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48 h increased TYR protein levels slightly, but they had no
significant effects on TYRP1 and DCT protein levels. At 72
h, 1.0 «M DZNep significantly increased the levels of TYR,
TYRPI1, and DCT proteins markedly.

3.6, Hfects of DZNep on the mRNA Levels of Melanogenic
Enzymes

To examine whether DZNep or Fsk affects mRNA levels
of melanogenic enzymes such as TYR, TYRPI, and DCT,
gRT-PCR was performed using total RNA extracted from
B16/F10 cells treated with DZNep or Fsk at the indicated
concentrations for 6, 12, 24, and 48 h. As shown in Figure 5,
treatment with 1.0 /M Fsk increased TYR and TYRP1
mRNA at 12 h and 24 h. DCT was unaffected by Fsk.
DZNep at 1.0 /M increased the mRNA levels of TYR,
TYRP], and DCT at 24 and 48 h. DZNep at 0.1 (M
increased the mRNA level of TYRP1 at 24 h, and that of
TYR and TYRPI1 at 48 h. These results indicate that DZNep
and Fsk can induce the expression of TYR and TYRPI in

. B
-

N

.

&)

different time courses.

3.7. Effects of DZNep on MITF Protein and
mRNA Levels

To examine a potential association of MITF in the
promotion of melanogenesis by DZNep, B16/F10 cells were
treated with DZNep or Fsk at the indicated concentrations for
24 or 48 h, and western blot analysis was performed to
determine MITF protein levels. As shown in Figure 6A,
treatment with DZNep at 0.1 to 1.0 (M increased MITF
protein levels at 48 h.

Additionally, MITF mRNA levels were determined for
B16/F10 cells treated with DZNep or Fsk at the indicated
concentrations for 6, 12, 24, and 48 h. As shown in Figure
6B, treatment with 1.0 (M Fsk resulted in an increase of
MITF mRNA at 6 and 12 h. DZNep at 1.0 /M increased
the mRNA levels of MITF at 48 h. These results indicate that
DZNep and Fsk can induce MITF expression in different time
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Figure 5. Effects of DZNep and Fsk on the mRNA levels of TYR, TYRPI1, and DCT in B16/F10 cells. Cells were treated with
DZNep or Fsk at the indicated concentrations for 6, 12, 24, and 48 h. The mRNA levels of TYR, TYRP1, and DCT were determined
by qRT-PCR and normalized to GAPDH. Data are presented as the percentage of the control values (mean + SD, N = 3). *p < 0.05,

**p < 0.01 versus control.
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Figure 6. Effects of DZNep and Fsk on MITF protein and mRNA levels in B16/F10 cells. Cells were treated with DZNep or Fsk at
the indicated concentrations for 48 h. (A) Cell lysates were used for western blot analysis with B-actin as a loading control. Typical
blot images are shown. (B) MITF mRNA levels were measured by qRT-PCR and normalized to GAPDH. Data are presented as the

percentage of the control values (mean = SD, N = 3). *p < 0.05 versus control.
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Figure 7. Effects of DZNep and Fsk on the contents of S-adenosylhomocysteine in B16/F10 cells. Cells were treated with DZNep or

Fsk at the indicated concentrations for 24 h and 48 h. The contents of S-adenosylhomocysteine in cell lysates were determined by a

competitive ELISA. Data are presented as means + SD (N = 3). **p < 0.01 versus control.

3.8, Effects of DZNep on the Content of
S—Adenosylhomocysteine

In the next experiment, B16/F10 cells were treated with
DZNep or Fsk at the indicated concentrations for 24 h or 48
h, and the contents of S-adenosylhomocysteine in cell lysates
were measured. As shown in Figure 7, treatment with DZNep
at 0.1 and 1.0 @M increased S-adenosylhomocysteine levels
markedly, whereas treatment with Fsk at 1.0 (@M did not
display such effects.

4. Discussion

From a drug library screen consisting of 141 epigenetic modulators,
3-deazaneplanocin A (DZNep, #88) and its analogs, (—)-neplanocin
A (#15) and DZNep hydrochloride (#32), were identified as promoting
melanin  synthesis in Bl16/F10 murine melanoma cells.
Promelanogenic effects of these drugs were observed at a
concentration range from 0.1 to 3 (M. These effects did not result

from toxic effects although significant cytotoxicity was observed at
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concentrations higher than 3 (M. DZNep was chosen as a structurally
representative drug for additional experiments in the present study.
DZNep hydrochloride is a salt form of DZNep, and (—)-Neplanocin
A has an additional nitrogen atom compared with the others. There
were minor differences among these drugs in terms of
pro-melanogenic activity and cytotoxicity.

Experimental evidence suggests that the promelanogenic
effect of DZNep is associated with increased activity of the
TYR enzyme in cells. In support of this, protein levels of the
representative melanogenic enzymes, such as TYR, TYRPI,
and DCT, were higher compared with those in control cells.
Increases in the protein levels of these melanogenic enzymes
are believed to result from the induction of gene expression
by the drug. Consistently, the mRNA levels of TYR, TYRPI,
and DCT were upregulated by drug treatiment in a dose- and
time-dependent manner. In addition, MITF protein and mRNA
levels increased with drug treatment, suggesting that this
transcription factor mediates the expression of melanogenic
enzymes induced by DZNep.

In the present study, Fsk, a diterpene activator of adenylate
cyclase found in the roots of Coleus forskohlii, was used as a
positive control[38]. Previously, this compound was shown to
increase melanin levels and reduce the incidence of skin
cancer in mice exposed to UV radiation[39]. As expected, Fsk
stimulated the melanin synthesis and the expression of TYR,
TYRP1, and DCT as well as MITF. Fsk and DZNep
displayed different time courses during the stimulation of
melanin synthesis, suggesting that the mechanism of action
may be different despite both drugs enhancing the expression
of melanogenic enzymes as well as MITF. DZNep exhibited
prolonged effects compared with Fsk.

DZNep is known as an inhibitor of S-adenosylhomocysteine
hydrolase[26]. In the homocysteine metabolic pathway,
S-adenosylhomocysteine hydrolase catalyzes the reversible hydrolysis
of S-adenosylhomocysteine to homocysteine and adenosine[27].
Homocysteine can be methylated to methionine by acquiring a
methyl group from N-5-methylenetetrahydrofolate. Methionine
is then activated to S-adenosylmethionine which serves as a
universal methyl donor for a variety of methylation reactions.
S-adenosylhomocysteine is regenerated from these reactions
and becomes available for S-adenosylhomocysteine hydrolase.

o) &5} 4E8k 3] %), A47A Al 2 &, 2021
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Inhibition of S-adenosylhomocysteine hydrolase by DZNep results
in an elevation of S-adenosylhomocysteine in cells[26)].

Treatment of B16/F10 cells with DZNep was confirmed to
increase S-adenosylhomocysteine in this study. A high concentration
of S-adenosylhomocysteine can inhibit histone methyltransferase
EZH2 (enhancer of zeste homolog 2), which catalyzes mono-,
di-, and tri-methylation of lysine® on histone H3 (H3K27Mel,
H3K27Me2, and H3K27Me3) by transferring a methyl group
from the cofactor S-adenosylmethionine[40, 41]. Therefore,
histone methyltransferase EZH2 is a possible mediator in the
promotion of melanogenesis by DZNep.

In the present study, BIX01294 (hydrochloride hydrate) (#67)
and UNC0642 (#103) also displayed significant pro- melanogenic
activities without causing cytotoxic effects. These drugs are
known as potent and selective inhibitars of histone nethyltransferase
EHMT2  (Euchromatic histone-lysine  N-methyltransferase 2),
also called G9a, which catalyzes the mono- and di-methylation
ofhistone H3 at lysine’ (H3K9mel and H3K9me2) and
lysine”(H3K27mel and H3K27me2)[42, 43]. Therefore, histone
methyltransferase EHMT2 has the potential to play a role in
the epigenetic regulation of melanogenesis.
study reported that S-
adenosylhomocysteine hydrolase was upregulated in the

Interestingly, a previous
vitiliginous skin[44]. Some reports suggested the association of
increased homocysteine levels with hypopigmentation
disorders[45,46]. Serum homocysteine levels were highly
elevated in vitiligo patients[47]. The production of toxic
reactive oxygen species by homocysteine oxidation was shown
to induce apoptosis of melanocytes[48]. Homocysteine exerted
an inhibitory effect on TYR enzyme activity, probably by
chelating copper at the active site of the enzyme[49]. Thus, an
increase in local homocysteine concentration can interfere with
normal melanogenesis and the survival of melanocytes.

A hypothetical mechanism of action of DZNep in stimulating
melanin synthesis is proposed in Figure 8. The inhibition of
S-adenosylhomocysteine hydrolase by DZNep leads to the
accumulation of S-adenosylhomocysteine and the  subsequent
inhibition of the activities of histone methyltransferases, such
as EZH2 and EHMI2. The chromatin structure is then modified due
to histone H3 demethylation and enhances the transcription of

MITF or other target genes involved in melanogenesis.
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Figure 8. A hypothetical mechanism of action for promelanogenic effects of DZNep. DZNep inhibits S-adenosylhomocysteine hydrolase

and causes the accumulation of S-adenosylhomocysteine. A high concentration of S-adenosylhomocysteine inhibits histone methyltransferases

EZH2 and/or EHMT2, which catalyze methylation of lysine residues on histone H3. The resultant decrease in histone H3 methylation

modifies the chromatin structure from a transcriptionally silenced form to an active form. Such change in chromatin structure enhances

the expression of MITF, which in turn induces the expression of TYR, TYRPI, and DCT involved in melanin synthesis.

5. Conclusion

In conclusion, this study identified DZNep that promotes
melanin synthesis in B16/F10 cells by inducing the expression
of melanogenic enzymes, such as TYR, TYRP1, and DCT,
through a MITF-mediated mechanism. This study also suggests
that melanogenesis can be epigenetically modulated by targeting
S-adenosylhomocysteine hydrolase in certain cellular contexts.
Further studies are needed to examine whether histone
methyltransferases EZH2 and/or EHMT2 are directly involved
in the regulation of melanogenesis.
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