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Downregulation of NFAT2 promotes
melanogenesis in B16 melanoma cells
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Abstract: Nuclear factor of activated T-cells (NFAT) proteins are, calcium-regulated transcription factors, key regulator of
stimulation-dependent gene activation. In our microarray analysis for the genes expressed in human black and white hairs,
NFAT?2 was significantly upregulated in the white hair, compared to the black hair. The aim of this study was to investigate
functional role of NFAT2 in melanogenesis. Western blot analysis was performed to investigate the expression of NFAT2
protein in B16 melanoma cells. Our data showed that NFAT2 expression was increased in the hypopigmented B16 cells, while
tyrosinase and MITF expression was decreased. To investigate the potential role of NFAT2, the recombinant adenovirus
expressing microRNA specific for NFAT2 was transduced into the cultured B16 melanoma cells. Consistently, inhibition of
NFAT?2 enhanced tyrosinase activity and melanin content. Moreover, cyclosporine A, which is known as a calcineurin inhibitor
blocking NFAT activation, enhanced tyrosinase activity and melanin content. These data suggest that NFAT2 may play an

important role in regulation of melanogenesis in melanocyte.
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Introduction

In mammals, color of skin and hair is caused by melanin
synthesis and distribution. Although melanin plays a crucial
protective role in human skin by absorbing free radicals
and shielding from UV light, abnormal changes of melanin
synthesis such as hypermelanotic or hypomelanotic resulted
in a vast number of skin disease and disorders. Current
therapies for skin pigmentation diseases are unsatisfactory.
Thus the search for key molecules to modulate the mechanism
of pigmentation is of great interest. We previously performed
c¢DNA microarray to screen differentially expressed genes
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in the human black and white hair, and found that Nuclear
Factor of Activated T cells (NFAT) 2 significantly upregulated
in the white hair, compared to the black hair.

NFAT proteins are a group of calcium-regulated transcrip-
tion factors that play a pivotal role in development and
function of immune system as well as during the timing and
activation of many vertebrate tissues (Kuo & Leiden, 1999;
Oh-hora 2009; Na et al., 2010). These gene family consists of
five members designated NFATc1 (NFAT2) through NFATc4
and NFATS5. These proteins contain an N-terminal regulatory
domain as well as a DNA-binding motif with homology to the
Rel domain of NF-kB (Wolfe et al., 1997; Gauthier & Degnan,
2008). In unstimulated cells, NFAT proteins are localized to
the cytoplasm by hyperphosphorylation of the N-terminal
regulatory domain. Signaling pathways that promote a
sustained influx of calcium activate the phosphatase calcine-
urin, which dephosphorylates the regulatory domain and
exposes a nuclear localization sequence (Pores-Fernando
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& Zweifach, 2009; Rinne et al., 2009). Thus, calcineurin
inhibitors, like cyclosporine A (CsA) and FK506, have been
used for the last 2 decades to probe this pathway. In the
nucleus, NFAT proteins cooperate with other transcription
factors, like activator protein-1 (AP-1) family members,
to regulate gene transcription (Macian et al., 2001; Wu et
al., 2010). NFAT proteins affect many of cellular activities
including cell growth and proliferation, cell differentiation,
apoptosis, angiogenesis, and tissue invasion and migration.

The expression and putative role of NFATs in skin was
first described by Fung-Leung et al. in 1995 (Fung-Leung
et al., 1995), and subsequently regulation of keratinocyte
differentiation by calcineurin and NFATs was recently
reported (Santini et al., 2001; Mammucari et al., 2005). Al-
Daraji et al. have very rescently described expression of
calcineurin and NFAT1 by a variety of cell types in normal
and psoriatic skin (Al-Daraji et al., 2009). In addition, NFAT1
can contribute to regulation of hair growth and associated
with regulation of hair cycle (Gafter-Gvili et al., 2003). NFAT2
and 4 are expressed and can be an important upstream
regulator of COX-2 in metastatic melanoma (Flockhart et
al., 2009). It has been known that NFAT3 is responsible for
the up-regulation of the pro-inflammatory cytokine tumor
necrosis factor (TNF) in the immune system (Ouyang et al.,
2007).

Although many functional roles of NFATs proteins are
implicated in various biological systems, the expression
and putative role of NFAT2 in pigmentation has not been
elucidated yet. In this study, we investigate the functional role
of NFAT2 in melanoma cells using adenovirus mediated gene
knockdown system.

Materials and Methods

Cell culture and CsA treatment

B16 melanoma cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Gibco BRL, Rockville, MD) at 37°C
under a humidified atmosphere containing 5% CO2. After
incubation for 24 h, the cells were further incubated with 20
uM of CsA or vehicle (dimethyl sulfoxide, DMSO). After 24 h,
melanin content assay was performed and tyrosinase activity

was measured.
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WTS assay

The viability of cells was assessed by a WTS assay using
EZ-Cytox Cell Viability Kit (Daeil Labservice, Korea) based
on the cleavage of the tetrazolium salt to water soluble
formazan by succinate-tetrazolium reductase. In brief, cells
were subcultured in 24-well plates at roughly 1x10° cells
per well and allowed to adhere for 24 h at 37°C before being
treated with adenovirus. After adenovirus treatment, the cells
were incubated with 50 pl of the EZ-Cytox solution for 1 h at
37°C. During the incubation period, the viable cells converted
the EZ-Cytox solution to a water-soluble formazan dye.
Thereafter, the resulting formazan was quantified using an
ELISA reader. The optical density (O.D.) was determined at
450 nm, after automatic subtraction of all background signals.

Measurement of melanin content

B16 melanoma cells were individually treated with the
test preparations or adenovirus for each indicated time.
Cells were incubated at 4°C for 24 h in 1 ml of 1 N NaOH
and then vortexed to solubilize the melanin, after which
the samples were centrifuged for 10 min at 14,000 rpm.
Spectrophotometric analysis of the melanin content was
then conducted at 405 nm. Next, the melanin content was
determined based on the absorbance/pg of protein. The
protein concentration of the cells was determined using a
BCA protein assay kit.

Assay of cellular tyrosinase activity

B16 melanoma cells were treated with the individual test
drugs or adenovirus for indicated time, after which the cells
were washed with 0.1 M of potassium phosphate-buffered
saline (PBS) and collected with lysis buffer. Next, the cells
were then ruptured by freezing and thawing and the lysate
was clarified by centrifugation at 14,000xrpm for 20 min. The
protein content was then determined using a BCA Protein
Assay Kit (Thermo, Rockford, IL). After quantifying the
protein levels, the concentrations were adjusted to contain
the same amount of protein (20 pg). Each well of the 96-well
plate contained the lysate and 1 mM of L-DOPA in phosphate
solution. Following incubation at 37°C for 1 h, the absorbance
was measured at 475 nm using a spectrophotometer.

Construction of recombinant adenovirus expressing
microRNA specific for NFAT2 and knock-down of
NFAT?2 in the B16 cells

Three pre-microRNA sequences were designed that
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targeted the 3 untranslated region (UTR) of the human
NFAT2 mRNA using an online tool, Invitrogen's RNAi
Designer. The double-stranded DNA oligonucleotides
corresponding to the three different NFAT2-specific pre-
microRNAs and a control sequence were individually cloned
into the parental vector pcDNA6.2-GW/miR (Invitrogen,
Carlsbad, CA) to generate pcDNA6.2-miR-NFAT2, and
pcDNAG6.2-miR-control, respectively. An expression
vector for a GFP epitope fusion protein of miR-NFAT2 was
generated from pENTR/GFP. Recombinant adenovirus was
produced using the ViraPower Adenoviral Expression System
(Invitrogen, Carlsbad, CA), according to the manufacturer's
instruction. Briefly, the recombination region of each
pcDNA6.2-GW/miR-based expression vector was transferred
to the Gateway Vector pAd/CMV/V5-DEST using the transfer
vector pPDONR221 in an in vitro recombination reaction. The
recombined adenoviral plasmids generated from pAd/CMV/
V5-DEST in this manner were transformed into competent
DH5a (Toyobo, Osaka, Japan). After selection, a single
clone of DH5a was isolated and expanded. The recombinant
adenoviral plasmid was purified, and then transfected into
293A cells. After a sufficient cytopathic effect was observed
in 293A cells, adenovirus was purified using the Adeno-X
Virus Purification Kit (Clontech, Mountain View, CA).
The recombinant adenoviruses Ad-miR-NFAT2, Ad-miR-
control were generated from pcDNA6.2-miR-NFAT2, and
pcDNAG6.2-miR-control, respectively. All insertion sequences
were confirmed by nucleotide sequencing. The B16 cells
were transduced with the adenovirus expressing scrambled
microRNA (Ad/miScr) and microRNA specific for NFAT2
(Ad/miNFAT?2) at the 10 multiplicity of infection for 6 h.

Western blot analysis

Cells were lysed in Proprep buffer (Intron, Daejeon,
Korea). After vigorous pipetting, extracts were centrifuged
for 15 min at 13,000 rpm. Total protein was measured using
a Bradford protein assay kit (Bio-Rad Laboratories, Hercules,
CA). Samples were run on SDS-polyacrylamide gels,
transferred onto nitrocellulose membranes and incubated
with appropriate antibodies for overnight at 4°C with gentle
agitation. Blots were then incubated with peroxidase-
conjugated secondary antibodies for 30 minutes at room
temperature, and visualized by enhanced chemiluminescence
(Intron). Anti-NFAT2, anti-tyrosinase, and anti-micro-
phthalmia-associated transcription factor (MITF) antibodies
were obtained from Santa Cruz Biotechnologies (Santa Cruz,
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CA), and anti-actin antibody was purchased from Sigma
(St. Louis, MO). Proteins were separated by 8% reducing
SDS-PAGE and then immune blotted onto nitrocellulose
membranes in 20% methanol, 25 mM Tris, and 192 mM
glycine. Membranes were then blocked with 5% non-fat
dry milk and incubated with primary antibody overnight.
Subsequently, membranes were washed in Tween-Tris buffer
saline (T'TBS), incubated with horseradish peroxidase-
conjugated goat anti-mouse or goat anti-rabbit (1 : 4,000)
antibodies for 4 h, rewashed, and finally developed using an
enhanced ECL system (KPL Inc., Gaithersburg, MD). The
membranes were then reprobed with B-actin antibody as a
control for protein loading.

Statistical analysis

The data for viability assay, the melanin synthesis, and
tyrosinase activity assay were statistically evaluated using an
ANOVA-test. The data are given as the means+SEM.

Results

Expression of NFAT2, tyrosinase, and MITF in B16
melanoma cells

In our previous study, NFAT2 mRNA expression was
markedly increased in white hair bulb compared to black
hair bulb in cDNA microarray, which gave us the idea that
NFAT?2 might effect on synthesis of melanin in any way. To
confirm this postulation, we tried to investigate whether
NFAT?2 differentially expressed in the hypopigmented B16
cells, compared to the melanogenic B16 cells. From our
previous experiment, we already knew that color of B16
cells was faded by increase of cell passage number. We first
confirmed that melanin content of B16 cells was decreased
by cell passage (Fig. 1A). Consistent with this data, Western
blot analysis showed that tyrosinase and MITE which major
markers for melanogenesis, were markedly decreased in over-
passaged B16 cells, compared with under passaged mother
cells (Fig. 1B). Furthermore, expression of NFAT2 protein was
also increased in the hypopigmented B16 cells. These results
indicate that NFAT2 might effect on melanogenesis in B16
melanoma cells.

NFAT?2 is knockdowned through the microRNA

To investigate the role of NFAT2 in pigmentation, we
made a recombinant adenovirus expressing microRNA
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Fig. 1. Expression of NFAT?2, tyrosinase, and MITF proteins in the
hypopigmented B16 melanoma cells. (A) Photographs of the pellets
from the B16 melanoma cells. Cells (2x10°) were seeded onto 100-
mm dishes and cultured for 2 to 3 days [passage (P)1]. When the cells
reached approximately 90% confluence, they were trypsinized, counted,
and passaged into new dishes (P2). These procedures were repeated
2 times over a period of 2 weeks (P3, PS). Each culture was prepared
for following experiment. (B) Expression of NFAT2, tyrosinase, and
MITF in the hypopigmented B16 cells. Cell lysates from each culture
were separated on polyacrylamide gels, transferred onto nitrocellulose
membranes, and then reacted with the anti-NFAT2, anti-tyrosinase
and anti-MITF antibodies. Anti-actin antibody was used as a loading
control.

specific for NFAT2 (Ad/miNFAT2) to knockdown expression
of this gene. The B16 cells were harvested two days after
transduction with Ad/miNFAT2 or Ad/miScr. NFAT2
protein level was measured by Western blotting using
NFAT?2 antibody. MicroRNA specific for NFAT?2 significantly
reduced its protein level, whereas scrambled microRNA
did not (Fig. 2A). To determine whether NFAT2 affects cell
viability of B16 cells, we carried out cell proliferation assay.
After transduction with Ad/miNFAT2 and Ad/miScr, cell
viability assay was performed by WTS assay. As shown in
Fig. 2B, downregulation of NFAT2 affected cell proliferation,
consistant with a previous report. These results indicate that
NFAT2 microRNA used in this study could specifically down-
regulate NFAT?2 expression level, and NFAT2 plays in partly
in cellular proliferation in B16 cells.

Regulation of pigmentation by NFAT2

Previous reports showed that NFAT2 expressed in
epidermal keratinocyte and regulated induction of COX2
during apoptosis by UV radiation (Flockhart et al., 2008).
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Young Sook Lee, et al
A <
< A8
& &
?‘é V‘b

* INFAT2

m
,ié!-.-,gii...E-Aam

120
100
°
S 80+
o
ks
< 60+
>
3 404
8
>

20

Ad/miScr Ad/miNFAT2

Fig. 2. Knock-down of NEAT2 by infection of adenovirus expressing
microRNA specific for NEAT?2. (A) The B16 cells were transduced with
adenovirus expressing microRNA specific for NEAT2 (Ad/miNFAT?2)
at the 10 multiplicity of infection (MOI) for 6 h. After washing twice
with PBS, cells were refed with growth medium and incubated for 24
h. The expression of NFAT2 was verified by Western blot using the
anti-NFAT?2 antibody and anti-actin antibody. Adenovirus expressing
scrambled microRNA (Ad/miScr) was used as a negative control.
(B) Cell survival was measured by WTS assay. Data are expressed as
percentage of control (Ad/miScr at 1 day). The mean values+SEM are
averages of triplicate measurements. *Statistically significant difference

(P<0.05).

However, the roles of NFAT2 in epidermal melanocyte
are poorly characterized, especially in pigmentation. As
shown in our present data, expression of NFAT2 was
increased in the hypopigmented B16 cells. We speculated
that melanogenesis/pigmentation may be related with
endogenous NFAT2 level. To test this idea, NFAT2 microRNA
or scrambled microRNA was transduced into B16 cells, and
alteration of melanogenesis potential (pigmentation) was
examined using melanin contents and tyrosinase activity
assays. Following 2 days of microRNA transduction, colors
of culture medium dramatically altered from bright red
into blackish red color (data not shown) and furthermore,
melanin contents and tyrosinase activity were significantly
increased by NFAT2 microRNA (Figs. 3A and B). These
results indicate that NFAT2 microRNA could specifically
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Fig. 3. Effect of NEAT2 knockdown on melanogenesis in B16 melanoma cells. The B16 cells were transduced with adenovirus expressing scrambled
microRNA (Ad/miScr) and microRNA specific for NFAT2 (Ad/miNEAT2) at the 10 multiplicity of infection (MOI) for 6 h. After incubation
for 48 h, alteration of pigmentation by NFAT2 knockdown verified by melanin content assay (A) and tyrosinase activity (B). Data are expressed as
percentage of control (Ad/miScr). The mean values+SEM are averages of triplicate measurements. *Statistically significant difference (2<0.05).
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Fig. 4. Effect of CsA on melanogenesis in B16 melanoma cells. The B16 cells were transduced with adenovirus expressing scrambled microRNA
(Ad/miScr) and microRNA specific for NFAT2 (Ad/miNFEAT2) at the 10 multiplicity of infection (MOI) for 6 h. After incubation for 24 h, Cells
were further incubated with 20 uM of CsA. After 24h, melanin content assay (A) and tyrosinase activity (B) were performed as described in the
materials and methods. The control was assessed by measurement of protein concentration. Data are expressed as percentage of control. The mean

values+SEM are averages of triplicate measurements. *Statistically significant difference (2<0.05).

upregulated melanogenesis related proteins and NFAT2
may play an important role for regulation of melanogenesis
in B16 melanoma cells. To more validate this information,
we pretreated B16 cells with CsA, a selective inhibitor for
Calcineurin/NFATsignaling. As expectedly, treatment with
CsA increased melanin content and tyrosinase activity (Figs.
4A and B), consistent with the previous data.

Discussion

NFAT?2 expression was increased in the hypopigmented

B16 cells, while tyrosinase and MITF expression was
decreased. Inhibition of NFAT?2 expression with microRNA
specific for NFAT2 enhanced tyrosinase activity and melanin
content. Then, CsA blocked NFAT2 activation and enhanced
tyrosinase activity and melanin content in our experiment.
Many investigations have concentrated on the molecular
mechanisms related to melanogenesis for developing new
therapeutic agents for hair graying and skin pigmentation
abnormalities. Melanin synthesis in mammals is a complex
process that takes place in the melanosome (Murakami et
al., 2009), an organelle that contains pigment-producing
enzymes; and the process is known to be regulated by a
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number of factors, including hormones differentiation
factors, growth factors, cytokines, as well as compounds
from natural sources (Costin & Hearing, 2007). In addition,
melanin synthesis is stimulated by a large number of effectors,
including 1-oleyl-2-acetyl-glycerol (Friédmann et al., 1990),
UVB radiation (Roméro-Graillet ef al., 1996), cAMP-elevating
agents such as forskolin, IBMX, a-MSH, glycyrrhizin (GR)
(Hunt et al., 1994). In common, melanin content correlates
directly with the activity of tyrosinase and the protein levels
of tyrosinase (Maeda et al., 1997; Shibahara et al., 2000).
Although there is a lot of information about mechanism of
melanogenesis, the overall picture underlying the regulation
of melanin biosynthesis is not yet clear. Since dysregulation
of melanogenesis may cause cancer (Kadekaro et al., 2006),
clarification of the causal factors is thus of great importance.
In this report we investigate the putative role of NFAT2
during melanogenesis by melanin contents and tyrosinase
activity.

Recently, it has been known that NFAT/calcineurin could
affected in hair follicle activation (Horsley et al, 2008). Initial
interest in calcium/calcineurin signaling in the epidermis
came from the observation that increased calcium triggers
epidermal differentiation but appears to inhibit hair follicle
cycling. This speculation of calcium regulation supported by
additional observations that CsA caused hair cycling apart
from its effects on the immune system in mice and humans
(Sawada et al., 1987). Further studies using conditional
mutants implicated NFAT signaling in hair cycling by the
demonstration that calcineurin B mutants showed cycling
alopecia (Mammucari et al., 2005). The epidermis lacking
NFAT?2 develops normally, but after initiating telogen, it
prematurely enters the next anagen. The observation that
stem cell and differentiation markers are not affected in the
mutant mice suggests that NFAT2 acts specifically on hair
cycling.

Based on these results, we speculate that NFAT2 plays
an authentic role as melanogenesis regulator in melanotic
melanoma cells. Interestingly, we demonstrated that
expression of NFAT2 was markedly increased in the
hypopigmented B16 cells in this study. Furthermore, we
demonstrated that CsA increases melanogenesis level in
melanoma cells, and that knockdown of NFAT?2 expression
by siRNA also increased melanin content and tyrosinase
activity. It is well known that CsA inhibit the phosphatase
activity of calcineurin, which regulates nuclear translocation
and subsequent activation of NFAT transcription factors. In
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addition to the calcineurin/NFAT pathway, recent studies
indicated that CsA also block the activation of BRAF/ MEK/
ERK signaling, so inhibited Cox-2 promoter activation and
protein induction in metastatic melanoma cells (Flockhart
et al., 2008). It would be interesting to know whether CsA
can increased pigmentation. Interestingly, we found that
melanin content and tyrosinase activity was increased by
CsA, suggesting that calcineurin/NFAT cross-talk with
melanogenesis signaling.

In summary, we demonstrated that NFAT2 expression was
increased by regression of pigmentation, and that knockdown
of NFAT2 reduced the B16 proliferation and increased
melanin content and tyrosinase activity and tyrosinase
expression. Our results suggest that NFAT2 has a role for
regulation of melanogenesis in melanocyte.
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