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Summary
Wnt signaling plays a role in the differentiation as well as the development of melanocytes. Using a microarray
analysis, hyperpigmentary skin of melasma expressed high levels of Wnt inhibitory factor-1 (WIF-1) compared
with perilesional normal skin. In this study, the expression and functional roles of WIF-1 on melanocytes were
investigated. WIF-1 was expressed both in the melanocytes of normal human skin and in cultured melanocytes.
The upregulation of WIF-1 on cultured normal human melanocytes significantly induced expressions of MITF and
tyrosinase, which were associated with increased melanin content and tyrosinase activity. Consistent with the
stimulatory effect of WIF-1, WIF-1 siRNA reduced melanogenesis in the cells. Moreover, WIF-1 increases
pigmentation in melanocytes co-cultured with WIF-1-overexpressed fibroblasts and of organ-cultured human
skin. These findings suggest that melanocytes express WIF-1 constitutively in vivo and in vitro and that WIF-1
promotes melanogenesis in normal human melanocytes.

Introduction
Wnt signaling plays a role in the developmental process
of neural crest-derived melanocytes (Bellei et al., 2011;
Dunn et al., 2005; Novak and Dedhar, 1999). Mice
deficient in Wnt-1 and Wnt-3a lack pigment cells and
Wnt-1, or b-catenin gene transfer to mouse neural crest
cells results in melanocyte expansion and differentiation
(Dunn et al., 2005; Hari et al., 2002; Luciani et al., 2011;
Novak and Dedhar, 1999). The Wnt pathway also
contributes to the melanogenesis of adult human melanocytes (Bellei et al., 2011; Cho et al., 2009). The

existence of crosstalk between the c-AMP and Wnt
pathways in melanocytes suggests that b-catenin plays a
key role in the physiological regulation of epidermal
melanogenesis (Bellei et al., 2011). These studies suggest a Wnt-signaling role in the differentiation and
development of human melanocytes.
A number of different families of Wnt-signaling modulators have been identified (Chien et al., 2009). Some
ligands interact with lipoprotein-receptor-related protein
(LRP) and antagonize the LRP–Frizzled (Frz) receptor
complex. It includes Dickkof (DKK) proteins. Recent
studies have demonstrated that DKK1 is highly expressed

Significance
Wnt signaling plays a role in differentiation as well as development of melanocytes. Using microarray
analysis, hyperpigmentary skin of melasma expressed high levels of Wnt inhibitory factor-1 (WIF-1)
compared with perilesional normal skin. Here, we present that melanocytes express WIF-1 constitutively in
vivo and in vitro. Our results show that the WIF-1 promotes the melanogenesis in normal human
melanocytes, which is associated with increased levels of overall and active form of b-catenin. These results
highlight unrecognized role of WIF-1 in the regulation of melanogenesis in normal human melanocytes.
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in fibroblasts derived from the palms and soles and that it
inhibits the function and proliferation of melanocytes
(Yamaguchi et al., 2009). Dickkof1 increases the growth
of keratinocytes and decreases melanin uptake by keratinocytes (Yamaguchi et al., 2008). Other ligands interact
with Wnts. It includes WIF, cerberus and secreted
frizzled-related protein (sFRP). Secreted frizzled-related
protein class possesses five members in mammals
(sFRP-1 to -5). Since their discovery, these molecules
have been considered as antagonists of canonical Wnt
signaling through direct binding to Wnt proteins. However, recent studies have shown a positive role of sFRPs
in Wnt signaling, with the term of Wnt-signaling modulator being preferred to antagonist (von Marschall and
Fisher, 2010; Yamamura et al., 2010). Indeed, it was
shown that sFRP activates b-catenin signaling in the
mouse intestine (Kress et al., 2009). The positive regulations of WIF-1 in adipocyte or prostate were also reported
(Cho et al., 2009; Keil et al., 2012).
We previously performed large-scale gene expression
profiling using lesional and perilesional normal skin of
melasma (Kang et al., 2011). We found that a subset of
Wnt pathway modulators (WIF-1, sFRP2 and Wnt5a) was
significantly upregulated in lesional skin (2.87-, 1.76-, and
1.44-fold inductions, respectively) and that Wnt inhibitory
factor 1 (WIF-1) was one of the 20 most upregulated
genes. These findings suggest that Wnt-signaling modulators play an important role in the pathogenesis of
pigmentary disorders such as melasma.
In this study, we investigated the expression and
functional role of WIF-1 in melanocytes. We demonstrate
that WIF-1 is expressed in both the melanocytes of
normal human skin and cultured melanocytes. We also
suggest that WIF-1 induces NHEM pigmentation by
activating MITF and tyrosinase. This effect is also
associated with increased activity of b-catenin.

Results
WIF-1 expression in melanocytes
The endogenous expression of WIF-1 in melanocytes
was investigated. The immunohistochemical staining of
normal human skin showed that WIF-1 is expressed in all
layers of the epidermis and dermal cells (Figure 1A),
which is consistent with previous observation (Gudjonsson et al., 2010). MITF (red)/WIF-1 (green) doublepositive melanocytes were observed in the basal layer
of the epidermis, indicating the expression of WIF-1 in the
melanocytes of normal skin in vivo (Figure 1A). To
investigate whether WIF-1 is constitutively expressed in
cultured NHEM, we performed RT-PCR, immunocytochemistry, and Western blot analysis. The RT-PCR
analysis showed that WIF-1 mRNA is expressed in
melanocytes as well as keratinocytes and fibroblasts,
but this was not found in negative control cells
(U-251MG) (Wu et al., 2012) (Figure 1B). The WIF-1
protein expressions in these cells were confirmed by
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Western blot analysis (Figure 1C) and by immunocytochemical staining (Figure 1D). These findings demonstrate that WIF-1 is expressed in both the melanocytes of
normal human skin and in cultured melanocytes.
Effect of WIF-1 upregulation on melanogenesis in
melanocytes
To investigate the functional role of WIF-1 in melanocytes, we overexpressed WIF-1 in NHEM using a
lentiviral vector, in which endogenously overexpressed
WIF-1 is expected to affect cells by an autocrine and/or
paracrine mechanism. The upregulations of exogenously
introduced WIF-1 mRNA and protein are shown in
Figure 2A and B. The increased expression of WIF-1
significantly increased the mRNA and protein levels of
MITF and tyrosinase in the cells (Figure 2A and B). A
real-time PCR analysis also showed increased expression of tyrosinase in the cells (Figure 2A). The expressions of the key proteins of canonical Wnt signaling
such as GSK3b and b-catenin in the cells were investigated. The upregulation of WIF-1 was associated with
significantly increased GSK3b-Ser9 phosphorylation and
the levels of both total and activated forms of b-catenin,
that is, b-catenin-Ser675, which translocates into the
nucleus, and active b-catenin, which is a non-degraded
form in melanocytes (Figure 2C). The RT-PCR and realtime PCR analysis confirmed the increased mRNA
expressions of b-catenin in the cells (Figure 2A). A
confocal microscopic examination clearly showed an
increase in the overall b-catenin level, and the expected
b-catenin translocation into the nucleus was observed in
50% of the WIF-1-overexpressed cells and 18% of
control cells (Figure 2D). As a consequence of WIF-1
overexpression, the melanin content and tyrosinase
activity in NHEM were significantly increased compared
with that of cells transfected with negative controls
(Figure 2E). For a further investigation of the effects of
exogenous WIF-1 on melanocytes, melanocytes were
treated with 0.5~5 lg/ml recombinant human WIF-1
(rhWIF-1) for 5 days. Exogenous WIF-1 significantly
increased melanin production and tyrosinase activity
(Figure 2F). The increased activity of b-catenin by WIF-1
was further examined. We performed LEF/TCF luciferase reporter analysis, and the result showed that
b-catenin signaling was significantly activated by
rhWIF-1 treatment (Figure 2G), and the level of
b-catenin mRNA was correlated with increased amount
of rhWIF-1 (Figure 2H). The b-catenin expression level
was also examined in the skin in vivo (Figure 2I). The
result showed that b-catenin was distributed in all layers
of the epidermis in a mosaic pattern, but the expected
b-catenin intranuclear staining was not clearly observed.
This finding was examined in the melanocytes of
melasma skin compared with perilesional normal skin.
It showed a trend of intranuclear b-catenin staining in
some melanocytes, but not in all cells of melasma
lesional skin (Figure 2I).
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Figure 1. WIF-1 expression in melanocytes. (A) Immunohistochemical staining of normal human skin showed that WIF-1 is expressed in
epidermal cells and dermal cells. Original magnification, 9400. This result showed that WIF-1 (green)/MITF (red) double-positive melanocytes exist
in the basal layer of the epidermis. Lower panel showed high magnification field. Arrow indicated MITF-positive melanocytes. (B) RT-PCR analysis
showed that WIF-1 mRNA is expressed in cultured normal human melanocytes, keratinocytes, and fibroblasts, but not in negative control cells (U251MG). The WIF-1 protein expressions were assessed by Western blot analysis (C) and immunocytochemical staining (D). Cytoplasmic staining
and perinuclear staining of WIF-1 were noted in the cells. Original magnification, 9600.

Effect of WIF-1 downregulation on melanogenesis in
melanocytes
As melanocytes constitutively express WIF-1, we next
examined whether WIF-1 downregulation affects melanogenesis in melanocytes. As shown in Figure 3A and B,
WIF-1 small interfering RNA (siRNA) significantly downregulated the levels of both mRNA and the protein
expression of WIF-1 in NHEM. The decreased expression
of WIF-1 significantly reduced the levels of MITF and
tyrosinase expression in these cells (Figure 3A and B). A
real-time PCR analysis confirmed the decreased mRNA
expressions of tyrosinase and b-catenin in the cells
(Figure 3A). Consistent with the findings of WIF-1 upregulation, WIF-1 downregulation was associated with
significantly decreased GSK3b-Ser9 phosphorylation and
b-catenin levels in NHEM. As a consequence of the
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introduction of WIF-1 siRNA, the melanin content and
tyrosinase activity decreased significantly compared with
that of cells transfected with negative controls (Figure 3C
and D). Taken together, these results indicate that WIF-1
induces the pigmentation of NHEM by activating MITF
and tyrosinase and that this effect is associated with the
increased activity of b-catenin.
WIF-1 increases pigmentation in melanocytes
co-cultured with WIF-1-overexpressed fibroblasts
and of cultured human skin
The paracrine effect of WIF-1 was examined with WIF-1overexpressed fibroblasts using a lentiviral vector. The
upregulation of exogenously introduced WIF-1 in fibroblasts was confirmed (Figure 4A) and co-cultured with
melanocytes using the Transwell system. The increased
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 2. Effect of WIF-1 upregulation on melanogenesis of melanocytes. Using a lentivirus system, WIF-1 was overexpressed in normal human
melanocytes, and the expression was confirmed by RT-PCR, real-time PCR (A), and Western blot analysis (B). The mRNA and protein levels of
MITF and tyrosinase were measured in those cells. The values indicate the mean of three independent experiments  SD. *P < 0.01. (C) The
expressions of the key proteins of canonical Wnt signaling, that is, GSK3b-Ser9, total b-catenin, and the activated forms of b-catenin (b-cateninSer675 and active b-catenin) were investigated. The values indicate the mean of three independent experiments  SD. *P < 0.01. (D) A
confocal microscopic examination showed an increase in the overall b-catenin level in WIF-1-overexpressed cells. The expected b-catenin
translocation into the nucleus was observed in 50% of the cells (magnified image). The melanin contents and tyrosinase activity were measured in
the cells (E). The values indicate the mean of five independent experiments  SD. *P < 0.01. (F) Melanocytes were treated with 0.5~5 lg/ml
recombinant human WIF-1 (rhWIF-1) for 5 days. The melanin content and tyrosinase activity were determined by measuring the absorbance at
490 nm. The values indicate the mean of five independent experiments  SD. *P < 0.01. (G) LEF/TCF reporter luciferase assay was
performed using melanocytes treated with 5 lg/ml rhWIF-1. The data show the mean of three independent experiments  SD. *P < 0.01. (H)
Melanocytes were treated with 0.5 ~ 5 lg/ml rhWIF-1 for 24 h. b-Catenin mRNA expression was analyzed by real-time PCR. The data show the
mean of three independent experiments  SD. *P < 0.01. (I) The expressions of WIF-1, MITF, and b-catenin were observed with serially
sectioned skin samples. b-Catenin was distributed in all layers of the epidermis as a mosaic pattern in the skin; however, the intranuclear staining
of b-catenin was observed in melanocyte (arrows) in melasma lesional skin.

ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 2. (continued)

expression of WIF-1 significantly increased protein levels
of MITF and tyrosinase in the melanocytes (Figure 4B).
To examine whether WIF-1 affects cutaneous pigmentation, ex vivo human skin was grown in the presence of
recombinant human WIF-1 (rhWIF-1). After 3 days, the
rhWIF-1-treated skin was significantly more pigmented
than the control skin, as shown by Fontana–Masson
staining (Figure 4C). An image analysis showed an
increased pigmented area/epidermal area (PA/EA) ratio
in rhWIF-1-treated skin compared with control skin
(142.3  42.7 vs. 58.4  23.1, P < 0.001), suggesting
that WIF-1 increases the epidermal pigmentation of
cultured human skin.

Discussion
The present study demonstrated that melanocytes
express WIF-1 constitutively in vivo and in vitro. WIF-1
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expression was identified in both melanocytes of normal
human skin and cultured melanocytes, suggesting that
this molecule may have physiologic functions in melanocytes as an auto- or paracrine modulator of Wnt
signaling. We showed that WIF-1 increases melanogenesis in normal human melanocytes and increases
pigmentation of the skin. Melanocytes responded to
WIF-1 via the enhanced expression of tyrosinase
through the increased expression of MITF. This stimulatory effect by WIF-1 on melanocyte differentiation was
reproduced in a siRNA study, which showed reversal of
WIF-1 induced melanogenesis in normal human melanocytes. Moreover, WIF-1 increases pigmentation in
melanocytes co-cultured with WIF-1-overexpressed
fibroblasts and of organ-cultured human skin. Based
on our previous study showing increased expression of
WIF-1 in hyperpigmentary skin with melasma compared
with perilesional normal skin, these promoting effects of
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 3. Effect of WIF-1 downregulation
of the melanogenesis of melanocytes. The
WIF-1 expression was downregulated
using siRNA, and the expression was
confirmed by RT-PCR and real-time PCR (A)
and Western blot analysis (B). The
expressions of GSK3b-Ser9, b-catenin,
MITF, and tyrosinase were investigated.
The values indicate the mean of three
independent experiments  SD.
*P < 0.01. The melanin content (C) and
tyrosinase activity (D) were measured in
siRNA WIF-1 transfected melanocytes. The
values indicate the mean of five
independent experiments  SD.
*P < 0.01.

A

B

C

D

WIF-1 in melanogenesis of NHEM are consistent with in
vivo findings.
Contradictory data were reported in a study published
during the preparation of this article (Kim et al., 2013).
Our results diverge from those of Kim et al. in several
ways. First, the expression of WIF-1 on cultured normal
human melanocytes differed. WIF-1 was expressed in
cultured keratinocytes and fibroblasts as well, which is
consistent with previous observations (Cho et al., 2009;
Gudjonsson et al., 2010; Kim et al., 2013). In contrast,
Kim et al. (2013) reported that WIF-1 is not expressed in
melanocytes, and they could not detect the expression of
WIF-1 at the mRNA and protein levels in the cells. The
contradictory data pertaining to WIF-1 expression for
cultured NHEM could be related to the different culture
conditions of the cells. We carefully reviewed the culture
conditions used by Kim et al. and found that the main
difference is the passage of the cells. We used melanocytes at passages 2 or 5, while Kim et al. (2013) used
long-term cultured melanocytes between passages 7 to
15 cultured in medium 254 supplemented with bovine
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

pituitary extract, fetal bovine serum, bovine insulin,
hydrocortisone, basic fibroblast growth factor, bovine
transferrin, heparin, and phorbol 12-myristate 13-acetate
(PMA). The authors noted that WIF-1 expression in
melanocytes was not affected by the presence of PMA.
Therefore, we first thought that long-term culturing in the
presence of PMA might be associated with loss of the
WIF-1 expression; however, we could observe the clear
expression of WIF-1 even in the melanocytes at passage
8–13 (Figure S1). Therefore, the exact explanation for the
contradictory data is not clear. The present study,
however, clearly demonstrated that cultured NHEM
expresses WIF-1. The WIF-1 expression was also identified in melanocytes of normal human skin in vivo which
was not investigated in the study by Kim et al.
The second point concerns the effect of WIF-1 on
melanogenesis. It was shown that the decreased expression of WIF-1 either in keratinocytes or fibroblasts is
associated with increased melanogenesis in melanocytes, suggesting a paracrine effect of WIF-1 (Kim et al.,
2013). This stands in contrast to our data, which shows a
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Figure 4. WIF-1 increases pigmentation in melanocytes co-cultured with WIF-1-overexpressed fibroblasts and of organ-cultured human skin. (A)
The upregulation of exogenously introduced WIF-1 in fibroblasts was confirmed by RT-PCR and Western blot analysis and co-cultured with
melanocytes using the Transwell system. (B) The increased expression of WIF-1 significantly increased protein levels of MITF and tyrosinase in
the melanocytes. (C) The organ-cultured human skin was grown in the presence of rhWIF-1. After 3 days, the rhWIF-1-treated skin was stained by
Fontana–Masson staining and an image analysis was performed. The value of the pigmented area/epidermal area (PA/EA) ratio in the rhWIF-1treated skin was compared with that of control skin. The values indicate the mean of three independent experiments  SD. *P < 0.001.

direct stimulating effect of WIF-1 on melanocytes. However, as the effect in the study by Kim et al. (2013) was
observed with co-cultures without melanocyte purification, the effect of WIF-1 on keratinocytes was ignored
and the role of WIF-1 secreted from keratinocytes or
fibroblasts on melanocytes can therefore be misleading.
We co-cultured melanocytes with WIF-1-overexpressed
fibroblasts using the Transwell method and examined the
expressions of tyrosinase and MITF in pure melanocytes.
The results consistently showed increased expressions
of tyrosinase and MITF in melanocytes, suggesting a
stimulating effect of WIF-1 on melanocytes. Indeed, the
WIF-1 level was strongly decreased in psoriatic skin, a
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disease characterized by marked changes in keratinocyte
growth and differentiation (Gudjonsson et al., 2010),
suggesting a direct effect of WIF-1 on keratinocytes.
The direct effect of WIF-1 on the growth and differentiation of keratinocytes may influence melanogenesis in
cultured NHEM. However, the functional role of WIF-1 on
the growth and differentiation of the keratinocytes or
fibroblasts has yet to be studied. Moreover, this was
disregarded in the study by Kim et al. (2013).
The final discrepancy concerns the microarray results.
In our previous study, WIF-1 was upregulated in lesional
skin compared with perilesional normal skin with melasma. On the other hand, Kim et al. showed a decreased
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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expression of WIF-1 in the melasma. The main difference
between the two transcriptomics studies is that the
control skin was different. In our study, lesional skin was
compared with adjacent perilesional normal skin (within
1 cm from the lesional border, which represents perilesional skin of melasma). In the study of Kim et al., the
control skin was taken from the retroauricular area, that
is, non-exposed skin. As melasma occurs on certain parts
of exposed skin and shows major differences when
compared to adjacent perilesional normal skin in the
histopathology of many previous reports (Grimes et al.,

2005; Torres-Alvarez
et al., 2011), it is reasonable to
compare melasma lesional skin with adjacent perilesional
normal skin. Also, it was noticed that the result in Kim
et al. showed the trend of an increase in WIF-1 expression in UV-exposed area or after UV irradiation. This
difference may be related to the discrepancies in the
results of the two studies.
The most widely accepted WIF-1 mechanism of action
is the functional antagonism of WNT/b-catenin signaling.
Therefore, an intriguing question raised as a result of our
study is how WIF-1 enhances melanogenesis in melanocytes. In our study, WIF-1 overexpression in NHEM
increased the overall level and the level of the active form
of b-catenin, a key protein in the Wnt-signaling pathway.
A confocal microscopic examination clearly showed an
increase in the overall b-catenin level, as well as the
expected b-catenin translocation into the nucleus. Therefore, it is possible that WIF-1 enhances melanogenesis by
a b-catenin-dependent mode of action. Considering that
sFRPs have recently been reported to activate Wnt
signaling by enhancing the extracellular transport of Wnt
proteins (Mii and Taira, 2009), it is possible that WIF-1
mimics Wnt activity. In fact, the specific Wnt ligands of
WIF-1 remain unknown. We do not fully understand the
mechanistic explanation for how WIF-1 leads to an
increase in GSK-3b-Ser9 phosphorylation. The serine
residues of GSK-3b were previously identified as targets
of protein kinase B (PKB/Akt), a serine/threonine kinase
located downstream of phosphatidylinositol 3-kinase
(Fang et al., 2002). The serine 9 residue in GSK-3b is
also a physiological substrate of cAMP-dependent protein
kinase A. WIF-1 has five epidermal growth-factor-like
repeats and one WIF domain which together mediate the
Wnt binding of WIF-1 (Yoshino et al., 2001); therefore, it
is possible that WIF-1 acts as a growth factor or as
unknown candidate receptors for WIF-1 in melanocytes.
It was suggested that WIF-1 binds to EGFR through its
EGF-like domain (Chow et al., 2013). It also remains
unknown as to whether WIF-1 uses its own pathway and/
or the non-canonical Wnt-signaling pathway. Further
investigations are necessary to understand how WIF-1
acts in Wnt signaling and how other pathways interact
with Wnt signaling, particularly in light of recent findings
showing crosstalk between PKA-signaling and the
b-catenin pathway in melanogenesis in adult human
melanocytes (Bellei et al., 2011).
ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

The role of WIF-1 in in vivo normal human skin is
unknown. It was noted that nearly all cells in the skin
express WIF-1, suggesting the role of WIF-1 as an
endogenous modulator of Wnt signaling in the skin in
vivo. However, it appears that the presence of WIF-1
does apparently not lead to Wnt/b-catenin activation, as
b-catenin expression was distributed in the epidermis as a
mosaic pattern. However, the intranuclear staining of
b-catenin was observed in the melanocytes of melasma
skin. Considering that the protein levels of WIF-1 were
stronger in the melanocytes of melasma skin samples
than in those of perilesional skin samples (Kang et al.,
2011), these findings suggest that WIF-1 has a role in the
increased melanogenesis noted in the melanocytes of
melasma skin. However, these findings were not consistently observed in all samples, and therefore, we cannot
exclude the possibility that there still is a discrepancy in
vivo/in vitro. It is likely that multiple modulators of Wnt
signaling play a role in maintaining b-catenin signaling in
vivo.
In summary, we have shown that melanocytes express
WIF-1 constitutively in vivo and in vitro and that WIF-1
promotes the melanogenesis in normal human melanocytes.

Methods
Cell culture
Normal human melanocytes, keratinocytes and fibroblasts were
derived from the adult foreskin. Melanocytes were maintained in F12
medium supplemented with 10% heat-inactivated fetal bovine
serum, 1% penicillin/streptomycin (Gibco-BRL, Bethesda, MD),
24 lg/ml 3-isobutyl-1-methylxanthine, 80 nM 12-O-tetradecanoyl
phorbor 13-acetate, 1.2 ng/ml basic fibroblast growth factor, and
0.1 lg/ml cholera toxin (Sigma, St. Louis, MO, USA). For experiments, melanocytes were used at passage 2 or 5 and maintained in
MCDB-153 (Sigma) containing 4% heat-inactivated fetal bovine
serum, 0.6 ng/ml basic fibroblast growth factor, 5 lg/ml insulin,
1 lg/ml vitamin E, and 1 lg/ml transferrin. The keratinocytes at
passage 2 were used and grown in DKSFM medium supplemented
with 1% penicillin/streptomycin (Gibco-BRL). Fibroblasts at passage
2 or 3 were maintained in RPMI1640 medium (Calsson laboratories
INC., North Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin (Gibco-BRL).
To investigate the paracrine effect of WIF-1 in melanogenesis, three
dimensional cultures were performed using the Transwell (Corning,
Tewksbury, MA, USA). WIF-1-transfected fibroblasts were seeded in
the insert Transwell chambers, and melanocytes were seed in the
other 6-well plate. After 24 h, the insert chambers were translocated
into melanocyte seeded 6-well plates and then maintained with
melanocyte culture medium for 6 h.

Ex vivo skin organ culture and pigmentation assay in
cultured skin
Skin samples of human breast skin were obtained during breast
surgery after receiving consent and cultured as previously described
(Moll et al., 1998). A sterilized stainless steel grid was placed on a 35mm culture dish. Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) supplemented with 10% FBS and 1% penicillin/
streptomycin was filled up to the stainless steel grid. The skin
specimens were placed on the stainless steel grid and cultured in an
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incubator at 37°C with 5% CO2. After 3 days of culture with 5 lg/ml
rhWIF-1 (R&D systems Inc., Minneapolis, MN, USA), the specimens
were fixed in 10% formalin and embedded in paraffin section.
Melanin pigments were visualized with Fontana–Masson staining.
Image analysis was performed using Image Pro Plus, version 4.5
(Media Cybernetics Co., Rockville, MD, USA), and the pigmented
area per epidermal area (PA/EA) was measured.

Melanin content and tyrosinase activity assay
For melanin content determination, pellets of 1 9 105 melanocytes
were solubilized in 1N NaOH. The absorbance at 490 nm was
compared with a standard curve of synthetic melanin (Sigma) using
ELISA reader (Model 680, Bio-Rad, Hercules, CA, USA). For assay of
tyrosinase activity, cells were solubilized with 1% SDS, 1% Tween20 and 1 mM L-DOPA (Sigma) in PBS (pH 6.8). Following 90-min
incubation at 37°C, the absorbance was measured at 490 nm. The
cell numbers were counted with coulter counter (ZM Coulter Co.,
Miami, FL, USA).

72°C for 45 s for b-catenin; 35 cycles at 94°C for 30 s, 59°C for 1 min
and 72°C for 1 min for WIF-1; and 28 cycles at 94°C for 30 s, 55°C for
30 s and 72°C for 30 s for GAPDH. The PCR products were
electrophoresed on 1.5% agarose gels. Each DNA band was
visualized by staining with RedSafeTM (iNtRON, Sungnam, Korea).
Quantitative real-time PCRs were performed using the ABI Prism
7000 Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). The expression levels of WIF-1, tyrosinase, and b-catenin
were analyzed with qRT-PCR using a SYBR Premix Ex TaqTM II
(Takara). The primer sequences were as follows: WIF-1 sense 5′-GGCAGCATTTGAAGTGGATG-3′, and antisense 5′-CTCGCAGATGCGTC
TTTCAT-3′; tyrosinase sense 5′-CACCACTTGGGCCTCAATTTC-3′,
and antisense 5′-AAAGCCAAACTTGCAGTTTCCAC- 3′; b-catenin
sense 5′-CATCCTAGCTCGGGATGTTCAC-3′, and antisense 5′-TCCTT
GTCCTGAGCAAGTTCAC-3′; GAPDH sense 5′-GCACCGTCAAGGCTGAGAAC-3′, and antisense 5′-TGGTGAAGACGCCAGTGGA-3′,
respectively. The fold change of mRNA was calculated using the
comparative Ct method with the GAPDH. All reactions were
performed in triplicate for each sample.

Lentivirus production and transduction of cells
To insert WIF-1 cDNA into a lentiviral vector, blunt-ended WIF-1
cDNA was made using HelixCloneTM Blunt Cloning Kit (Nanohelix,
Daejeon, Korea) and then the nucleotide sequences were confirmed
by sequencing. pCDH-CMV-MCS-EF1-Puro (System Biosciences,
Mountain View, CA, USA) was used as a lentivector and digested
with Swa I. After ligation of the blunt-ended WIF-1 cDNA using
ligation solution (Takara, Shiga, Japan), WIF-1-cDNA-inserted lectivector (pCDH-WIF-1) was obtained through E coli transformation. To
generate lentiviral particle, HEK-293TN cells were transfected with
plasmid DNA (pGag-pol, pVSV-G, and pCDH-WIF-1) using Lipofectamin 2000. Viral supernatant was collected after 48 h and transduced
into normal human melanocytes and fibroblasts. Infected melanocytes or fibroblasts were selected by 1 lg/of puromycin resistance
for a week.

RNA interference
Normal human melanocytes were plated and grown in 60-mm culture
dishes. After overnight, they were transiently transfected with either
WIF-1 small interfering RNA (siRNA) or a non-silencing control siRNA
according to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). BLOCK-iTTM Fluorescent Oligo (Invitrogen) was used to
assess transfection efficiency.

Semi-quantitative Reverse-Transcriptase PCR and
quantitative real-time PCR
Cells were seeded in 60-mm culture dishes at 1.5 9 105 cells and
grown to confluency. Total cellular RNA was extracted using RNeasy
Mini Kit (Qiagen, Valencia, CA, USA), and the cDNA was obtained
using SuperScriptTM III Reverse Transcriptase Kit (Invitrogen).
Expression of WIF-1, MITF, tyrosinase, and b-catenin were measured
using semi-quantitative PCR. The cDNA was subjected to PCR using
PCR SuperMix (Invitrogen). The oligonucleotide primers for PCR
were as follows: WIF-1 sense 5′-CCGAAATGGAGGCTTTTGTA-3′,
and antisense 5′-TGGTTGAGCAGTTTGCTTTG-3′; MITF sense 5′-CACATACAGCAAGCCCAA-3′, and antisense 5′-CAGTGCTCTTGCTTCAGA-3′; tyrosinase sense 5′-ATCCAGAAGCTGACAGGA-3, and
antisense 5′-TTTGAGAGGCATCCGCTA-3′; b-catenin sense 5′- GTTCGTGCACATCAGGATAC-3′, and antisense 5′-CGATAGCTAGGATCATCCTG-3′; GAPDH sense 5′-GAGTACGTCGTGGAGTCCA-3′, and
antisense 5′-ATGGCATGGACTGTGGTCA-3′, respectively. PCR amplification was performed with a MyCycler Thermal Cycler System
GeneAmp PCR system 2700 (Bio-Rad) under the following conditions: 27 cycles at 94°C for 30 s, 50°C for 30 s and 72°C for 30 s for
MITF and tyrosinase; 27 cycles at 94°C for 30 s, 57°C for 30 s and
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Western blot analysis
Cells were lysed in RIPA buffer (1% NP-40, 150 mM NaCl, 10 mM
Tris–HCl (pH 8.0), 1 mM EDTA) with complete Protease Inhibitor
Cocktail Tablets (Roche, Basel, Switzerland) and phosphatase inhibitor cocktail 2 and 3 (Sigma). Protein concentration was determined
by Bradford protein assay using BSA as standard. Cell lysates were
separated by SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). Membranes were
first blocked with 5% skim milk for 1 h and then incubated with the
indicated primary and secondary antibodies for 24 h at 4°C and 1 h at
room temperature, respectively. Development of the membrane was
performed using enhanced chemiluminescence kits (Millipore).
Antibody against MITF was purchased from Abcam. Antibodies
against tyrosinase and b-catenin were purchased from Santa Cruz.
Antibodies against WIF-1, GSK3b, GSK3b-Ser9, and a-tubulin were
purchased from Cell Signaling Technology. Antibodies against active
b-catenin and b-catenin Ser675 were purchased from Millipore and
Novus, respectively. HRP-goat anti-rabbit IgG, goat anti-mouse IgG,
and rabbit anti-goat IgG were purchased from Invitrogen.

Confocal microscopic examination
For immunocytochemistry, cells (1.5 9 104) grown on Lab-Tek chambers (Nalge Nunc International, Rochester, NY, USA) were fixed in 4%
paraformaldehyde for 10 min at room temperature and permeated in
0.2% Triton X-100. The non-specific antibody binding was blocked by
1% BSA for 1 h and then were incubated with anti-WIF-1 (Abcam,
Cambridge, UK) and anti-b-catenin (Santa Cruz, Dallas, TX, USA)
antibodies for overnight at 4°C. Immunohistochemical staining was
performed on 4% paraformaldehyde-fixed, paraffin-embedded sections. The histological sections (4.5 lm) were de-paraffinized and
rehydrated in two changes of xylene and ethanol series. They were
incubated in 0.05% trypsin in Tris-buffered saline for 20 min at 37°C for
antigen retrieval. The antibodies against MITF (1:30 dilution; Leica
Biosystems, Newcastle, UK), WIF-1 (1:50 dilution; Abcam), and
b-catenin (1:200 dilution; Santa Cruz) were used for the immunohistochemical evaluation of proteins. All photographs were taken using a
confocal microscope (Carl Zeiss, Oberkochen, Germany).

Promoter analysis
Reporter construct containing LEF/TCF luciferase was generated in
our laboratory by inserting six copies of response element in
lentivirus pGF1 vector (System Bioscience) and generated lentivirus
particles in HEK 293TN cells. Melanocytes were infected by LEF/TCF
or control luciferase lentivirus. The cells were treated with 5 lg/ml of
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human recombinant WIF-1 for 2 days, and the luciferase activity was
analyzed using Synergy 2 luminometer (BioTek, Winooski, VT, USA)
according to the instruction for the luciferase reporter assay system
(Promega, Madison, WI, USA). All luciferase assays were carried out
in triplicate experiment.

Statistical analysis
Statistical significance was tested with one-way analysis of variance
(ANOVA) (SPSS 12.0; SPSS Inc., Chicago, IL, USA). A P-value of < 0.05 is
considered statistically significant. All results are presented as
means  SD.
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Supporting information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. WIF-1 expression in the long-term cultured
melanocytes. The expression of WIF-1 in long-term
cultured melanocytes between passages 8 to 13 was
examined by Western blot analysis. The WIF-1 expression in the melanocytes at passage 4 and 5 was
compared with the cells at passage 8–13.
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