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Background: The melanocortin 1 receptor is known to regulate inflammation.
Results: The melanocortin 1 receptor inhibits activation of p38 MAPK, subsequently enhancing syndecan-2 expression and
migration in melanoma cells.
Conclusion: The melanocortin 1 receptor regulates melanoma cell migration by controlling syndecan-2 expression.
Significance: This work shows the melanocortin 1 receptor plays a role during cell migration.

Themelanocortin 1 receptor (MC1R), a key regulator of mel-
anogenesis, is known to control inflammation, acting in concert
with the MC1R ligand �-melanocyte-stimulating hormone.
Although cell migration is a key event in inflammation, few
studies have addressed the function of MC1R in this context.
Using highly motile melanoma cells, we found that the expres-
sion level of MC1R was associated with the extent of migration
of mouse melanoma cells, suggesting that MC1R plays a func-
tional role in controlling this migration. Overexpression of
MC1R enhanced melanoma cell migration, whereas the oppo-
site was true whenMC1R levels were knocked down using small
inhibitory RNAs. Interestingly, MC1R expression enhanced the
synthesis of syndecan-2, a cell surface heparan sulfate pro-
teoglycan known to be involved in melanoma cell migration.
Knockdown of syndecan-2 expression decreased MC1R-medi-
ated cell migration. Further, MC1R inhibited the activation of
p38 MAPK, subsequently enhancing expression of sydnecan-2,
in parallel with an increase in the extent of cell migration. Con-
sistently, activation of p38 by H2O2 inhibited syndecan-2
expression and cell migration, whereas inhibition of p38 activa-
tion enhanced syndecan-2 expression and cell migration.
Finally, we found that �-melanocyte-stimulating hormone
inhibited MC1R-mediated cell migration via activation of p38
and inhibition of syndecan-2 expression. Together, the data
strongly suggest that MC1R regulates melanoma cell migration
via inhibition of syndecan-2 expression.

The melanocortin receptors, belonging to the G-protein-
coupled receptor superfamily, include five members (1), each
with a characteristic tissue distribution pattern and a unique
biological function (2).Of the fivemembers, themelanocortin 1

receptor (MC1R),2 expressed primarily in melanocytes, plays a
crucial role in regulation of pigmentation (3). When MC1R
interacts with ligands such as �-melanocyte stimulating hor-
mone (�-MSH) or adrenocorticotropic hormone, the protein
activates adenylate cyclase to increase cAMP production;
this subsequently enhances phosphorylation of the cAMP
responsive-element-binding protein (CREB) by PKA. Acti-
vated CREB regulates expression of microphthalmia-associ-
ated transcription factor, which in turn stimulates transcrip-
tion of microphthalmia-associated transcription factor target
genes including those encoding key enzymes involved in mela-
nin synthesis; these are tyrosinase, dopachrome tautomerase,
and tyrosinase-related protein-1 (4). MC1R employs these reg-
ulatory mechanisms to control skin and hair pigmentation.
Recent studies have shown that MC1R is involved in the

inflammatory response, in addition to the role played by the
protein in melanogenesis. It has been reported that both adre-
nocorticotropic hormone and �-MSH induce expression of
IL-10, an anti-inflammatory cytokine, in keratinocytes (5).
Other groups have found that �-MSH inhibits either expres-
sion or activation of proinflammatory cytokines including
TNF-� and IL-1 in melanocytes and melanoma cells (6), sug-
gesting that MC1R plays an additional role during inflamma-
tion. Because cells are highly motile under inflammatory con-
ditions, we hypothesized that MC1R might be involved in the
regulation of cell migration. Indeed, several studies have found
that MC1R regulates such migration and that this activity is
highly dependent on expression ofMC1R ligands. For example,
melanoma cell migration is reduced by �-MSH (7, 8), and this
inhibition appears to be associated with development of an
anti-inflammatory response (9). Conversely, Agouti signal pro-
tein (ASP), another MC1R ligand, promotes melanoma cell
migration (10).
Cell migration is a crucial step in cancer development. Mel-

anoma is very aggressive, and it is thus very important to clarify
the migration mechanism of melanoma cells. In addition, mel-
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anoma is a cancer that is difficult to cure because the potential
for malignancy is so high. Thus, melanoma is the most serious
form of skin cancer. Accordingly, molecules regulating mela-
noma progression and factors promoting the aggressive pheno-
type of the cancer must be identified to allow prediction of the
probability that metastasis will occur. Consistent with the role
played by MC1R in the response to inflammation, MC1R
expression is greatly increased in melanoma cells. More than
80% of humanmetastatic melanoma cell lines have been shown
to display MC1R, and high level MC1R expression has been
documented, via immunohistochemistry, in primary and met-
astatic melanoma tissue samples (11). Therefore, it is very pos-
sible that MC1R is involved in regulation of cell migration.
Syndecans are transmembrane cell surface heparan sulfate

proteoglycans and act as receptors for extracellular matrix pro-
teins (including fibronectin and laminin) and for growth factors
such as FGF-2 and VEGF (12–14). In this manner, syndecan
family members are involved in various cellular activities
including adhesion, migration, cytoskeletal organization, and
differentiation (15). In particular, it is well known that synde-
can-2 regulates cell migration. Syndecan-2 is normally highly
expressed in cells that are actively migrating. The protein plays
a major role in the interaction of cells and extracellular matrix
proteins and regulates cytoskeletal organization. Thus, synde-
can-2 controls the migration of various types of cancer cells
including different lines of colon cancer cells (16, 17) and fibro-
sarcoma cells (18). Recently, we reported that the syndecan-2
level was increased in melanoma cells and that this increase
critically affected the migratory potential of such cells (19).
Because the expression levels of bothMC1R and syndecan-2

increase in highlymotilemelanoma cells and because both pro-
teins play important roles in cell migration, it seemed very pos-
sible that MC1R might be involved in regulation of melanoma
cell migration. In this present report, we show that MC1R reg-
ulates melanoma cell migration via control of syndecan-2
expression.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—Monoclonal antibody to synde-
can-2 was produced by AdipoGen Inc. (19). mAb to phospho-
tyrosine was purchased from Millipore (Billerica, MA). mAbs
to ERK, phospho-ERK and �-actin were purchased from Santa
Cruz (Santa Cruz, CA). Polyclonal antibodies to phospho-p38,
phospho-JNK, p38, and JNK were purchased from Cell Signal-
ing (Danvers, MA). Polyclonal antibodies to phosphorylation
site-specific FAK (Tyr(P)397), were purchased from Abcam
(Cambridge, UK). SB239063 was purchased from Calbiochem
(Darmstadt, Germany), and FGF-2 was purchased from Milli-
pore. pGL3-basic vector was purchased from Promega (Madi-
son, WI), and pCMV/�-galactosidase was purchased from
Clontech. �-MSH and gelatin B was purchased from Sigma-
Aldrich, and the Luciferase assay kit was from Promega. Effect-
ene was purchased from Qiagen. Lipofectamine 2000 was pur-
chased from Invitrogen.
Cell Culture and Transfection—Mouse melanoma cells B16,

B16F10, and human melanoma cells A375 were purchased
from the Korean Cell Line Bank. B16, B16F10, and A375 cells
were maintained in DMEM (WelGene, Daegu-si, Korea), sup-

plemented with 10% (v/v) FBS with gentamicin (50 �g/ml;
Sigma) at 37 °C in 5%CO2 in a humidified atmosphere. B16G4F
cell was kindly provided byDr.A.N. Eberle (University of Basel)
(20). B16G4F cell was maintained in DMEM (WelGene), sup-
plemented with 10% (v/v) FBS and 5mM L-glutamine with gen-
tamicin (50 �g/ml; Sigma) at 37 °C in 5% CO2 in a humidified
atmosphere. Transient transfections were carried out using
either Effectene reagent (Qiagen) or Lipofectamine 2000 (Invit-
rogen) according to the provided manufacturer’s instructions.
Synthesis of Small Interfering RNAConstructs—Oligonucleo-

tides were designed targeting mouse MC1R. The sequences of
the primers are as follows: mouse MC1R sense sequence, 5�-
UGGUGAGUCUGGUGGAGAA-3�, and antisense sequence,
5�-UUCUCCACCAGACUCACCA-3�; mouse syndecan-2
sense sequence, 5�-GGAGAAACAUUCAGACAAU-3� and
antisense sequence, 5�-AUUGUCUGAAUGUUUCUCC-3�.
Scrambled siRNA (siGENOME Non-Targeting siRNA #2) was
purchased from Dharmacon (Chicago, IL) and used as a con-
trol. Oligonucleotides were designed targeting human synde-
can-2, containing a 9-bp hairpin loop. Oligonucleotides were
annealed and cloned into a pSUPER vector (Oligoengine, Seat-
tle, WA). The sequences of the primers are as follows: human
syndecan-2 sense primer, 5�-GATCCCCTGACGATGACTA-
CGCTTCTTTCAAGAGAACTGCTACTGATGCGAAGAT-
TTTTGGAAA-3�; human syndecan-2 antisense primer, 5�-
AGCTTTTCCAAAAATGACGATGACTACGCTTCTT-
CTCTTGAAACTGCTACTGATGCGAAGAGGG-3�. Bold
characters indicate human syndecan-2 sequences, and italics
indicate the hairpin loop.
RNAExtraction and Reverse Transcription-PCR—Total RNA

extracted fromculturedcellswasusedas template for reverse tran-
scriptase reaction. Aliquots of cDNA were amplified using the
following primers:mouse syndecan-2 (forward) 5�-TGGCTACT-
TCGTTTGAGCAC-3� and (backward) 5�-CACTACATTCTC-
AGCCTCCG-3�; rat syndecan-2 (forward) 5�-ATGCGGGTAC-
GAGCCACGTC-3� and (backward) 5�-CGGGAGCAGCACTA-
GTGAGG-3�; human syndecan-2 (forward) 5�-CATCTCCCCT-
TTGCTAACGGC-3� and (backward) 5�-TAACTCCATCTCC-
TTCCCCAGG-3�; mouse MC1R (forward), 5�-CCTCTGCCTC-
AAGGGTGCTG-3� and (backward) 5�-TCAACAGTGGAGCT-
GAGGACG-3�; GAPDH (forward) 5�-CCACCCATGGCAAAT-
TCCATGGCA-3� and (backward) 5�-TCTAGACGGCAGGTC-
AGGTCCACC-3�; and �-actin (forward) 5�-TGGAATCCTGT-
GGCATCCATGAAA-3� and (backward) 5�-TAAAACGCAGC-
TCAGTAACAGTCCG-3�. After the initial denaturation at 94 °C
for 5 min, 30 cycles of denaturation at 94 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 60 swere carried out. The
reaction productswere analyzed in 1% agarose gels. The amplified
DNA fragments were cloned and sequenced to confirm the PCR
products.
Immunoblotting—The cells werewashed twicewith PBS, and

the cells were lysed in radioimmune precipitation assay buffer
(50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 10 mM

NaF, and 2 mM Na3VO4) containing a protease inhibitor mix-
ture (20 �g/ml 1,4-dithiotheritol, 1 �g/ml aprotinin, 1 �g/ml
antipain, 5�g/ml leupeptin, 1�g/ml pepstatin A, and 20�g/ml
phenylmethylsulfonyl fluoride). The lysates were clarified by
centrifugation at 18,000 � g for 15 min at 4 °C, denatured with
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SDS sample buffer, boiled, and analyzed by SDS-PAGE. The
resolved proteins were transferred to PVDF membranes (Mil-
lipore) and probed with the appropriate antibodies. The signals
were detected by enhanced chemiluminescence (iNtRON Bio-
technology, Kyungki-Do, Korea).
Flow Cytometry—Cells cultured in 60-mm diameter tissue

culture dishes were washed with PBS and released by 0.2%
EDTA followed by the addition of 5% FBS in PBS. After pellet-
ing, the cells were resuspended in PBS and counted. The cells
were incubated overnight with anti-syndecan-2 antibody in
10% FBS in PBS on 4 °C. After washing three times with PBS
containing 0.05% Tween 20, the cells were incubated FITC-
conjugated anti-mouse antibody in 10% FBS in PBS for 30 min.
Syndecan-2 expression was analyzed by flow cytometry.
Construction of Transcriptional Syndecan-2 Reporter

Plasmids—The 3-kb-long promoter genes of syndecan-2 were
amplified by PCR using the following mouse syndecan-2 prim-
ers: (forward) 5�-GGTACCATCTCATCAACACCAA-3� and
(backward) 5�-AGGGATATGAGGCCATGGTAAT-3�. After
an initial denaturation at 94 °C for 5 min, 30 cycles of denatur-
ation at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension
at 72 °C for 60 s were carried out. The syndecan-2 promoter
gene was ligated into pGL3-basic vector at KpnI/XhoI cloning
sites.
Luciferase Assay—The cells were plated in 24-well plates 24 h

prior to transfection with 0.2 �g of pGL3-basic vector or syn-
decan-2 reporter constructs together with 0.1 �g of pCMV/�-
galactosidase as the normalizing control. 24 h later from trans-
fection, the cells were washed with PBS and lysed with reporter
lysis buffer (Promega). Soluble extracts were harvested and
assayed for both luciferase and �-galactosidase activities
according to the manufacturer’s instruction.We calculated the
relative luciferase units/�-galactosidase activity to normalize
the luciferase values for transfection efficiency. All of the trans-
fections were repeated at least three times using different plas-
mid preparations.
TranswellMigration Assay—Gelatin B (10�g/ml) was added

to each well of a Transwell plate (Costar; 8-�m pore size),
and then the membranes were allowed to dry at 25 °C for 1 h.
The Transwell plates were assembled in a 24-well plate, and the
lower chambers were filled with FGF-2 (100 ng/ml) in fresh
medium. The cells were added to each upper chamber, and the
plates were incubated at 37 °C in 5%CO2. The cells that had
migrated to the lower surface of the filters were stained with
0.6% hematoxylin and 0.5% eosin and counted.
Statistical Analysis—The data are represented as the means

from three independent experiments. Statistical analysis was
performedusing anunpaired Student’s t test. Ap value less than
0.01 or 0.05 was considered statistically significant.

RESULTS

MC1R Regulates Melanoma Cell Migration—To explore the
role played by MC1R in melanoma cell migration, we investi-
gated whether theMC1R expression level affected the extent of
suchmigration.We first compared themorphologies of various
types of mouse melanoma cells, including the B16 line express-
ing nativeMC1R and B16G4F; the latter line isMC1R-deficient
(21, 22). Of the three cell lines examined, B16F10 cells were

morphologically the most dendrite- or spine-like. B16G4F cells
were round in shape and were densely packed, reminiscent of
epithelial cells (Fig. 1A). MC1R is known to regulate the den-
dricity ofmelanoma cells (23, 24), and a close associationwould
thus be expected between the extent of dendrite-like morphol-
ogy and MC1R expression level. As expected, the level of
mRNA encoding MC1R was high in B16F10 cells, but not in
B16G4F cells (Fig. 1B). In line with the observedmorphological
differences, B16F10 cells migrated muchmore rapidly than did
B16G4F cells (Fig. 1C). Consistently, only B16F10 cells formed
regions of focal adhesion; this is a crucial feature of migrating
cells (Fig. 1D). These data suggest thatMC1Rmight be involved
in regulation of cell migration. To directly investigate this pos-
sibility, we compared the expression level of MC1R with the
extent of cell migration. Overexpression of MC1R enhanced
migration of both B16G4F (Fig. 1E) and B16F10 cells (Fig. 1F).
On the other hand, reduction inMC1R expression, achieved via
the use of siRNA targeting to MC1R, significantly reduced
migration of B16F10 cells (Fig. 1G). Thus, it seemed very pos-
sible that MC1R regulated melanoma cell migration.
An increase in the extent of tyrosine phosphorylation, and

activation of focal adhesion kinase (FAK), are the key signaling
events during cell migration (25). In line with the observed
increase in migratory activity, B16F10 cells showed elevated
levels of overall tyrosine phosphorylation and of phosphoryla-
tion of FAK at tyrosine 397; the overall extent of tyrosine phos-
phorylation wasmuch lower in B16G4F cells (Fig. 2A). Further,
MC1R overexpression increased both the overall tyrosine
phosphorylation level and FAKphosphorylation at tyrosine 397
in B16F10 cells (Fig. 2B); the opposite effects were observed
when MC1R expression was reduced (Fig. 2C). These results
suggested that MC1R regulated the migration of melanoma
cells.
MC1R PromotesMigration ofMelanomaCells by Controlling

Syndecan-2 Expression—Previously, we showed that synde-
can-2 controlled the migration of melanoma cells (19). There-
fore, we explored whether syndecan-2 was involved in regula-
tion of MC1R-mediated cell migration in melanoma cells.
Interestingly, we found that the extent of cell surface expression
of syndecan-2 was relatively high in B16 and B16F10 cells,
which synthesized elevated levels MC1R, but lower in B16G4F
cells (Fig. 3A). This suggested that the expression levels of syn-
decan-2 and MC1R were interdependent. Consistent with this
notion, MC1R expression increased the level of syndecan-2 in
B16G4F cells (Fig. 3B), and the cell surface level of syndecan-2
fell in B16F10 cells containing siRNA targetingMC1R (Fig. 3C).
On the other hand, syndecan-2 expression had no affect on the
level of MC1R (Fig. 3B). As in mouse melanoma cells, MC1R
enhanced the levels of both mRNA encoding syndecan-2 and
cell surface expression of the protein in humanmelanomaA375
cells (Fig. 3D). Consistently, our syndecan-2 promoter reporter
assay revealed that increasedMC1R expression enhanced tran-
scription of the syndecan-2 gene, whereas reduction in the level
of MC1R expression inhibited such transcription (Fig. 3E).
These results strongly suggested that MC1R regulated expres-
sion of syndecan-2.
Because syndecan-2 is a key regulator of melanoma cell

migration, we next investigated whether the protein was
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involved in MC1R-mediated cell migration. Consistent with
the data described above, both syndecan-2 and MC1R
enhancedmigration of B16G4F cells. However, co-transfection

of B16G4F cells with an MC1R expression vector and synde-
can-2-targeting siRNA decreased the cell surface expression
level of syndecan-2 and also reducedMC1R-inducedmigratory

FIGURE 1. MC1R expression levels affect melanoma cell migration. A, B16, B16F10 and B16G4F cells were distributed to tissue culture plates and incubated at 37 °C.
After 48 h, digital photographs were taken using a phase contrast microscope. Scale bar, 20 �m. B, total RNA was extracted from exponentially growing B16G4F and
B16F10 cells, and mRNA expressions were analyzed by RT-PCR, using �-actin as the loading control. C, Transwell migration assays were performed using FGF-2 (100
ng/ml) as a chemoattractant in the lower chamber. B16, B16F10, and B16G4F cells (5�104 cells/well) were allowed to migrate for 12 h, and migrated cells were stained
with hematoxylin and eosin. The data shown are representative of three independent experiments. D, B16F10 cells (3.5 � 104 cells) or B16G4F cells (1.5 � 105 cells)
were distributed to 12-well tissue culture plates and incubated for 48 h. The cells were fixed and immunostained with either anti-paxillin antibody (Texas Red) or
phalloidin (FITC-conjugated). Scale bar, 20 �m. E, B16G4F cells were transfected with either vector (vec) or MC1R. Total RNA was extracted, and mRNA expressions were
analyzed by RT-PCR. �-Actin was used as a control (top panel). Transwell migration assays were performed using FGF-2 (100 ng/ml) as a chemoattractant in the lower
chamber. Transfected cells were allowed to migrate for 24 h, and migrated cells were stained with hematoxylin and eosin (bottom panel). The data shown are
representative of three independent experiments. *, p � 0.01 versus vector. F, B16F10 cells were transfected with either vector or MC1R. After 24 h, total RNA was
extracted, and mRNA expressions were analyzed by RT-PCR. �-Actin was used as a control (top panel). Migrated cells were analyzed by Transwell migration assay
(bottom panel). G, B16F10 cells were transfected with siRNA targeting MC1R (si-mc1r). After 48 h, MC1R mRNA expression was analyzed by RT-PCR. �-Actin was used as
a control (top panel). Migrated cells were analyzed by Transwell migration assay (bottom panel). si-con, control siRNA.

FIGURE 2. MC1R regulates the activation of the focal adhesion kinase. A, B16G4F and B16F10 cells were distributed to tissue culture plates and incubated
at 37 °C for 48 h. Total cell lysates were analyzed by Western blotting with either anti-phosphotyrosine (�-pY) or anti-phospho FAK (�-FAK(pY397)) antibodies;
�-actin (�-�-actin) was detected as the loading control. B, B16G4F cells were transfected with either vector (vec) or MC1R. After 24 h, total RNA was extracted,
and mRNA expressions were analyzed by RT-PCR, using �-actin as the loading control (top panel). Total cell lysates were analyzed by Western blotting as
described for A (bottom panel). C, B16F10 cells were transfected with siRNA targeting MC1R (si-mc1r). After 48 h, MC1R mRNA expression was analyzed by
RT-PCR. �-Actin was used as the control (top panel). Total cell lysates were analyzed by Western blotting as described for A (bottom panel). si-con, control siRNA.
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activity, compared with what was seen using cells transfected
with the MC1R expression vector alone (Fig. 4A). On the other
hand, the reduction in B16F10 cellmigration induced by siRNA
targeting MC1R was rescued by expression of syndecan-2 (Fig.

4B). Similarly, MC1R expression enhanced synthesis of synde-
can-2 and increased the migration of human melanoma A375
cells; such MC1R-stimulated migration was reduced in the
presence of siRNA targeting syndecan-2 (Fig. 4C). These results

FIGURE 3. MC1R increases syndecan-2 expression in melanoma cells. A, B16, B16F10, and B16G4F cells distributed to tissue culture plates and incubated at
37 °C. After 48 h, mRNA expression levels of MC1R (mc1r) and syndecan-2 (sdc2) were analyzed by RT-PCR, using GAPDH as the loading control (top panel). The
cells were detached and harvested using 0.2% EDTA, 5% FBS in PBS and incubated with anti-syndecan-2 antibody. The cell surface expression of syndecan-2
was analyzed by flow cytometry. IgG was used as a control (bottom panel). B, B16G4F cells were transfected with either rat syndecan-2 (sdc2) or MC1R (mc1r),
and mRNA expression levels were analyzed by RT-PCR. �-Actin was used as the loading control (top panel). The cell surface expression level of syndecan-2 was
analyzed by flow cytometry described for A. IgG was used as a control (bottom panel). C, B16F10 cells were transfected with siRNA targeting MC1R (si-mc1r), and
mRNA expression levels of syndecan-2 and MC1R were analyzed by RT-PCR. GAPDH was used as the loading control (con, top panel). The cell surface expression
level of syndecan-2 was analyzed by flow cytometry as described for A. IgG was used as a control (bottom panel). D, A375 cells were transfected with either
vector (vec) or MC1R (mc1r), and mRNA expression levels were analyzed by RT-PCR. �-Actin was used as the loading control (top panel). The cell surface
expression level of syndecan-2 was analyzed by flow cytometry as described for A. IgG was used as a control (bottom panel). E, B16F10 cells were co-transfected
with syndecan-2 reporter construct and MC1R (left panel) or siRNA targeting MC1R (right panel). Syndecan-2 promoter activity was analyzed by luciferase assay.
*, p � 0.01; **, p � 0.05 versus vector or control siRNA (si-con).

FIGURE 4. MC1R-mediated cell migration is dependent on syndecan-2 expression. A, B16G4F cells were transfected with indicated siRNA or cDNA. The
expression level of cell surface syndecan-2 was analyzed by flow cytometry described for Fig. 3A. IgG was used as control (top panel). B16G4F cells (1 � 105

cells/well) transfected with indicated cDNA were seeded in the upper chamber of Transwell plates. Cell migration was analyzed as described in the legend to
Fig. 1 (bottom panel). B, B16F10 cells were transfected with indicated siRNA or cDNA. The expression level of cell surface syndecan-2 was analyzed by flow
cytometry described for Fig. 3A. IgG was used as control (top panel). Cell migration was analyzed as described in the legend to Fig. 1 (bottom panel). *, p � 0.01
versus control siRNA (si-con). C, A375 cells were transfected with indicated siRNA or cDNA. The expression mRNA levels of syndecan-2 or MC1R were analyzed
by RT-PCR. �-Actin was used as the loading control (top panel). Cell migration was analyzed as described in the legend to Fig. 1 (bottom panel). **, p � 0.05 versus
control. vec, vector; si-sdc2, siRNA syndecan-2; si-mc1r, siRNA targeting MC1R.
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showed that syndecan-2 was involved in the MC1R-induced
migration of melanoma cells, suggesting that MC1R-mediated
cell migration was, at least in part, dependent on expression of
syndecan-2.
MC1R Regulates Syndecan-2 Expression via Inhibition of p38

Activity—We next explored how MC1R regulated syndecan-2
expression. TheMAPK signaling pathway is important in terms
of regulation of various cell systems; such activities include
gene expression, proliferation, and survival-specific actions
(26). Therefore,we determinedwhetherMC1Rexpression acti-
vated any MAPK. Of the three known MAPKs: ERK, p38, and
JNK/SAPK, we found that MC1R expression inhibited activa-
tion of p38. B16F10 cells expressingMC1R had a reduced basal
activity of this MAPK, but not of other MAPKs, whereas
B16F10 cells expressing siRNA targeting MC1R showed
enhanced phosphorylation of p38 (Fig. 5A). Serum enhanced
p38 activation, but MC1R expression inhibited such serum-

stimulated activation in B16F10 cells (Fig. 5B). The opposite
effect was found in p38 activity of MC1R knocked down cells
(Fig. 5C). Consistently, SB239063, a general p38 inhibitor,
increased cell migration of B16F10 cells (Fig. 5D).
Next, we investigated whether inhibition of p38 activity was

involved in regulation of syndecan-2 expression. As MC1R
inhibited p38 activity, B16F10 cells were treated with
SB239063. Interestingly, inhibition of p38 activity enhanced
expression of syndecan-2 in andmigration of B16F10 cells (Fig.
6A), suggesting that inhibition of p38 activity was important in
terms of induction of syndecan-2 expression. When we treated
B16F10 cells with H2O2, a well known activator of p38 (27), p38
activity increased in a dose-dependent manner, and such acti-
vation was inversely associated with the level of syndecan-2
expression. Further, H2O2 reduced the migratory behavior of
B16F10 cells (Fig. 6B). In addition, inhibition of p38 activation
using SB239063 rescued the decrease in both syndecan-2

FIGURE 5. MC1R inhibits activation of p38. A, B16F10 cells were transfected with either vector (vec) or MC1R (mc1r, left panels) and either control siRNA (si-con)
or siRNA targeting MC1R (si-mc1r, right panels). Expression mRNA level of MC1R was analyzed by RT-PCR. �-Actin (�-�-actin) was detected as the loading control
(top two panels). Total cell lysates were analyzed by Western blotting with indicated antibodies (bottom six panels). B, B16F10 cells were transfected with vector
or MC1R (mc1r). After serum starvation, the cells were activated using 10% FBS for 1 h. The phosphorylation of p38 was analyzed by Western blotting with
anti-phospho-p38 (�-p-p38) antibody. p38 (�-p38) was detected as the loading control. C, B16F10 cells were transfected with control siRNA or siRNA targeting
MC1R (si-mc1r). After serum starvation, the phosphorylation of p38 was analyzed by Western blotting with anti-phospho-p38 (�-p-p38) antibody. p38 (�-p38)
was detected as the loading control (left panel). After serum starvation, the cells were activated using 10% FBS for 1 h and analyzed p38 activity by Western
blotting (right penal). D, B16F10 cells were transfected with siRNA targeting MC1R (si-mc1r). B16F10 cells pretreated with SB239063 (5 �M, 30 min) were
incubated for 24 h. mRNA expression of these cells was analyzed by RT-PCR (top panel), and the phosphorylation of p38 was analyzed by Western blotting with
anti-phospho-specific p38 antibody (�-p-p38, middle panel). Cell migration was analyzed as described in the legend to Fig. 1 (bottom panel). *, p � 0.01; **, p �
0.05 versus si-control.

FIGURE 6. p38 inhibition is required for syndecan-2 expression. A, B16F10 cells treated with SB239063 (SB) described as Fig. 5D and mRNA level of
syndecan-2 (sdc2) was analyzed by RT-PCR. �-Actin was used as the loading control (con, top panel). The cells (1.5 � 105 cells) were harvested and seeded into
upper chamber of Transwell plates. After 6 h, the migrated cells were stained with hematoxylin and eosin (bottom panel). **, p � 0.05 versus control. B, B6F10
cells were treated with the indicated amount of H2O2 in culture medium (1% FBS) for 24 h. Syndecan-2 mRNA expression was analyzed by RT-PCR, and the
phosphorylation of p38 was analyzed by Western blotting with anti-phospho-specific p38 antibody (�-p-p38, top panel). Cell migration was analyzed as
described for A (bottom panel). *, p � 0.01 versus 0 mM. C, B16F10 cells were pretreated with SB239063 (5 �M) for 30 min and then incubated an additional 24 h
in the presence of H2O2 (2.5 mM). Syndecan-2 mRNA expression was analyzed by RT-PCR. The cells were lysed by radioimmune precipitation assay buffer and
detected phospho-p38 (�-p-p38) by Western blotting (top panel). Cell mobility was measured by Transwell migration assay (bottom panel). **, p � 0.05 versus
untreated cells.
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expression and cell migration by H2O2 (Fig. 6C). Together,
these results suggested thatMC1R enhanced expression of syn-
decan-2 via inhibition of p38 activity; the extent of cell migra-
tion was subsequently elevated.

�-MSH Negatively Regulates MC1R-mediated Syndecan-2
Expression and Cell Migration—�-MSH, a ligand of MC1R
during melanogenesis (4), is also known to regulate cell migra-
tion during inflammation (9). In addition, we previously
reported that �-MSH inhibited syndecan-2 expression in and
migration of melanoma cells (19). We therefore investigated
whether �-MSH regulated syndecan-2 synthesis by controlling
the signaling pathways affected by MC1R expression. Consis-
tently, MC1R overexpression enhanced synthesis of both
mRNA encoding syndecan-2 and the level of cell surface pro-
tein in B16F10 cells. However, �-MSH significantly inhibited
the rise in syndecan-2 expression induced by MC1R (Fig. 7A).

Reduction in theMC1R expression level enhanced the fall seen
in the level of syndecan-2, and�-MSH further potentiated such
a reduction in syndecan-2 expression (Fig. 7B). The color of
cells showed that MC1R targeting siRNA and �-MSH work
effectively in melanin synthesis, a well known function. On the
other hand, �-MSH did not regulate syndecan-2 expression in
B16G4F cells; such cells synthesize syndecan-2 only under the
control of an artificial promoter (Fig. 7C). Thus, �-MSH inhib-
ited syndecan-2 expression in melanoma cells, via binding to
MC1R.
Interestingly, �-MSH stimulated p38 activation. When

B16F10 cells were treated with �-MSH, p38 activation was
enhanced, syndecan-2 expression was decreased, and cell
migration fell (Fig. 8A). In addition, SB239063 significantly
inhibited �-MSH-mediated effects including p38 activation,
decreased syndecan-2 expression, and decreased cell migration

FIGURE 7. �-MSH inhibits MC1R-mediated regulation of syndecan-2 expression in melanoma cells. A, B16F10 cells transfected with siRNA targeting MC1R
(si-mc1r) were treated with �-MSH (1 �M) for 24 h. The expression levels of mRNA were analyzed by RT-PCR. GAPDH detected as the loading control (top panel).
Cell surface expression of syndecan-2 (sdc2) was analyzed by flow cytometry described for Fig. 3A. The cells were treated with �-MSH (�), as was stated above.
IgG was used as a control (middle panel). B16F10 cells were co-transfected with syndecan-2 reporter construct and MC1R (mc1r). The cells were treated with
�-MSH (1 �M) for 24 h, and syndecan-2 promoter activity was analyzed by luciferase assay (bottom panel). **, p � 0.05 versus untreated vector (vec) cells.
B, B16F10 cells transfected with siRNA targeting MC1R were treated with �-MSH (1 �M) for 24 h. The expression levels of the target mRNAs were analyzed by
RT-PCR. Equal numbers of cells were harvested by centrifugation, and the cell pellets were photographed with a digital camera (top panel). The expression level
of cell surface syndecan-2 was analyzed by flow cytometry (middle panel). B16F10 cells were co-transfected with syndecan-2 reporter construct and siRNA
targeting MC1R (si-mc1r). The cells were treated with �-MSH (1 �M) for 24 h, and syndecan-2 promoter activity was analyzed by luciferase assay (bottom panel).
C, B16G4F cells transfected with rat syndecan-2 were treated with �-MSH (1 �M) for 24 h. The expression mRNA levels of target mRNAs were analyzed by RT-PCR
(top panel). Cell surface expression of syndecan-2 was analyzed by flow cytometry using anti-syndecan-2 antibody (bottom panel). si-con, control siRNA.
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(Fig. 8B). In addition, �-MSH-mediated p38 activation com-
pletely abolished all the effects of MC1R, resulting in p38 acti-
vation, decreased syndecan-2 expression, and decreased cell
migration (Fig. 8, A and B).

Further, �-MSH reduced MC1R-mediated inhibition of p38
activity and increased both syndecan-2 expression in and
migration of melanoma cells (Fig. 8C). Together, the data sug-
gested that �-MSH negatively regulated MC1R-mediated syn-
decan-2 expression and cell migration by activating p38.

DISCUSSION

MC1R is well known to play a role in regulation of melanin
synthesis by melanocytes and melanoma cells. Recent studies
have revealed other functions of MC1R in dendrites formation
by skin cells (23, 24), inflammatory response (5, 6), oxidative
response (28), and cellmigration (7–10). In all instances,MC1R
is located on the cell surface, transducing signals from extracel-
lular functional ligands including �-MSH, adrenocorticotropic
hormone, and ASP. In the present report, we provide evidence
that MC1R itself is an important regulator of cell migration.
Elevated levels of either endogenous MC1R or exogenously
expressed MC1R enhanced migration of both human and
mousemelanoma cells. The basal expression level ofMC1Rwas
higher in B16F10 cells, whichmigrated rapidly, than in B16G4F
cells, which migrated less vigorously (Fig. 1). Elevated MC1R
expressionwas associated with a rise in the extent ofmelanoma
cell migration, whereas the opposite was true when MC1R
expression was suppressed using siRNAs (Fig. 1). Therefore,
MC1R appears to act as a receptor potentiating melanoma cell
migration.
Although the mechanism of MC1R-mediated regulation of

melanoma cellmigration remains poorly elucidated, our results
indicate that enhanced syndecan-2 expression plays a key role
in such regulation. Overexpression of MC1R enhanced expres-
sion ofmRNA encoding syndecan-2 and cell surface expression
of the protein (Fig. 3), and reduction of syndecan-2 expression
abolished the MC1R-mediated increase in the extent of cell

migration (Fig. 4). Therefore, it is likely that syndecan-2 is an
important component of the MC1R-mediated melanoma cell
migration pathway. Consistent with the data of a previous
report indicating that syndecan-2 regulates FAK activity (18,
19), MC1R enhanced FAK activity in melanoma cells (Fig. 2).
Interestingly, MC1R negatively regulated p38 activity. We

found that the extent of p38 phosphorylation was decreased in
MC1R-transfected cells and inhibition of p38 activity enhanced
migration of melanoma cells (Figs. 5 and 6). In addition, inhibi-
tion of p38 via either MC1R expression or using a chemical
inhibitor enhanced expression of syndecan-2 (Fig. 6A). On the
other hand, activation of p38 usingH2O2 enhanced p38 activity
but reduced both syndecan-2 expression and subsequent cell
migration (Fig. 6B). These results strongly suggest that MC1R-
mediated inhibition of p38 activity regulates melanoma cell
migration via expression of syndecan-2.
We also showed that the action of MC1R in terms of cell

migration is regulated by several physiological ligands. �-MSH
is a well known MC1R ligand. Via interaction with MC1R,
�-MSH regulates various cellular functions including melanin
synthesis, activation of survival pathways, inflammation, and
proliferation (6, 29). Especially, it is well known that �-MSH
stimulates MC1R activation of the melanin synthesis pathway
in both melanocytes and melanoma cells. Briefly, �-MSH acti-
vates MC1R, which in turn activates adenylate cyclase to
increase cAMPproduction and, subsequently, phosphorylation
of CREB. Activated CREB promotes expression of microph-
thalmia-associated transcription factor, which is a transcrip-
tion factor controlling the expression of genes encoding
enzymes essential for melanin synthesis; these enzymes are
tyrosinase, dopachrome tautomerase, and tyrosinase-related
protein-1 (4). Our results show that �-MSH acts as an inhibitor
of MC1R function in terms of cell migration. We verified that
�-MSH reduced syndecan-2 expression via binding to MC1R
(Fig. 7) and decreased cell migration (Fig. 8A). Further, the p38
activity level was increased by �-MSH (Fig. 8). In other words,

FIGURE 8. �-MSH inhibits syndecan-2 expression via stimulation of p38 activation. A, B16F10 cells were treated with �-MSH (1 �M) for 24 h. Syndecan-2
(sdc2) mRNA expression was analyzed by RT-PCR. �-Actin was used as the loading control. The cells were lysed using radioimmune precipitation assay buffer,
and total cell lysates were analyzed by Western blotting with anti-phospho p38 (�-p-p38) antibody. Anti-p38 (�-p38) antibody was detected as a control (top
panel). B16F10 cells were harvested and seeded into the upper chambers of Transwell plates. After 24 h, migrated cells were stained with hematoxylin and eosin
(bottom panel). **, p � 0.05 versus untreated cells. B, B16F10 cells pretreated with SB239063 (SB, 5 �M) for 30 min were incubated with �-MSH (1 �M). After 24 h,
syndecan-2 expression levels (top panel), phosphorylation of p38 (middle panel), and cell migration (bottom panel) were analyzed as described for A. **, p � 0.05
versus untreated cells. C, B16F10 cells transfected with MC1R were treated with �-MSH (1 �M). After 24 h, syndecan-2 and MC1R expression levels (top panel),
phosphorylation of p38 (middle panel), and cell migration (bottom panel) were analyzed as described for A. *, p � 0.01; **, p � 0.05 versus control. vec, vector.
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�-MSH regulates syndecan-2-mediated migration via a mech-
anism involving p38. This is consistent with data obtained by
others, showing that �-MSH inhibited migration of melanoma
cells via down-regulation of syndecan-2 expression (19). There-
fore, MC1R plays key roles in the regulation of various cellular
functions, includingmelanin synthesis and cell migration; such
activity is dependent on ligands of MC1R.
It is accepted that �-MSH has anti-inflammatory functions.

�-MSH decreases either expression or activation of proinflam-
matory cytokines including IL-1 and TNF-� but increases the
synthesis of anti-inflammatory cytokines such as IL-6 and
IL-10. As a result, �-MSH reduces the migration of melano-
cytes, melanoma cells, and keratinocytes.
Interestingly, ASP, another ligand ofMC1R, seems to act in a

manner opposite to that of �-MSH. ASP inhibits melanin syn-
thesis by decreasing cAMP levels in melanocytes and mela-
noma cells (30, 31). In addition, ASP promotes melanoma cell
motility and up-regulates syndecan-2 expression in such cells
(10). Therefore, ASP may function in vivo as an antagonist of
�-MSH. However, it is not yet known whether ASP activates
p38. Thus, further work on ASP signaling may aid in an under-
standing of MC1R function and signaling.
Many studies have identified variant MC1R alleles in the

human. Representative polymorphic variant alleles of human
MC1R are associated with red hair color (thus, the alleles carry
the RHC descriptor), fair skin, and difficulty in tanning. The
presence of these alleles is associated with high cancer risks
(32). RHC variant cells differ in terms of cell signaling com-
pared with that of wild-type MC1R cells. RHC variants synthe-
sizing reduced levels of cAMPand eumelanin (33, 34) have been
reported. Interestingly, RHC variant cell function in a manner
similar to that seen when ASP is added to cells expressing wild-
typeMC1R. Therefore, to understandMC1R function, it will be
important to explore regulation of migration and syndecan-2
expression in RHC variant cells. This will allowmelanoma risks
in subjects with RHC variants to be understood.
In summary, we herein show that MC1R is involved in regu-

lation of melanoma cell migration. MC1R inhibits p38 activa-
tion, resulting in increased syndecan-2 expression and a subse-
quent enhancement in cell migration. In addition, �-MSH
inhibits migration via negative regulation ofMC1R action; syn-
decan-2 expression is thus down-regulated. However, further
studies are required to clarify the precise regulatory roles played
by MC1R during the response to inflammation or in carcino-
genesis. The present work provides the evidence that MC1R
plays a regulatory role during melanoma cell migration.
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