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Summary

Fibroblast growth factor (FGF2) regulates endothelial and melanoma cell migration. The binding of FGF2 to its
receptor requires N-sulfated heparan sulfate (HS) glycosamine. We have previously reported that Epac1, an
exchange protein activated by cAMP, increases N-sulfation of HS in melanoma. Therefore, we examined whether
Epac1 regulates FGF2-mediated cell-cell communication. Conditioned medium (CM) of melanoma cells with
abundant expression of Epac1 increased migration of human umbilical endothelial cells (HUVEC) and melanoma
cells with poor expression of Epac1. CM-induced increase in migration was inhibited by antagonizing FGF2, by
the removal of HS and by the knockdown of Epac1. In addition, knockdown of Epac1 suppressed the binding of
FGF2 to FGF receptor in HUVEC, and in vivo angiogenesis in melanoma. Furthermore, knockdown of Epac1
reduced N-sulfation of HS chains attached to perlecan, a major secreted type of HS proteoglycan that mediates
the binding of FGF2 to FGF receptor. These data suggested that Epac1 in melanoma cells regulates melanoma
progression via the HS-FGF2-mediated cell-cell communication.

cells. Exchange protein activated by cAMP (Epac), a

Introduction . .
guanine nucleotide exchange factor, was found as an

Despite recent advances in melanoma therapies utilizing
inhibitors of the ERK-signaling pathway, prognosis of
advanced melanoma is still poor. In addition, acquired
resistance becomes a critical problem with those inhib-
itors (Little et al., 2012; Maurer et al., 2011). Therefore,
the development of a novel therapeutic strategy is an
urgent demand for this life-threatening disease. cAMP
signaling controls a variety of cellular functions in cancer

additional target of cAMP apart from the conventional
one, that is, protein kinase A (De Rooij et al., 1998). Two
isoforms of Epac, Epacl and Epac2, mediate cAMP
signaling by the activation of a small-molecular-weight G
protein, Rap1 (Bos, 2006). In cancer cells, reports have
demonstrated following functions of Epacs such as cell
adhesion in human ovarian carcinoma Ovcar3 cells
(Quilliam et al.,, 2002), apoptosis (Tiwari et al., 2004)

Significance

There is an emerging need for elucidating the mechanism of cellcell interaction in melanoma progression.
Our study provides information regarding FGF2-related cell-cell interaction between melanoma/endothelial
and melanoma/melanoma cells which is regulated by melanoma cells with the higher expression of Epac1.
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and growth arrest (Grandoch et al.,, 2009a) in B lym-
phoma cells, formation of embryonic vasculogenic net-
works in melanoma cells (Lissitzky et al., 2009), and
proliferation of prostate carcinoma cells (Grandoch et al.,
2009b). We have previously reported that Epacl is
expressed in various melanoma cell lines (Baljinnyam
et al., 2011) and plays a role in cell migration via
modification of heparan sulfate (HS) glycosaminoglycan
(HSPG) chains. The increased migration by Epacl-
enhanced metastasis to the lungs in mice (Baljinnyam
et al., 2009). Recently, we have also found that, in
addition to this HS-related mechanism, a Ca’*-depen-
dent mechanism is also involved in Epacl-induced
melanoma cell migration. Epac1 releases cytosolic Ca?*
from the endoplasmic reticulum (ER) via the phospho-
lipase C (PLC)/inositol triphosphate (IP3)/IP3 receptor
pathway (Baljinnyam et al., 2010). These data suggested
that Epacl plays a critical role in melanoma cell
migration via at least two independent mechanisms,
that is, the HS-related and the Ca?*-dependent mecha-
nisms.

Fibroblast growth factor-2 (FGF2) is known to increase
tumor growth and metastasis by the activation of
migration of cancer and vascular endothelial cells (Hibino
et al., 2005; Meier et al., 2003; Montesano et al., 1986;
Moscatelli et al., 1986; Nugent et al., 2000; Ponta et al.,
1998; Sola et al., 1997; Taylor et al., 1993). Binding of
FGF2 to FGF receptor requires coordination with N-
sulfated glucosamine (Faham et al., 1996; Kreuger et al.,
1999; Maccarana et al., 1993; Schlessinger et al., 2000),
a component of HS chain (lozzo and San Antonio, 2001).
In addition, perlecan, one of the HSPGs, attaches to
FGF2 for its binding to FGF receptors (Knox et al., 2002;
Sharma et al., 1998). We have previously reported that,
in a human melanoma cell line, Epac1 increases NDST-1,
which converts N-acetylated glucosamine into N-sulfated
form (Baljinnyam et al., 2009). In addition, it was
suggested that Epacl overexpression increases N-sulf-
ation of HS chain (Baljinnyam et al., 2009).These data led
us to examine the hypothesis that Epacl can control
FGF2 signaling by modification of N-sulfation of HS, most
probably on perlecan. Further, as secreted FGF2 can act
in a paracrine fashion, it is possible that melanoma cells
expressing Epac1 regulate migration of surrounding
endothelial or other melanoma cells. In this study, we
found that Epac1 in melanoma cells increases N-sulfation
of secreted perlecan and activates migration of endothe-
lial/melanoma cells by FGF2/HS-mediated cell-cell inter-
action. In addition, the Epac1 in melanoma cells activates
angiogenesis in vivo, which may support the survival of
other melanoma cells expressing lower amounts of
Epacl1. Therefore, in addition to our previous reports
showing the role of Epac1 in melanoma cells, this study
demonstrated that expression of Epacl in melanoma
cells plays a role in melanoma progression by controlling
cell/cell communication with endothelial cells and other
melanoma cells.

Results

Epac1 in melanoma cells increases migration of
neighboring endothelial cells via cell/cell
communication

It was suggested that Epac1-expressing melanoma cells
can increase migration of neighboring endothelial cells via
N-sulfation of HSPG, and subsequently, the activation of
paracrine-acting FGF2 signaling. Therefore, we investi-
gated whether melanoma cells with abundant Epac1
expression can increase migration of those with scarce
Epacl expression. According to our previous report
(Baljinnyam et al., 2010, 2011), in this study, we have
divided the cell lines into two groups: Epac1-rich cell lines,
in which Epac1 expression is of the same or higher level
than that in SK-Mel-2 (SK-Mel-2, SK-Mel-24, SK-Mel187,
and C8161 cells). Epact-poor cell lines, in which Epac1
expression is lower than a half of Epac1 expression in SK-
Mel-2 (HEMA-LP, WM3248, WM1552C, and WM115
cells). Conditioned medium (CM) of C8161 cells, which
expresses abundant Epacl (Baljinnyam et al., 2011),
increased migration of human umbilical vein endothelial
cells (HUVEC) (Figure 1A). Both a neutralizing antibody
against FGF2 and heparitinase, a HS-cleaving enzyme,
inhibited the CM-induced HUVEC migration. Knockdown
of Epac1 in C8161 cells (Figure 1B) suppressed the CM-
induced HUVEC migration (Figure 1A). Hence, these data
suggested that Epac1 in melanoma cells can increase
migration of endothelial cells via FGF2- and/or HS-depen-
dent mechanisms.

Epac1 in melanoma cells induces tube formation of

endothelial cells via cell/cell communication

As endothelial cell migration is fundamental for angio-
genesis (Lamalice et al., 2007), we examined whether
Epacl-expressing melanoma cells can stimulate endo-
thelial tube formation, which mimics in vivo angiogenesis.
As shown in Figure 2A, B, CM of C8161 cells increased
tube formation of HUVEC. Similar to migration (Fig-
ure 1A), the CM-induced tube formation was inhibited
by the neutralizing antibody against FGF2 and by hepar-
itinase. In addition, CM of C8161 cells in which Epac1
was knocked down showed reduced tube formation
(Figure 2A, B). In vivo angiogenesis assay showed the
same effect of Epac1 knockdown (Figure 2C, D). These
data suggested that Epac1 in melanoma cells have the
ability to induce angiogenesis via FGF2- and/or HS-
mediated cell/cell communication.

Epac1 in melanoma cells increases migration of
neighboring melanoma cells via cell/cell
communication

Based on the increased HUVEC cell migration shown
previously, we hypothesized that a similar cell/cell inter-
action may also exist among melanoma cells. To test this
hypothesis, we examined whether CM derived from a
melanoma cell line affects migration of other melanocyte/

612 © 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.
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Figure 1. Epac1 in melanoma cells increases migration of endothelial cells via cell/cell communication. (A) CM of C8161 (C8161/control CM)
increased migration of human umbilical vein endothelial cells (HUVEC). Epac1 knockdown in C8161 cells (C8161/Epac1(—) CM) inhibited the CM-
induced migration. The CM-induced increase in migration was inhibited by the neutralizing antibody against FGF2 [nFGF2 ab (25 pg/ml)], and
heparitinase (0.08 U/ml). *P < 0.05 versus control, *P < 0.05 versus C8167/control CM, n = 4. (B) Western blot of C8161 cells with stable

knockdown of Epac1 performed with lentivirus-based shRNA induction.
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Figure 2. Epac1 in melanoma cells activates angiogenesis. (A) C8161/control CM increased tube formation of human umbilical vein endothelial
cells (HUVEC). C8161/Epac1(—) CM showed reduced tube formation compared to C8161/control CM. The C8161/control CM-induced tube
formation was inhibited by nFGF2 ab (25 pg/ml), and by heparitinase (0.08 U/ml). C8161/Epac1(—) CM showed reduced tube formation compared
with C8161/control CM.*P < 0.01 versus control medium. #*P < 0.01 versus C8161/control CM, n = 4. (B) Representative images of HUVEC tube
formation described in A. (C and D) Epac1 knockdown reduces angiogenesis in vivo. C8161 cells with or without Epac1 knockdown (1 x 10° cells)
were inoculated in the interscapular region of BALB/c mice. One week after the inoculation, tumor was removed. (C) Immunohistochemical
images with anti-CD31 staining for the detection of endothelial cells are shown. White arrows indicate CD31-positive cells stained brown. Scale
bar: 100 pm. (D) The number of microvessels in each mouse was counted with the positively stained cells in 10 different fields, n = 4.

melanoma cells. CM from WM3248 or WM115 cells,
both primary melanoma cell lines, did not change cell
migration of HEMA-LP melanocyte cells (Figure 3A). In
contrast, CM sourced from SK-Mel-2 or C8161 cells, both
metastatic melanoma cell lines, increased migration of
HEMA-LP. Migration of WM1552C cells, a primary
melanoma cell line of the radial growth phase (RGP),
was examined next (Figure 3B). CM of WM3248, a
melanoma cell line of the vertical growth phase (VGP),
SK-Mel-187, SK-Mel-2, or C8161 cells, all metastatic
melanoma cell lines, increased WM1552C cell migration
(Figure S3). In contrast, migration of the metastatic
melanoma cell line, C8161 cells, was not affected by
CM of SK-Mel-2. Epac1 overexpression (OE) in Epac1-
poor melanoma cells indeed increased cell migration in
both WM115 and WM3248 cells (Figure S1), suggesting
that Epac1’s effect on migration is saturated in Epac1-rich

melanoma cells such as C8161 and SK-Mel-2 cells. Epac1
knockdown by two different Epac1 shRNAs (from Santa
Cruz Biotechnology and Sigma Aldrich) in C8161 cells
inhibited the CM-induced migration of HEMA-LP and
WM1552C cells (Figure 3A, B and S2). Similar result was
obtained in Epac1 knockdown in SK-Mel-2 cells (Fig-
ure 3B). These data suggested the specific role of Epac1
in the CM-induced migration.

The CM-induced migration of HEMA-LP and WM1552C
cells were inhibited by heparitinase (Figure 3A and B),
and the CM-induced migration of WM1552C cells was
suppressed by the neutralizing FGF2 antibody (Fig-
ure 3B). The neutralizing FGF2 antibody inhibited CM-
induced migration in other combinations of CM and cell
lines used for migration (Figure S3). In addition, Epac1 OE
in WM3248 cells increased their migration, and it was
reduced by neutralizing FGF2 antibody (Figure S4).These

© 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 613



Baljinnyam et al.

O Control
B CM from SK-Mel-2

>
(¢}

250

150
100

Migration of HEMA-LP
(% of control)
oLy

Migration of C8161(% of control)

Control

WM3248  WM115  SK-Mel-2  C8161/ C8161/

CM CcM CcM control Epac1(-) control CM
CcM CM +

heparitinase

C8161/

OCM of Epam -) 8 CM + heparitinase B CM +nFGF2 ab

1k

WM3248  SK-Mel-187 SK-Mel-2 C8161

O
3 g 8 &
8 8 & &

(% of control

Migration of WM1552C
8

Figure 3. Epac1 in melanoma cells increases migration of melanocytes/other melanoma cells. (A) Conditioned media of indicated melanoma cell
lines were used for the Boyden chamber migration assay of HEMA-LP cells. Conditioned media from SK-Mel-2 and C8161 cells, but not those
from WM3248 and WM115 cells, increased migration of HEMA-LP cells. Knockdown of Epac1 (C8161/Epac1(—) CI\/I) as well as heparitinase
inhibited the CM-induced migration. *P < 0.05 versus control medium, *P < 0.05 versus C8161/control CM, n = 4. (B) Conditioned media of
indicated melanoma cell lines were used for the Boyden chamber assay of WM 1552C cells. Conditioned media of all cell lines examined increased
migration of WM1552C cells. Knockdown of Epac1 inhibited migration induced by CM derived from SK-Mel-2 and C8161 cells. Heparitinase and
the nFGF-2 antibody suppressed migration induced by CM of C8161 cells.*P < 0.05 versus control medium, *P < 0.05 versus CM, n = 4. (C) The
Boyden chamber assay showed that CM of SK-Mel-2 cells did not increase migration of C8161 cells, n = 4.

data suggested that CM-induced migration was regulated
by Epac1, HS and/or FGF2 signaling.

Epac1 augments the binding of FGF2 to FGF receptor
We next investigated the effects of Epacl on HS
including N-sulfation and FGF2 signaling. It has been
demonstrated that perlecan interacts with FGF2 via its HS
chains (Knox et al., 2002; Sharma et al., 1998). We thus
examined perlecan expression of CM by isolation with
chromatography. N-sulfated HS chains of perlecan were
detected by the anti-HS antibody (clone 10E4)
(Figure 4A). The N-sulfation of HS bound to the perlecan
was significantly reduced by Epac1 knockdown. In addi-
tion, both the amount of N-sulfation and the number of

FGF receptors bound to FGF2 were decreased by
knockdown of Epacl (Figure 4B). In contrast, neither
the expression of total HS bound to FGF2 nor FGF2 itself
in CM were changed by Epac1 knockdown (Figure 4B),
suggesting that Epac1 enhances FGF2-binding to FGF
receptor via N-sulfation of HS. The binding assay showed
that CM from C8161 cells increases FGF2 binding to FGF
receptor expressed in HUVEC cells. The CM-induced
FGF2 binding was inhibited by the FGF2 antibody and by
Epac1 knockdown in C8161 cells (Figure 4C). Taken
together, these data demonstrated that Epac1-expressing
melanoma cells regulate paracrine-acting FGF2 signaling
in neighboring cells such as endothelial and melanoma
cells by modification of HS.
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Figure 4. Epacl enhances the binding of fibroblast growth factor (FGF2) to FGF receptor via N-sulfation of HS. (A) Perlecan was isolated from the
DEAE chromatography fractions using a polyclonal antiperlecan antibody. The presence of HS chains on perlecan was detected using an anti-HS-
specific antibody (10E4). Epac1 knockdown reduced the amount of N-sulfated HS attached to perlecan. *P < 0.05 versus C8161/control CM,

n = 8. (B) CM of C8161 was subjected to immunoprecipitation with the antibody against FGF2 followed by Western blot for indicated antibodies.
Both N-sulfated HS and FGF receptor 1 (FGFR1) attached to FGF2 were reduced by Epacl1 knockdown whereas the amount of FGF2 in the CM
was not different. (C) The binding assay for FGF2 in human umbilical vein endothelial cells (HUVEC) was performed with indicated CM. C8161/
control CM increased the binding of FGF2 to HUVEC. The neutralizing antibody for FGF2 (nFGF2 ab) and knockdown of Epac1 inhibited the CM-
induced FGF2 binding. *P < 0.05 versus control medium, #P < 0.05 versus C8161/control CM, n = 4
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Epac1-rich melanoma cells support proliferation of
Epac1-poor melanoma cells in vivo

Increased angiogenesis by Epacl (Figure 2) suggested
that Epac1-rich melanoma cells can support proliferation
not only of Epacl-rich melanoma cells themselves but
also of Epaci-poor melanoma cells via newly supplied
blood flow. If this is the case, melanoma cells expressing
low Epac1 that cannot survive in vivo are rescued by
coexistence of Epaci-rich melanoma cells. Therefore, we
examined whether coinoculation of melanoma cells with
high Epac1 expression and those with low Epaci
expression enables the second type of cells to survive
in mice. To show this, we used SK-Mel-2 cells, which
abundantly express Epact, and WM1552C cells, which
poorly express Epac1 (Baljinnyam et al., 2011). In addi-
tion, we used green fluorescent protein (GFP) — or red
fluorescent protein (RFP) to distinguish WM1552C cells
from SK-Mel-2 cells. Our study showed that SK-Mel-2
cells inoculated in athymic nude mice, but not WM1552C
cells, formed a tumor (Figure BA), suggesting that
WM1552C cells alone cannot survive in mice. A tumor
was formed by WM1552C cells coinoculated with SK-
Mel-2 cells, but not with WM1552C cells inoculated alone
(Figure BA-C). The tumor formed by the coinoculation
showed both GFP- and RFP-fluorescent signal (Fig-
ure 5D). In addition, fluorescence-activated cell sorting
(FACS) analysis demonstrated that individual cells iso-
lated from the tumor have either RFP signal or GFP signal
(Table 1). These data showed the existence of both
WM1552C and SK-Mel-2 cells in the tumor and thus
suggested that Epaci-rich melanoma cells can support
the survival of Epaci-poor melanoma cells. As the
percentages of GFP- and RFP-positive cells are not equal
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even in the same SK-Mel-2 cells (Table 1) under in vivo
conditions, it seems that one of the two inoculated cell
lines becomes dominant. As CM of SK-Mel-2 cells did not
increase proliferation of WM1552C cells (data not
shown), these data suggest that SK-Mel-2 cells enable
WM-1552C to survive in vivo most probably by modifica-
tion of the extracellular matrix and enhanced angiogene-
sis.

Discussion

Our previous reports showed that Epacl increases
migration of melanoma cells themselves (Baljinnyam
et al., 2009, 2010, 2011). Epac1 in melanoma cells may
regulate the cell-cell communication, which could lead to
an augmented migration of neighboring endothelial and
melanoma cells. Our findings suggest that Epacl-rich
melanoma cells play a major role in melanoma progres-
sion through migration of the Epac1-rich melanoma cells
themselves, but also through increasing migration of
neighboring Epac1-poor melanoma cells and more impor-
tantly, by the increased migration of neighboring endo-
thelial cells that can accelerate tumor growth via
angiogenesis. Therefore, it is plausible that Epacl-rich
population in the melanoma tumor critically regulates
tumor growth rate.

Although a number of reports demonstrated the role of
FGF2 in melanoma progression (Gartside et al., 2009;
Hibino et al., 2005; Meier et al., 2000; Ozen et al., 2004),
little attention was focused on the role of paracrine-acting
FGF2. Using B16F10, an invasive mouse melanoma cell
line, CM-activated capillary formation of bovine aortic
endothelial cells (Garrido et al., 1995). CM from A375, a
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Figure 5. Epac1-rich melanoma cells support survival of Epac1-poor melanoma cells. (A) Tumor growth of WM1552C and SK-Mel-2 cells
expressing Red Fluorescent Protein (RFP) and Green Fluorescent Protein (GFP) is shown. A mixture of indicated cells was injected in the right
dorsolateral flank region in athymic BALB/c nude mice. Tumor size was measured twice a week to calculate tumor volume. Tumor failed to grow
in the mixture of RFP- and GFP-labeled WM1552C. (B and C) Representative images of the tumors in the 12 weeks after the inoculation are
shown. The mixture of RFP-labeled WM1552C cells and GFP-labeled SK-Mel-2 cells formed a tumor. (D) Representative images of
coimmunostaining for RFP and GFP of the tumors formed by the indicated cell mixtures. Blue indicates 6-diamidino-2-phenylindole (DAPI) staining.
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Table 1. Fluorescence activated cell sorting (FACS) analyses for the
population of red fluorescent protein (RFP)- and green fluorescent
protein (GFP)-positive cells in melanoma tumor

Cell lines Fluorescent % of total sorted
coinoculated signal used cells in tumor SD
WM1552C-RFP + RFP 0.26 0.21
SK-Mel-2-GFP GFP 85.9 4.72
SK-Mel-2-RFP + RFP 3.22 1.8
SK-Mel-2-GFP GFP 42 1.6

Formed tumors with coinoculation of indicated cell lines were
isolated, dissected, and subjected to FACS analyses, n = 4.

human melanoma cell line, but not from normal melano-
cytes, increased migration and invasion of human mes-
enchymal stem cells. The CM-induced migration was
inhibited by neutralization of FGF2 (Watts and Cui, 2012).
Our results are consistent with these studies showing
that CM of human melanoma cells increased migration of
human endothelial cells via FGF2 signaling (Fig. 1).
Furthermore, we have demonstrated the role of Epac1
in migration of endothelial cells via paracrine-acting FGF2
signaling, which subsequently results in increased angio-
genesis (Figure 2). In addition, our results indicated the
existence of FGF2-dependent cell/cell communication not
only between melanoma and endothelial cells but also
between melanoma and melanoma cells. This melanoma/
melanoma cell communication in migration was obvious
between Epac1-rich and Epac1-poor melanoma cells, but
unclear between Epaci-rich and Epac1-rich melanoma
cells (Figure 3C). This lacking of cell/cell communication
is probably explained by saturated migration via abundant
expression of Epacl in the same cells as we have
previously shown (Baljinnyam et al., 2011) and by the
minimal effect of autocrine FGF2 signaling. Regarding
WM1552C migration (Figure 3B), although Epacl's
expression varies between the cell lines used for the
study, the degree of migration did not directly reflect the
degree of Epacl expression. This was attributable, at
least in part, to saturation of paracrine-acting FGF2
signaling and is supported by the data showing that
FGF2 receptor expression is much higher in WM1552C
cells compared with HEMA-LP (data not shown) in which
the effects of CM are variable. Altogether, in terms of
melanoma progression, Epac1’s role in migration affects
three types of cells: 1) Epacl-rich melanoma cells
themselves, 2) Neighboring endothelial cells, 3) Neigh-
boring Epac1-poor melanoma cells. Accordingly, targeting
Epac1 would be an inhibitory mechanism for melanoma
progression.

Perlecan is necessary for the binding of FGF2 to FGF
receptor in human melanoma cells (Aviezer et al., 1997).
N-sulfation of HS chains is critical for this interaction
(Faham et al., 1996; Kreuger et al., 1999; Maccarana
et al.,, 1993; Schlessinger et al.,, 2000). Although N-
sulfation is largely regulated by NDSTs, little is known

about how the expression/activity of NDSTs is regulated.
We have shown that Epacl can increase NDST-1
expression in melanoma cells (Baljinnyam et al., 2009).
In addition, N-sulfation of HS was increased in the
mixture of medium and cell lysate (Baljinnyam et al.,
2011). In the present study, N-sulfation of secreted
perlecan in the CM was reduced by Epacl1 knockdown
(Figure 4A). Furthermore, FGF2 binding to FGF receptor
was inhibited by Epac1 knockdown (Figure 4B, C).
Therefore, it is proposed that Epaci-rich melanoma cells
can affect FGF2 signaling in neighboring cells via modi-
fication of N-sulfation of HS on perlecan. Meanwhile,
knockdown of Epac1 reduced the amount of perlecan as
demonstrated by Western blot analysis with a perlecan-
specific antibody (CCN-1) (data not shown). Interestingly,
expression of perlecan is regulated by the cAMP
response element (CRE) as its promoter (Furuta et al,,
2000). Thus, Epacl potentially may regulate perlecan
expression itself in addition to N-sulfation of HS, sug-
gesting multiple roles of Epacl on biosynthesis HSPG.
However, further studies would be required to confirm
this because another study found that Epac1 does not
regulate transcription through CREB transcription factors
and that the best characterized route for Epacl to
regulate transcription is through C/EBP transcription
factors (Yarwood et al., 2008, JBC).

Our data showed that melanomas formed by coinoc-
ulation of Epaci-rich and Epacl-poor melanoma cells
involved both melanoma populations (Figure 5D and
Table 1). These data suggest that cell/cell communication
within melanomas may support the survival of melanoma
cells with lower malignancy potential. To confirm that
Epac1 in Epac1-rich melanoma cells affect proliferation of
another Epaci-poor melanoma cells, it is necessary to
examine whether Epac1 knockdown decreases the
number of Epaci1-poor melanoma cells in vivo. However,
inhibition of Epac1 itself affects angiogenesis as shown in
our data (Figure 2), which may result in decreased
proliferation of Epaci-rich (SK-Mel-2) cells themselves.
Indeed, knockdown of Epacl reduced tumor growth in
vivo (data not shown). Therefore, knockdown of Epac1
itself may affect the local blood supply and thus survival
and proliferation of Epacl-poor melanoma cells. There-
fore, when Epac1 is knocked down in Epac1-rich mela-
noma cells, multiple factors may affect proliferation of
Epac1-poor melanoma cell, suggesting difficulty of inter-
pretation of the acquired data. Recently, specific Epac1
inhibitors have become commercially available. These
inhibitors, HJC-0350 and ESI-09, indeed suppressed CM-
induced migration in WM3248 cells (Figure Sb), suggest-
ing potential usage of these inhibitors for melanoma
therapy, which will be addressed in our future study.
Finally, HS binds to and regulates the activity of extracel-
lular superoxide dismutase (EC-SOD), which results in
increased protection against oxidative stress (Yamamoto
et al., 2000). In addition, a device containing HS to deliver
FGF2 enhanced FGF2's antioxidative property (Galderisi
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et al., 2013). Accordingly, one could argue that Epac1 has
antioxidative stress effects via the modification of HS-
FGF2 signaling. Indeed, CM of SK-Mel-2 cells inhibited
H,0O,-induced apoptosis of WM1552C cells (data not
shown). This antiapoptotic effect of the CM may modify
the survival of WM1552C cells coinoculated with SK-Mel-
2 cells in vivo (Figure 5), whereas rigorous examination
for the protection against antioxidative stress should be
performed to obtain conclusive evidence.

In summary, this study for the first time demonstrated
Epac1-mediated cell/cell communication by modification
of FGF2-HS interaction. Our findings may lead to a new
strategy for the melanoma therapy targeting a certain
population of melanoma cells, that is, Epacl-rich mela-
noma cells. Future research should attempt to examine
the effect of Epacl-specific inhibitors on melanoma
progression.

Methods

Reagents and cell lines

HEMA-LP was purchased from Invitrogen (Carlsbad, CA,
USA), HUVEC was from VEC Technologies. WM1552C
was from Dr. Meenhard Herlyn, Wistar Institute. C8161
cell line was provided by Dr. Mary JC Hendrix. SK-Mel-2
cells (ATCC) were maintained in MEM containing 10%
FBS, 1% penicillin/streptomycin. WM1552C and C8161
cells were maintained in RPMI with 10% FBS, 1%
penicillin/streptomycin.  HEMA-LP and HUVEC cells
were maintained in EndoGRO medium (EMD Millipore,
Billerica, MA, USA) containing 5% FBS. Antibodies
against Epac1, FGF2, and FGFR-1 were from Cell Signal-
ing, anti-NDST-1 antibody was from Abnova and anti-o-
tubulin antibody was purchased from Abcam (Cambridge,
MA, USA).

Short hairpin RNA transduction

Short hairpin RNA (shRNA) transductions with lentivirus
(Santa Cruz Biotechnology) were performed as we
previously described (Baljinnyam et al.,, 2010). C8161
cells were incubated with 8 ng/ml of Polybrene and
lentiviral particles harboring shRNA were selected with
puromycin dihydrochloride for 1 week. Fresh puromycin-
containing medium was replaced every 3-4 days. Estab-
lished cell lines are as follows: C8161 cells with control
shRNA (C8161/control), C8161 cells with Epac1 shRNA
[C8161/Epact(—)].

Migration assay

Migration assay was performed using the 24-well Boyden
chambers (8 um pores, BD Biosciences, San Jose, CA,
USA) as we previously described (Baljinnyam et al.,
2009). The cells were plated at a density of
1 x 10° cells/100 ul of medium in the inserts and incu-
bated for 16 h at 37°C in the conditioned media. The
insert membranes were stained using the Diff-Quick kit
(Dade Behring). Pictures were taken and migrated cells

Epac and FGF2 signaling in melanoma migration

were counted with Image J software using 10 randomly
chosen fields.

Purification of human perlecan

About 2 L of conditioned medium for 72 h by confluent
cultures of human melanoma cells was purified by DEAE—
Sepharose chromatography (Whitelock et al., 1999)
(100 ml bed volume, flow rate 1 ml/min) which had been
equilibrated with 250 mM NaCl (20 mM Tris, 10 mM
Methylenediaminetetraacetic acid, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, pH 7.5). The col-
umn was washed extensively with the buffer, and bound
proteins were eluted using 1 M NaCl, 20 mM Tris,
10 mM Methylenediaminetetraacetic acid. The presence
of HS-bound perlecan was monitored in column fractions
using antibodies to HS (10E4) in an enzyme-linked
immunosorbent assay (ELISA). The protein concentration
was measured using the Coomassie Plus assay (Pierce),
and aliquots were stored at —70°C until used for further
Western blot analyses.

Western blot analysis

Western blot analysis was performed as previously
described (lwatsubo et al., 2003, 2004). Briefly, cells
were lysed and sonicated in RIPA lysis buffer. Equal
amounts of protein were subjected to SDS-PAGE, were
transferred to Millipore Immobilon-P membrane, and
immunoblotting with respective antibodies was per-
formed.

Tube formation assay

Human umbilical vein endothelial cells under seven
passages were used in all experiments. /n vitro angio-
genesis tube formation assay was performed as we
previously described with some modifications (De Lore-
nzo et al., 2004; Movafagh et al., 2006). HUVEC (5000/
well) were seeded in 24-well plates coated with Matrigel
(Biosciences Discovery), incubated in CM for 4 h at 37°C.
The tube formation was quantified by counting the
number of connecting branches between two discrete
endothelial cells.

Immunoprecipitation

Dynabeads-Protein G for immunoprecipitation (Life Tech-
nologies, Carlsbad, CA, USA) were incubated with the
primary antibodies and added to the soluble cell lysate
fraction. These antibody-coated Dynabeads™, Life Tech-
nologies, Carlsbad, CA, USA bound to the target proteins
were separated by the magnet and after repeated
washing three times, the isolated protein complexes
were subjected to SDS-PAGE and immunoblotting with
respective antibodies.

FGF2-binding assay

FGF2-binding assay was performed as previously
described (Reiland and Rapraeger, 1993). Briefly, HUVEC
cells were plated in 24-well plate with 1.5 x 10° cells
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density and incubated with and without indicated. The
cells were pulsed with 50 pM "2|-bFGF for 2 h at 4°C in
binding buffer, washed three times with 20 mM HEPES
(pH 7.4) containing 150 mM NaCl and 0.2% BSA at 4°C.
Low-affinity HSPG-binding sites were detected by two
collected 1-ml washes of 20 mM HEPES (pH 7.4)
containing 2 M NaCl and 0.2% BSA at 4°C. High-affinity
FGFR complex binding sites were detected by two
collected 1-ml washes of 20 mM sodium acetate (pH
4.0) containing 2 M NaCl and 0.2% BSA at 4°C. Collected
washes were counted in a Cobra 5003 counter (Packard/
Perkin Elmer, Waltham, MA, USA). Control experiments
were performed with unlabeled FGF2 to determine non-
specific binding. Results were reported as the relative
binding of experimental condition compared with
untreated controls.

Generation of GFP- and RFP-labeled melanoma cells
Cells were incubated with lentiviral particles for GFP and
RFP expression (Biogenova, Potomac, MD, USA) and
were selected with FACS before the inoculation to obtain
the cells homogenously expressing RFP or GFP. FACS
cell sorting was performed by a FACS Caliburs (BD
Biosciences). In vivo imaging of RFP- and GFP-labeled
tumor cells were carried out by in vivo imaging system
(IVIS).

Tumor growth assay

BALB/c athymic (nu/nu) mice were inoculated in the right
flank with C8161 cells with or without Epac1l shRNA
deletions (10 cells/0.1 ml culture medium) (n = 6/group).
In another series of experiments, prelabeled SK-Mel-2
cells (MM, high Epac1 expression) and WM1552C cells
(RGP, low Epac1 expression) were used: (a) SK-Mel-2-
GFP + SK-Mel-2-RFP injected mice n = 8/group; (b)
SK-Mel-2-GFP+WM-1552C-RFP  cells injected mice
n = 8/group; c. WM-1552C-GFP+ WM-1552C-RFP cells
injected mice, n = 4/group. Tumor growth was assessed
twice a week by caliper measurement of tumor diameter
in the longest dimension (L) and at right angles to that
axis (W) (De Lorenzo et al., 2011). Tumor volumes were
estimated using the formula, L x W x W x n/6. At the
end of the experiment, half of each tumor was fixed by
immersion in 10% phosphate-buffered formalin, dehy-
drated, and embedded in paraffin. Major organs were
subjected to gross pathology and histology analysis to
determine metastases. Studies were approved by the
Animal Care and Use Committee of New Jersey Medical
School.

Immunofluorescent staining

The paraffin-embedded slides of melanomas from BALB/
¢ mice were subjected to deparaffinization in xylene,
followed by treatment with a graded series of alcohols
(100%, 95%, and 80% ethanol [v/v] in double-distilled
H,O) and rehydration in PBS (pH 7.5). For antigen
retrieval, the sections were submerged in a boiling

temperature citrate buffer (pH 6.0) for 15 m. The samples
were blocked with the Image-iT FX signal enhancer
(Invitrogen) to prevent non-specific staining and incubated
with primary antibodies and respective secondary
antibodies. Alexa Fluor 488- and 594-conjugated goat
anti-rabbit and anti-mouse antibodies (Molecular Probes,
Life Technologies) were used as secondary antibodies.
The slides were mounted using Prolong Gold mounting
media with 4', 6-diamidino-2-phenylindole (DAPI).

For the study of RFP- and GFP-labeled cells in tumors,
tissue sections from tumors were immunostained with
rabbit antibody against GFP (dilution 1:100, Abcam),
mouse antibody against RFP (dilution 1:200; Abcam).
Negative controls without the primary antibody were
performed to show specificity of the antibody.

Immunohistochemical staining

Tumor angiogenesis was evaluated by immunostaining for
CD31 (dilution1:250, Santa Cruz Biotechnologies, Santa
Cruz, CA, USA). Tissue sections were cut and immuno-
stained with the primary antibody for CD31 using the
standard VectaStain ABC kit (Vector Laboratories,
Burlingame, CA, USA). Microvessel density was assessed
by counting the number of microvessels positive for CD31
at x400 magnification. Negative control without the
primary antibody was performed at the same time.

Overexpression of Epac1

Adenoviral OE of Epac1 in melanoma cells was per-
formed as we previously described (Baljinnyam et al.,
2009).

Data analysis and statistics

Statistical comparisons among groups were performed
using one-factor anova with Bonferroni post hoc test.
Statistical significance was set at the 0.05 level.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Epacl overexpression (OE) increases
migration of primary melanoma cell lines. (A) Western
blot of Epac1 OE in WM115 and WM3248 cells 24 h after

adenoviral infection. (B) Epac1 OE increased migration of
WM115 and WM3248 cells. *P < 0.05 versus control,
n=4.

Figure S2. Epac1 regulates CM-induced migration of
primary melanoma cells. (A) Western blot of C8161 cells
with or without Epac1shRNA (Sigma Aldrich) transduc-
tion. (B) Epac1 knockdown with Epac1 shRNA (Sigma) in
C8161 cells inhibited the CM-induced migration of
WM1552C cells.

Figure S3. FGF2 is involved CM-induced migration of
primary melanoma. Indicated combinations of cells for
the evaluation of migration and CM preparation were
examined. The neutralizing FGF2 antibody reduced cell
migration in all examined combinations. #, P < 0.05
versus CM, n = 4.

Figure S4. FGF2 is involved in Epac1 OE-mediated CM
migration. CM of WM3248 cells with adenoviral Epac1
OE increased migration of SK-Mel-2 cells. The nFGF2
antibody inhibited the Epac1 OE-induced migration, n = 4.

Figure S5. Epac1 inhibitors reduce CM-induced migra-
tion. Migration of WM3248 cells was inhibited by CM of
SK-Mel-24 cells were treated with indicated Epac inhib-
itors, n = 4.
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