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Summary

Our previous report suggested the potential role of the exchange protein directly activated by cyclic AMP

(Epac) in melanoma metastasis via heparan sulfate (HS)-mediated cell migration. In order to obtain conclusive

evidence that Epac1 plays a critical role in modification of HS and melanoma metastasis, we extensively

investigated expression and function of Epac1 in human melanoma samples and cell lines. We have found

that, in human melanoma tissue microarray, protein expression of Epac1 was higher in metastatic melanoma

than in primary melanoma. In addition, expression of Epac1 positively correlated with that of N-sulfated HS,

and N-deacetylase ⁄ N-sulfotransferase-1 (NDST-1), an enzyme that increases N-sulfation of HS. Further, an

Epac agonist increased, but ablation of Epac1 decreased, expressions of NDST-1, N-sulfated HS, and cell

migration in various melanoma cell lines. Finally, C8161 cells with stable knockdown of Epac1 showed a

decrease in cell migration, and metastasis in mice. These data suggest that Epac1 plays a critical role in mela-

noma metastasis presumably because of modification of HS.

Introduction

Melanoma causes the majority of skin cancer–related

death, and is prevalent worldwide. The median life span

of patients with advanced stage melanoma is less than a

year because no therapies are effective once the tumor

has spread to vital organs (Berwick and Wiggins, 2006).

The tumor metastasis process is conventionally under-

stood as the migration of individual cells that detach

from the primary tumor, enter in the lymphatic vessels

or the bloodstream, attach to endothelial cells and

undergo transendothelial extravasation, and proliferate in

organs (Gaggioli and Sahai, 2007). Although numerous

efforts have been focused on understanding the mela-

noma progression, the efforts to control melanoma cell

migration ⁄ metastasis have been unsuccessful.

The exchange protein directly activated by cAMP

(Epac), a guanine nucleotide exchange factor (De Rooij

et al., 1998), has two isoforms, Epac1 and Epac2,

which mediate cAMP signaling through activation of a

Significance

Biological function of Epac1 in melanoma has been largely unknown. We found, for the first time, that

the protein expression of Epac1 is higher in metastatic melanoma than in primary melanoma in human

melanoma samples. In addition, our data suggested that Epac1 regulates modification of HS as demon-

strated by a positive correlation between Epac1 and N-sulfated HS. Further, ablation of Epac1 reduces

melanoma metastasis in vivo in mice. As melanoma therapy has been unsuccessful because of its high

metastatic potential, our findings would lead to a new therapy for this life-threatening disease.
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small-molecular-weight G protein, Rap1 (Bos, 2006). In

the cancer research field, reports demonstrated

that Epac mediates cell adhesion of human ovarian car-

cinoma cells (Ovcar3) (Quilliam et al., 2002), apoptosis

(Tiwari et al., 2004) and growth arrest (Grandoch et al.,

2009) in B lymphoma cells, formation of embryonic

vasculogenic networks in melanoma cells (Lissitzky

et al., 2009), and proliferation of prostate carcinoma

cells (Grandoch et al., 2009). We previously demon-

strated that mRNA expression of Epac1 was higher in

metastatic melanoma (MM) than in primary melanoma;

however, protein expression of Epac1 has not been

determined yet (Baljinnyam et al., 2010). We also dem-

onstrated that Epac1 increases melanoma cell migra-

tion, and metastasis in mice. The potential mechanism

by which Epac1 induces cell migration was associated

with an increase in the expression of the N-deacety-

lase ⁄ N-sulfotransferase (NDST-1), a key enzyme for

N-sulfation of glucosamine of heparan sulfate (HS) chain

(Aikawa and Esko, 1999). N-sulfation of glucosamine is

known to play a role in cell migration (O’sullivan et al.,

2000) via syndecan-2 (Galante and Schwarzbauer, 2007),

platelet derived growth factor (PDGF) receptors

(Abramsson et al., 2007; Stenzel et al., 2009) or fibro-

blast growth factor receptors (Faham et al., 1996;

Kreuger et al., 1999, 2002; Maccarana et al., 1993;

Schlessinger et al., 2000). Accordingly, it is tempting to

speculate that Epac1-rich melanoma cells produce HS

with abundant N-sulfation via expression of NDST-1,

which leads to increased cell migration and thus

metastasis of melanoma.

In this study, we examined expressions of Epac1,

NDST-1, and N-sulfated HS in human melanoma tissue

microarray. In addition, the correlation among expres-

sions of these proteins was analyzed. Also, in various

melanoma cell lines, we tested the hypothesis whether

Epac1 regulates cell migration, expressions of NDST-1

and N-sulfation of HS in multiple melanoma cell lines.

Finally, we evaluated whether ablation of Epac1 reduces

melanoma metastasis to distant organs in mice.

Results

Expression of Epac1 is higher in metastatic

melanoma than in primary melanoma

We previously demonstrated that expression of Epac1

mRNA was increased in MM compared with primary

melanoma (Baljinnyam et al., 2010); however, it has

been unclear whether Epac1 is indeed increased in MM

at the protein level. We thus performed quantification of

protein expression of Epac1 as well as Epac2 with

immunohistochemical staining in human melanoma tis-

sue microarray (Figure 1 and Table 1). Protein expres-

sion of Epac1, but not Epac2, was significantly higher in

MM than in primary melanoma, suggesting a role of

Epac1 in melanoma metastasis, and further confirming

our previous finding at the mRNA level.

Expression of Epac1 positively correlates with that

of NDST-1 and of N-sulfated HS

We next examined whether Epac1 increases expression

of NDST-1 and thus N-sulfated HS in the same human

melanoma tissue microarray. Both the expression of

NDST-1 and that of N-sulfated HS were higher in MM

than in primary melanoma (Figure 2A, Tables 2 and 3),

suggesting involvement of N-sulfation of HS in mela-

noma progression. As our previous report demonstrated

that Epac1 increases expression of NDST-1 (Baljinnyam

et al., 2009), we examined whether there is a correla-

tion between Epac1 and NDST-1. We then found a

strong positive correlation between Epac1 and NDST-1

(Figure 2B), and in addition, between Epac1 and N-sul-

fated HS (Figure 2C). There was also a positive correla-

tion between NDST-1 and N-sulfated HS as expected

(Figure 2D). These data suggest that Epac1-mediated

HS modification is involved, at least in part, in mela-

noma metastasis.

Ablation of Epac1 reduces N-sulfation of HS

In order to confirm the role of Epac1 in modification of

HS, we examined whether inhibition of Epac1 reduces

the expression of NDST-1, and thus N-sulfation of HS.

C8161 cells with stable knockdown of Epac1

[C8161 ⁄ Epac1())] showed lower expression of NDST-1

(Figure 3A) than control cells (C8161 ⁄ control). In addi-

tion, HS ELISA showed decreased N-sulfated HS

amount in C8161 ⁄ Epac1()) cells (Figure 3B). Further,

we performed immunocytochemistry for N-sulfated HS

in co-culture of C8161 ⁄ control and C8161 ⁄ Epac1()) cells

(Figure 3C), and compared the degree of N-sulfation of

HS. Expression of N-sulfated HS was lower in

C8161 ⁄ Epac1()) cells which have relatively low level of

Epac1 (Figure 3D, white arrow), than in C8161 ⁄ control

cells which have relatively high level of Epac1

(Figure 3D, red arrow). By contrast, total HS was not

different between these cell lines (Figure 3D). Further,

in human primary melanoma tissue, N-sulfated HS was

obvious in Epac1-rich melanoma area compared with

Skin 
(Primary melanoma)

Lymph node
(Metastatic melanoma)

HE MART-1 Epac1 Epac2

Figure 1. Expression of Epac in human melanoma tissues. Human

melanoma tissue microarray was subjected to immunohisto-

chemical analyses. Brown indicates positive staining.

Representative images of immunohistochemical analysis for Epac1,

Epac2 and MART-1, and of HE stainings are shown. There was a

tendency toward higher expression of Epac1 in metastatic

melanoma than in primary melanoma.

Epac1 regulates melanoma metastasis
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Epac1-poor area (Figure 3E). These data strongly sug-

gest that Epac1 increases expression of NDST-1, and

thus the N-sulfation of HS in melanoma.

Epac1 increases cell migration, expression of

NDST-1 and N-sulfated HS

We next tested the hypothesis whether the effects

of Epac1 are universal among various melanoma cell

lines. As shown in Figure 4A, 8-(4-Methoxyphenylthio)-

2¢-O-methyladenosine-3¢,5¢-cyclic monophosphate (8-pMe-

OPT), an Epac-specific agonist, significantly increased

cell migration in all melanoma cell lines (Figure 4A) with

the exception of the C8161 cell line. In C8161 cells, it is

plausible that the Epac-signaling is already saturated

under basal conditions by the abundant expression of

Epac1 (Figure 4B). We next examined whether stimula-

tion of endogenous Epac increases expression of NDST-

1, and thus N-sulfation of HS in cell lines from different

progression stages, i.e., WM1552C cells [radial growth

phase (RGP)], WM1361A [vertical growth phase (VGP)],

SK-Mel-2 and C8161 (MM) cells. Expression of NDST-1

was enhanced by 8-pMeOPT (Figure 4C) in WM1552C,

WM1361A and SK-Mel-2 cells, paralleled with increased

N-sulfated HS (Figure 4D) but without changes of Epac1

itself (Figure S2). In C8161 cells, again, 8-pMeOPT did

not change NDST-1 expression and N-sulfated HS. Con-

sidering the 15- to 20-fold higher amount of basal N-sul-

fated HS in C8161 cells, it could be explained by the

saturated Epac1’s effect in this cell line. Further, when

Epac1 was overexpressed in Epac1-poor melanoma cell

lines (Figure 4B), NDST-1 expression was clearly

increased (Figure S1), confirming the major role of Epac

in NDST-1 expression. All these evidences confirm the

idea that the effects of Epac1 on cell migration, NDST-1

expression and the resultant HS modification are univer-

sal among various melanoma cell lines.

Ablation of Epac1 reduces cell migration and

metastasis

We next examined whether ablation of Epac1 reduces

cell migration and thus metastasis to distant organs.

C8161 ⁄ Epac1()) showed reduced cell migration (Fig-

ure 5A), and metastasis to the lungs in mice (Fig-

ure 5B,C) compared with C8161 ⁄ control cells,

suggesting the involvement of endogenous Epac1 in

melanoma metastasis.

Table 1. Staining intensity of Epac1 and Epac2 in primary and metastatic melanoma tissues

Weak (ISS: <1.5) Moderate (ISS: 1.5–2.5) Strong (ISS: 2.5<) P versus primary melanoma

Epac1 Primary 37 ⁄ 127 (29.2%) 68 ⁄ 127 (53.5%) 22 ⁄ 127 (17.3%) 0.01

Metastasis 4 ⁄ 62 (6.4%) 13 ⁄ 62 (21.0%) 45 ⁄ 62 (72.6%)

Epac2 Primary 28 ⁄ 127 (22.1%) 68 ⁄ 127 (53.5%) 31 ⁄ 127 (24.4%) 0.45

Metastasis 19 ⁄ 62 (30.6%) 28 ⁄ 62 (45.2%) 15 ⁄ 62 (24.2%)

The immunostaining scores (ISS), ranging from 1.1 to 11 (Epac1), and 0.8 to 10.2 (Epac2), were categorized as weak (<1.5), moderate (1.5–

2.5), or strong (2.5<).
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Figure 2. Correlation of Epac1, NDST-1, and N-sulfated heparan

sulfate (HS) in melanoma. (A) Expression of Epac1, NDST-1, and

N-sulfated HS in primary and metastatic melanoma tissues.

Representative images of immunohistochemical analysis for Epac1

(red), NDST-1 (red), and N-sulfated HS (green) are shown.

Expressions of Epac1, NDST-1, and N-sulfated HS were higher in

metastatic melanoma than in primary melanoma. (B–D) Analyses

of a correlation between Epac1 and NDST-1 (B), Epac1 and

N-sulfated HS (C), and NDST-1 and N-sulfated HS (D) are shown.

Expression levels are shown as blue dots. Pearson correlation

coefficients (r) and P-values (P) are indicated.

Table 2. Staining intensity of NDST-1 in primary and metastatic melanoma tissues

Weak (ISS: <30) Moderate (ISS: 30–50) Strong (ISS: 50<) P versus primary melanoma

Primary 41 ⁄ 127 (32.3%) 74 ⁄ 127 (58.2%) 12 ⁄ 127 (9.5%) <0.01

Metastasis 3 ⁄ 62 (4.8%) 42 ⁄ 62 (67.7%) 17 ⁄ 62 (27.5%)

The immunostaining scores, ranging from 20.1 to 80.8, were categorized as weak (<30), moderate (30–50), or strong (50<).

Baljinnyam et al.
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Discussion

Our conclusion in the present study is that Epac1 plays

a major role in melanoma metastasis by modification of

HS. Human melanoma tissue microarray showed

increased expression of Epac1, NDST-1 and N-sulfated

HS, and positive correlation between these molecules.

Stimulation of Epac increased, and ablation of Epac1

decreased, cell migration and N-sulfation of HS in vari-

ous melanoma cell lines. Further, ablation of Epac1

markedly reduced melanoma metastasis in mice. These

data suggest the major role of Epac1 in melanoma pro-

gression through modification of HS.

Despite extensive research on the role of Epac over a

decade, little attention has been paid to changes in its

expression in malignant cells. It was reported that, in

B-cell chronic lymphocytic leukemia cells, mRNA

expression of Epac1 was increased, leading to a slight

reduction of apoptosis (Tiwari et al., 2004). We previ-

ously demonstrated that Epac1 expression was

increased in regional dermal and distant MM, but not in

lymph node metastasis. Non-significant change in lymph

node metastasis was probably due to a small number of

samples (Baljinnyam et al., 2010). Also, the limitation of

our previous study was the demonstration of Epac1

expression at the mRNA level, but not at the protein

level. In this study, we demonstrated that Epac1 protein

is higher in MM than in primary melanoma. In addition,

C8161 cells from highly MM (Welch et al., 1991; Yohem

et al., 1991) showed abundant expression of Epac1

accompanied by elevation of N-sulfation of HS and basal

cell migration. Further, data from the current (Figure 4B)

and the previous (Baljinnyam et al., 2010) studies

showed a tendency toward higher Epac1 expression in

MM cell lines, i.e., cells from VGP or MM cells, than in

non-MM, i.e., cells from RGP cells, and melanocytes.

These findings suggest that expression of Epac1 plays a

key role in obtaining metastatic potential in melanoma.

Human tissue microarray showed that the expression

of Epac1 positively correlated with that of N-sulfated

Table 3. Staining intensity of N-sulfated heparan sulfate in primary and metastatic melanoma tissues

Weak (ISS: <15) Moderate (ISS: 15–25) Strong (ISS: 25<) P versus primary melanoma

Primary 7 ⁄ 127 (5.5%) 75 ⁄ 127 (59.1%) 45 ⁄ 127 (35.4%) <0.05

Metastasis 2 ⁄ 62 (3.2%) 22 ⁄ 62 (35.5%) 38 ⁄ 62 (61.3%)

The immunostaining scores, ranging from 10 to 57.6, were categorized as weak (<15), moderate (15–25), or strong (25<).
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Figure 3. Ablation of Epac1 reduces expression of NDST-1 and N-sulfated HS in melanoma. (A) Western blots for Epac1 and NDST-1 from

C8161 ⁄ control or C8161 ⁄ Epac1()) cells are shown. Ablation of Epac1 reduced protein expression of Epac1 as well as NDST-1. (B) HS ELISA

shows that ablation of Epac1 reduced the amount of N-sulfated HS. n = 4. (C) Co-culture of C8161 ⁄ control expressing RFP (red) and

C8161 ⁄ Epac1()) expressing GFP (green), which were subjected to immunocytochemistry shown in D. (D) Immunocytochemistry for Epac1

(green) and N-sulfated or total or N-sulfated HS (red) in co-culture of C8161 ⁄ control and C8161 ⁄ Epac1()) cells. C8161 ⁄ Epac1()) cells which

are considered as Epac1-poor cells (white arrows), showed lower signal intensity of N-sulfated HS than C8161 ⁄ control cells which are

considered as Epac1-rich cells (red arrows). Total HS was not different between C8161 ⁄ control and C8161 ⁄ Epac1()) cells. (E) Primary skin

melanoma tissue was subjected to immunohistochemistry with antibodies against Epac1 (green) and, total or N-sulfated HS (red). Epac1-rich

melanoma cells (white arrows) showed more abundant N-sulfated HS than Epac1-poor melanoma cells, whereas there was no difference in

total HS.

Epac1 regulates melanoma metastasis

ª 2011 John Wiley & Sons A/S 683



HS. In addition, the Epac agonist increased, but ablation

of Epac1 decreased, the expression of NDST-1, and

N-sulfated HS (Figures 3B and 4C,D) (Baljinnyam et al.,

2009). Further, ablation of NDST-1 and degradation of

HS abolished Epac-induced melanoma cell migration

(Baljinnyam et al., 2009). These data strongly indicate

the involvement of HS modification in Epac1-induced

cell migration and thus metastasis in melanoma; how-

ever, the detailed mechanism by which N-sulfation of

HS regulates these processes also remains unclear. We

previously showed that syndecan-2, a membrane HS

proteoglycan, is involved in Epac-induced cell migration

(Baljinnyam et al., 2009). In addition, another report

demonstrated that N-sulfation of syndecan-2 is critical

for fibronectin assembly (Galante and Schwarzbauer,

2007), suggesting that N-sulfation of HS in syndecan-2

may play a role in Epac1-induced cell migration. Further-

more, previous studies demonstrated that N-sulfation of

HS is critical for agonists’ binding to PDGF receptors

(Abramsson et al., 2007; Stenzel et al., 2009) or FGF

receptors (Faham et al., 1996; Kreuger et al., 1999,

2002; Maccarana et al., 1993; Schlessinger et al., 2000),

indicating that future studies should focus on these sig-

naling pathways in Epac1-induced cell migration. PDGF

and FGF receptors are also known to be accelerators

for melanoma proliferation (Furuhashi et al., 2004;

Nesbit et al., 1999; Ugurel et al., 2005), angiogenesis

(Sharma et al., 1998; Westphal et al., 2000), and cell

migration ⁄ metastasis (Chalkiadaki et al., 2009; Westphal

et al., 2000). Because Epac1 expression varies even

within MM cell lines (Figure 4B) (Baljinnyam et al.,

2010), it is tempting to speculate that Epac1-rich mela-

noma cells can produce N-sulfation-rich HS, increases

cell proliferation, angiogenesis, and cell migration of

adjacent, Epac1-poor melanoma cells via PDGF or FGF

signaling. Meanwhile, our previous report showed that

Epac1 regulates cell migration also via inositol triphos-

phate (IP3) ⁄ Ca2+ pathway in SK-Mel-2 cells (Baljinnyam

et al., 2010). In C8161 cells, Epac agonist-induced cal-

cium elevation was also observed, and it was negated
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Figure 5. Ablation of Epac1 reduces metastasis in vivo in mice. (A) Cell migration assay demonstrated that C8161 ⁄ Epac1()) showed lower

basal cell migration than C8161 ⁄ control. n = 4. (B) Ablation of Epac1 reduced melanoma metastasis in mice. Cells were intravenously injected

into the tail vein. Three weeks after the injection, the lungs were fixed and then subjected to counting of the number of metastatic colonies.

n = 4. (C) Representative lung images after Bouin-picric acid fixation are shown. Arrows indicate white metastatic colonies.
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SK-Mel-2 cells but not in C8161 cells. C8161 cells showed abundant basal N-sulfated HS (� 20-fold) compared with other cell lines. n = 4.
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by ablation of Epac1, an IP3 antagonist, and ablation of

IP3 receptor 1 (unpublished data), suggesting that

Epac1-IP3 ⁄ Ca2+ receptor pathway may also be involved,

at least in part, in cell migration of C8161 cells.

Our study provided important insights regarding the

expression and physiological roles of Epac1, NDST-1

and N-sulfation of HS in melanoma progression. In order

to bring our findings to bedside, it is necessary to

develop a small molecule that can selectively inhibit

Epac1. Also, extensive studies should be performed to

investigate whether the role of Epac1 is universal in

other types of cancer, and whether inhibition of Epac1

is effective to attenuate progression of those cancers.

Methods

Reagents and cell lines
8-pMeOPT was purchased from Biolog (Bremen, Germany). Other

reagents were purchased from Sigma (St. Louis, MO, USA) unless

specified. Antibodies against Epac1, Epac2, and a-tubulin, were

from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Antibody

against N-sulfated Heparan sulfate (HepSS) was obtained from Sei-

kagaku BioBusiness Corporation (Tokyo, Japan). Antibody against

NDST-1 was purchased from Abnova (Jhongli City, Taoyuan, Tai-

wan). Antibody against melanoma antigen recognized by T cells-1

(MART-1) was purchased from Invitrogen (Carlsbad, CA, USA). SK-

Mel-2 cell line was obtained from American Type Culture Collec-

tion. C8161 melanoma cell line was kindly provided by Dr Mary JC

Hendrix. WM1552C, WM1650, WM115, WM3248, and WM1361A

cell lines were kindly provided by Dr Meenhard Herlyn (Wistar insti-

tute). Cells were maintained in MEM containing 10% FBS and 1%

penicillin–streptomycin.

Melanoma tissue arrays
Human melanoma tissue microarray (ME2082) was purchased from

US Biomax Inc (Rockville, MD, USA). The microarray contained 128

cases of primary malignant melanoma, 64 metastatic malignant

melanoma, and single core per case. Primary melanoma included

62 skin melanomas, 21 melanomas of gastric tract tissues, 12 eye

melanomas, seven melanomas from the nose, and eight melano-

mas from various tissues such as fibrous or soft or striated muscle.

Metastatic melanomas included 56 lymph node metastases, one

brain metastasis, two spleens, one bone, and one parotid gland

metastasis. One of the primary melanomas (eye) and two of meta-

static melanomas (lymph node) were eliminated because of abun-

dant melanin production or tissue core damage. Each array spot

was 1.5 mm in diameter and 5 lm in thickness. Detailed informa-

tion for these arrays can be viewed at http://www.biomax.us/tis-

sue-arrays/Melanoma/ME2082.

Immunochemical staining
Enzymatic immunohistochemical staining was performed as we

described previously (Baljinnyam et al., 2010; Iwatsubo et al.,

2007). Briefly, paraffin-embedded tissue microarray sections were

submitted to deparaffinization in xylene, followed by treatment with

a graded series of alcohols (100, 95, and 80% ethanol [v ⁄ v] in dou-

ble-distilled H2O) and rehydration in PBS (pH 7.5). For antigen

retrieval, the sections were submerged in a boiling temperature cit-

rate buffer (pH6.0) for 15 min. After washing in PBS, endogenous

peroxidases were blocked with 3% hydroxyl peroxide (H2O2) in

PBS for 10 min, followed by 3 washes in PBS. The sections were

blocked with Histostain Plus 3rd gen IHC detection kit (Invitrogen)

in a humidified chamber for 20 min followed by incubation with the

primary antibodies against Epac1, Epac2, MART-1 at 37�C for 1 h.

After washing with PBS, the slides were incubated with biotinylat-

ed goat anti-mouse IgG for 30 min at room temperature, followed

by streptavidin-HRP incubation for 30 min at room temperature.

The chromogenic reaction was visualized by incubation with stable

3,3¢-diaminobenzidine (DAB) solution (Invitrogen) for 10 min or until

color change was observed under a microscope. The sections were

rinsed with distilled water, counterstained with hematoxylin solu-

tion for 1 min, and mounted with Vectashield mounting media (Vec-

tor Labs, Burlingame, CA, USA). Negative control samples were

exposed to secondary antibody alone.

Fluorescent immunochemistry in tissue microarray, human mela-

noma tissue, and C8161 cell lines for Epac1, NDST-1 and N-sul-

fated HS was performed as we described previously (Baljinnyam

et al., 2010; Iwatsubo et al., 2007) with some modifications for

C8161 cell lines (Thompson et al., 2009). The paraffin-embedded

tissue microarray slides of human melanoma tissues, or co-culture

of C8161 ⁄ Epac1()) and C8161 ⁄ control were fixed, permeabilized

as described earlier. The samples were blocked with the Image-iT

FX signal enhancer (Invitrogen) to prevent non-specific staining and

incubated sequentially with primary antibodies for Epac1, NDST-1,

total HS (3G10; Seikagaku) or N-sulfated HS (HepSS, Seikagaku for

tissue microarray and human melanoma tissue, and HS4C3V kindly

provided by Dr von Kuppevelt for C8161 cell lines) followed by

exposure to respective secondary antibodies. For total HS, slides

were exposed to heparitinase I digestion before incubation with

the 1st antibody (Pan et al., 2008). Alexa Fluor 488- and 594-conju-

gated goat anti-rabbit and anti-mouse antibodies (Molecular Probes,

Invitrogen) were used. The slides were mounted using Prolong

Gold mounting media with DAPI.

Evaluation of immunostaining
Immunostaining was evaluated as we previously described (Balj-

innyam et al., 2010) with some modifications (Zhang et al., 2007).

The images of each tissue core on the microarrays, with exclusion

of samples with diffuse distribution of melanin (final number of

samples: primary melanoma, 127; MM, 62), were captured by a

video camera mounted on a microscope (Nikon Eclipse 80i, Nikon

Instruments Inc., Melville, NY, USA). All pictures were taken at

the same settings. The optical density of each image was

obtained using the IMAGE J (NIH). The immunostaining intensity of

each sample was quantified as the average optical density read-

ings of 50 randomly selected malignant tumor areas. The immuno-

staining score for each specimen was calculated as the average

immunostaining intensity of tumor area minus the average immu-

nostaining intensity readings of stromal connective tissue area on

the same specimen, which served as a blank control. Thus, the

relative staining intensities of all tissue cores were normalized to

account for background staining for further comparison. The immu-

nostaining scores were categorized as weak, moderate, or strong

(Tables 1–3).

HS ELISA
HS content was determined with HS ELISA kit (Seikagaku) as

we previously described (Baljinnyam et al., 2009). Cells were col-

lected and disrupted by sonication followed by centrifugation at

13 000 g for 10 min. The supernatants were collected and diluted

six times and incubated for 18 h at 4�C in the plates coated with

HS antibody (10E4) which recognizes N-sulfated glucosamine. The

secondary reaction with horseradish peroxidase-conjugated strepta-

vidin-biotinylated antibody was carried out for 1 h at room tempera-

ture. After color development and stop reaction, OD was measured

at 350 ⁄ 630 nm.
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Short hairpin RNA transduction
Short hairpin RNA (shRNA) transductions with lentivirus (Santa Cruz

Biotechnology) were performed as we previously described (Balj-

innyam et al., 2010). C8161 cells were incubated with 8 lg ⁄ ml of

Polybrene (Santa Cruz Biotechnology) and lentiviral particles harbor-

ing shRNA for Epac1 followed by selection with puromycin dihydro-

chloride (Santa Cruz Biotechnology) for 1 week. Fresh puromycin-

containing medium was replaced every 3–4 days. Established cell

lines are as follows: C8161 cells with control shRNA (C8161 ⁄ con-

trol), with Epac1 shRNA [C8161 ⁄ Epac1())].

Western blot analysis
Western blot analysis was performed as we previously described

(Baljinnyam et al., 2010; Iwatsubo et al., 2004). Cells were lysed

and sonicated in the lysis buffer. Equal amounts of protein were

subjected to SDS-PAGE. After protein separation by electrophore-

sis, samples were transferred to Immobilon-P membrane (Millipore,

Danvers, MA, USA) followed by immunoblotting with the anti-

bodies.

Migration assay
Migration assay was performed using the 24-well Boyden chambers

(8 lm pores, BD Biosciences, San Jose, CA, USA) as we previously

described (Baljinnyam et al., 2009, 2010). The cells were plated at a

density of 1 · 106 cells ⁄ 100 ll in the inserts, and incubated for 3 h

at 37�C followed by staining using the Diff-Quick kit (Dade Behring).

Pictures were taken with a microscope, and migrated cells were

counted with IMAGE J software using 10 randomly chosen fields.

Experimental metastasis assay
Experimental metastasis assay was performed as we previously

described (Baljinnyam et al., 2009). Cells (1 · 106 cells ⁄ 0.1 ml med-

ium) were injected into the tail vein of female 4–6 weeks BALB ⁄ c
athymic nude mice (Charles River, Wilmington, MA, USA). Three

weeks after the injection, mice were sacrificed, and the lungs were

subjected immersion with Bouin solution (75% picric acid, 20%

formaldehyde, and 5% glacial acetic acid). The number of meta-

static colonies on the lung surface was counted under a stereomi-

croscope.

Statistics
Statistical comparisons among groups were performed using

Student’s t test one-factor ANOVA with Bonferroni post hoc test.

For quantification of immunohistochemical staining in the mela-

noma tissue arrays, Mann–Whitney’s U test was used to compare

the immunostaining scores. For the analysis of the association

between Epac1 and NDST-1, Epac1 and N-sulfated HS, and

NDST-1 and N-sulfated HS, was performed with Pearson’s

correlation coefficient test. A P-value of <0.05 was considered

significant.
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