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Abstract. cAMP signaling controls a variety of cellular 
functions. In addition to the well-known signal transducer 
cAMP-dependent protein kinase, a more recently discovered 
transducer is the exchange protein directly activated by cAMP 
(EPAC). EPAC responses are mediated by small G proteins, 
which regulate biologic functions such as cell adhesion, 
migration and proliferation. Recently, the clinical importance 
of EPAC1 has received increased attention. This study inves-
tigated the correlations between the expression of EPAC1 and 
various clinicopathologic parameters as well as the survival of 
the patients with gastric cancer (GC). The patient cohort in this 
study consisted of 141 cases of GC that presented from 1999 
through 2011; documented clinicopathologic parameters and 
clinical outcomes were available for all cases. Immunoblotting, 
immunohistochemistry and quantitative real-time PCR were 
used to examine EPAC1 expression in gastric cells and tissues. 
siRNA technology was used to study the effect of EPAC1 
knockdown on cell proliferation and invasion. An increase 
in EPAC1 expression was found in GC cells and tissues. The 
overexpression of EPAC1 was associated with the depth of 
invasion (P=0.0021), stage (P=0.0429), and vascular invasion 

(P=0.0049) and was correlated with poor disease-free survival 
(P=0.0029) and overall survival (P=0.0024). A univariate Cox 
regression analysis showed that the overexpression of EPAC1 
was a prognostic marker for GC (P=0.038). Furthermore, cell 
studies indicated that the knockdown of EPAC1 in GC cells 
suppressed cell proliferation and invasion. The overexpression 
of EPAC1 can be used as a marker to predict the outcome of 
patients with GC, and EPAC1 represents a potential therapeutic 
modality for treating GC.

Introduction

Gastric cancer (GC) is the fourth most common cancer and 
the third most common cause of cancer-related death world-
wide (1). Advances in chemotherapy and surgical techniques 
have increased the survival rate of patients with GC, but the 
outcome of this common malignancy remains unsatisfactory 
because of a poor understanding of the pathogenesis of GC 
and the lack of specific targeted gene therapy (2,3). Since 
multiple genetic alterations in tumor suppressor genes and 
oncogenes are involved in gastric carcinogenesis, identifying 
mechanisms that underlie this malignancy is important (4). 
The identification of predictive markers for cancer progres-
sion and prognosis would aid in the assessment of the clinical 
outcome and potential treatment stratification for patients 
with GC (5-9).

cAMP is a second messenger whose signaling controls 
a variety of functions in cancer cells. However, its role is 
complex and depends on both the tissue type and the specific 
cAMP sensor that transduces the signal (10). cAMP signals are 
mediated by two ubiquitously expressed intracellular receptor 
families: the classic cAMP-dependent protein kinase (PKA) 
and the more recently discovered exchange protein directly 
activated by cAMP (EPAC)  (11). EPAC has two isoforms, 
EPAC1 and EPAC2, which primarily act as guanine nucleo-
tide exchange factors that activate the small G proteins, Rap1 
and Rap2 (12). These small G proteins in turn mediate the 
vast majority of EPAC responses, which span a wide array of 
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biologic functions, including the regulation of cell adhesion, 
migration and proliferation, in different cell types (13).

Gene amplification and protein overexpression of EPAC1 
are observed in several human cancers, including pancreatic 
cancer and melanoma. In one study, the expression levels of 
EPAC1 protein were examined by immunohistochemistry in 
pancreatic tissues. The staining was markedly enhanced in 
pancreatic cancer tissues compared with surrounding normal 
tissues (14). In another study, quantitative real-time PCR also 
confirmed significantly higher levels of EPAC1 in metastatic 
melanoma compared with primary melanoma  (15). The 
clinical significance of EPAC1 has gained increased atten-
tion in recent years, and many studies have focused on the 
relationship between EPAC1 and cancer cell migration. The 
role that EPAC1 plays in the regulation of cancer cell migra-
tion is controversial, and it appears to be dependent on the 
tissue type. In melanoma, the consensus states that EPAC1 
enhances metastasis, as shown in several in vitro and in vivo 
studies (16,17). In prostate cancer, some studies suggest that 
EPAC1 promotes migration and proliferation (18,19), whereas 
others suggest an inhibitory role for the EPAC-selective 
activator 8-(4-chlorophenylthio)-29-O-methyladenosine-39, 
59-cyclic monophosphate (007) (13). However, it has been 
argued that it is actually the indirect activation of cAMP-
dependent protein kinase by 007, not the activation of EPAC1, 
that leads to the inhibition of migration and proliferation of 
prostate cancer cells (20). In ovarian cancer, EPAC1 seems 
to exert promigratory effects in some cell lines (Ovcar3) (21) 
and antimigratory effects in others (ES-2) (22).

Thus far, the correlations between the EPAC1 expression 
level in GC and clinicopathologic parameters and prognosis 
have not been established. Therefore, this study investigated 
the correlations between EPAC1 expression and clinicopatho-
logic parameters and evaluated the significance of EPAC1 in 
the prediction of the prognosis of patients with GC.

Material and methods

Participants and specimens. The patient cohort examined in 
this study comprised 141 consecutive GC cases from 1999 
through 2011 with documented clinicopathologic factors and 
clinical outcomes. None of these patients had received preop-
erative chemotherapy and/or radiotherapy. For each patient, 
we analyzed paired tumor and non-tumor gastric tissues to 
determine the expression of EPAC1. The institutional review 
board at Wan Fang Hospital approved the tissue acquisition 
protocol for the immunohistochemical and quantitative 
real-time PCR study (approval no. 99049). Written informed 
consent was obtained from each participant before tissue 
acquisition.

Immunohistochemical analysis. Paraffin-embedded sections 
were deparaffinized, rehydrated and subjected to antigen 
retrieval (pH 6.0 citrate buffer for 40 min at 95˚C). After 
blocking with 5% normal goat serum (Abcam, Cambridge, 
UK), the slides were subsequently incubated with the primary 
antibody rabbit anti-human EPAC1 monoclonal antibody 
(LifeSpan Biosciences, Seattle, WA, USA) for 45 min at room 
temperature at a dilution of 1:200. The immunoreactivity was 
detected using the avidin-biotin-peroxidase complex method 

according to the manufacturer's instructions. A sensitive 
Dako Real EnVision Detection System was used (Dako North 
America, Carpinteria, CA, USA). Normal kidney was used as 
a positive control for EPAC1. The sections were then scored 
using a semi-quantitative scoring system that accounted for 
staining intensity (0, no staining; 1, weak staining; 2, strong 
staining) and the fraction of positively stained tumor cells (0, 
no staining; 1, less than half of cells stained; 2, more than half 
of cells stained). The final score was calculated for each sample 
by multiplying the score for the intensity and the score for the 
percentage of staining: 0, no staining; 1, weak staining; 2, 
moderate staining; 4, strong staining. Sections with a score of 
0 or 1 displayed low expression of EPAC1, whereas those with 
scores of 2 or 4 displayed high expression or overexpression of 
EPAC1. The collection of clinical data and the immunohisto-
chemical analysis were performed independently of each other 
in an investigator-blinded study.

RNA extraction and cDNA synthesis. According to the manu-
facturer's instructions, total RNA from 10 tumor and non-tumor 
pairs of gastric tissues was isolated using an RNA extraction 
kit (Zymo Reserach, Irvine, CA, USA). cDNA synthesis was 
performed as described in our previous study (23). Synthesized 
cDNA was stored at -20˚C until use.

Primers and quantitative real-time PCR. Primers for EPAC1 
and GAPDH, which was used as an internal control, and real-
time PCR master mix (KiCqStart SYBR Green qPCR Ready 
Mix) were purchased from Sigma (St.  Louis, MO, USA). 
Primer sequences are shown in Table I. The expression levels 
of the target genes were measured using quantitative real-time 
PCR in an Illumina Eco Real-time PCR System (Illumina, 
San Diego, CA, USA). The level of EPAC1 mRNA in tumor 
and non-tumor tissue was determined relative to GAPDH.

Cell culture. The normal human gastric cell line Hs738.St/Int 
was obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The GC cell lines NCI-N87, 
TMC-1 and TSGH 9201 were obtained from the Bioresource 
Collection and Research Center (BCRC, Hsinchu, Taiwan). 
The GC cell lines SK-GT-2 and HGC-27 were obtained from 
the European Collection of Cell Cultures (ECACC, Salisbury, 
UK), and the GC cell line 23132/87 was obtained from Creative 
Bioarray (Shirley, NY, USA). Cells were cultured in DMEM 
(Gibco, Grand Island, NY, USA, for Hs738.St/Int), RPMI‑1640 
(Gibco, for NCI-N87, TMC-1, TSGH 9201, SK-GT-2 and 
23132/87), MEM (Mediatech, Manassas, VA, USA for 
HGC-27) media supplemented with 10% fetal bovine serum 

Table I. Primers used in quantitative real-time PCR.

Gene	 Sequence

EPAC1	 Forward: ccgaagctgctcctacca
	 Reverse: actcctcgctgttggtgagt

GAPDH	 Forward: acagttgccatgtagacc
	 Reverse: tttttggttgagcacagg
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(FBS), 100 U/ml penicillin G, 100 µg/ml streptomycin sulfate, 
and 250 ng/ml amphotericin B (Gibco).

Total protein preparation. Total protein was extracted using 
M-PER Mammalian Protein Extraction Reagent (Pierce 
Biotechnology, Rockford, IL, USA), according to the manu-
facturer's instructions. The samples were stored at -80˚C until 
use. The protein concentration was determined using a BCA 
Protein assay kit (Pierce Biotechnology) with bovine serum 
albumin as the standard.

Immunoblotting. Denatured protein samples were subjected to 
SDS-PAGE and transferred to nitrocellulose membranes. After 
blocking with 5% non-fat dry milk (Santa Cruz Biotechnology, 
Dallas, TX, USA), the membranes were incubated with an anti-
EPAC1 polyclonal antibody (1:1000 dilution) at 4˚C overnight 
and were further incubated with the appropriate peroxidase-
conjugated secondary antibody (Sigma) for 1  h at room 
temperature. Reactive bands were detected using Western 
Lighting ECL Pro chemiluminescent substrate (Perkin-Elmer, 
Waltham, MA, USA) The band intensity was quantitatively 
analyzed using Fuji Image Gauge software (Fuji Co., Tokyo, 
Japan), and the absolute intensity of EPAC1 was normalized to 
the absolute intensity of GAPDH.

siRNA treatment. SK-GT-2 cells were seeded at 50% conflu-
ence. For siRNA treatment, cells were transfected with siRNAs 
(two EPAC1-siRNAs, oligo no.  8022287661-000080 and 
8022287661-000110; and one control, oligo no. 8022065260-
000020, purchased from Sigma) at a concentration of 10 nM 
by using MISSION siRNA Transfection Reagent (Sigma). 
After transfection, the knockdown efficiency was examined 
by immunoblotting.

Colony formation assay. Five hundred cells were seeded 
into 6-well plates and cultured for 12 days. Individual colo-
nies (>50 cells/colony) were fixed, stained in a solution of 
1% crystal violet in methanol, and counted. The plates were 
scanned with a Scanjet 2200c scanner (Hewlett-Packard, 
Palo Alto, CA, USA). After scanning, methanol was added 
to solubilize crystal violet at room temperature with shaking. 
The optical density (OD540) was measured to quantify the 
amount of colony formation. The assay was performed three 
times, and the results are presented as the mean ± the standard 
deviation (SD).

Cell invasion assay. The cell invasion capability was examined 
with a Cell Invasion assay kit (Merck Millipore, Darmstadt, 
Germany) according to the manufacturer's instructions. 
Complete media were first added to 24-well plates. Then, 
cells (2x105) in serum-free media were added to ECMatrix-
layered cell culture inserts (containing polycarbonate 
membranes with pores 8 µm in diameter) and cultured for 72 h. 
After the cells on the upper surface were removed, the inserts 
were then dipped in staining solution to stain the cells that had 
invaded the lower surface of the membranes. The cultures were 
imaged (x100 magnification), using a Leica DMIRB micro-
scope (Wetzlar, Germany). The number of invaded cells was 
counted. The assay was performed three times, and the results 
are presented as the mean ± SD.

Statistical analysis. Paired t-tests were used to assess the 
difference in EPAC1 expression between tumor and non-
tumor tissues for each patient. The differences in growth 
and invasion between EPAC1 knockdown and control cells 
were analyzed using Student's t-tests. We also examined the 
following clinicopathological parameters: age, gender, depth 
of invasion, nodal status, distant metastasis, stage, degree 
of differentiation, and vascular invasion. The correlation 
between EPAC1 expression and each clinicopathological 
parameter was examined using the χ2 test. The time-to-event 
endpoints for the parameters were plotted according to the 
Kaplan-Meier method, and the degree of significance was 
calculated by the univariate log-rank test. Parameters that 
emerged as significant (P≤0.05) in univariate Cox regression 
analysis were entered as variables in the multivariate Cox 
regression model; the hazard ratio (HR) and independent 
prognostic impact were determined in a stepwise backward 
fashion. All data were analyzed using SPSS software version 
20.0 (SPSS, Chicago, IL, USA), and a P-value of <0.05 was 
considered significant.

Results

Basic data. This study enrolled 141 patients with GC; of these, 
90 were men, and 51 were women (Table II). The age of the 
patients ranged from 32 to 96 years at the time of first diag-
nosis (mean, 68.7 years). According to the AJCC classification 
system, 25 patients had stage I disease, 38 had stage II, 59 had 
stage III, and 19 had stage IV disease. The follow-up period 
for all patients ranged from 30 to 3498 days (mean, 925 days). 
During the follow-up period, 88 patients died as a result of GC.

EPAC1 expression is upregulated and associated with several 
clinicopathological parameters in GC. To investigate the poten-
tial significance of EPAC1 in the development and progression 
of GC, we first examined the expression of EPAC1 in gastric 
cell lines. As shown in Fig. 1A, immunoblotting revealed 
that EPAC1 protein expression was markedly increased in all 
6 GC cell lines compared with Hs738.St/Int cells. An inde-
pendent cohort comprised of 141 GC patients was enrolled to 
validate the results from cellular study. Immunohistochemical 
analysis showed that EPAC1 was expressed at higher levels 
in tumor tissues compared with non-tumor tissues (P<0.001) 
(Fig.  1B). Eleven percent of the tumors were completely 
negative for EPAC1 (score 0), and 35% of the tumors showed 
weak staining in <50% of the tumor cells (score 1) (Fig. 1C). 
Fifty-four percent of the tumors revealed high expression or 
overexpression of EPAC1 (48% had a score of 2, and 6% had 
a score 4, Fig. 1D). Quantitative real-time PCR analysis also 
indicated that EPAC1 mRNA was ubiquitously expressed at 
higher levels in GC tissues compared with normal gastric 
tissues (Fig. 1E). These data strongly suggested that EPAC1 
expression is significantly elevated in GC.

The observed upregulated expression of EPAC1 in GC 
prompted us to further investigate the clinical relevance 
of EPAC1 in the progression of GC. As shown in Table III, 
the overexpression of EPAC1 was closely associated with 
depth of invasion (P=0.0021), stage (P=0.0429), and vascular 
invasion (P=0.0049). Representative photomicrographs of 
EPAC1 expression for the different parameters are shown 
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in Fig. 1F. No significant association was found between the 
overexpression of EPAC1 and the other clinicopathological 
parameters examined.

Overexpression of EPAC1 as a prognostic marker for GC. A 
Kaplan-Meier analysis using the log-rank test showed that 
EPAC1 overexpression was significantly associated with 
inferior disease-free survival (P=0.029) (Fig. 2A). At 5 years, 
15 EPAC1-low patients were at risk, and the disease-free survival 
rate was 0.592 [95% confidence interval (CI) 0.4568-0.7272]; 

moreover, 6 EPAC1-high patients were at risk, and the disease-
free survival rate was 0.405 (95% CI, 0.2815‑0.5285).

EPAC1 overexpression was also significantly associ-
ated with inferior overall survival (P=0.024) (Fig. 2B). At 
5 years, 16 EPAC1-low patients were at risk, and the overall 
survival rate was 0.479 (95% CI, 0.3496-0.6084); moreover, 
6 EPAC1‑high patients were at risk, and the overall survival 
rate was 0.254 (95% CI, 0.3618-0.8698).

Table IV summarizes the univariate analysis of prognostic 
markers and patient survival. The following parameters were 

Figure 1. Expression of EPAC1 in gastric cells and tissues. EPAC1 protein expression was significantly increased in gastric cancer (GC) cell lines (A) and 
tissues (B-D). (B) A sample of non-tumor tissue with low EPAC1 expression; (C) a tumor specimen with low EPAC1 expression; (D) a tumor specimen with 
high EPAC1 expression. (E) EPAC1 mRNA fold-change in the gastric tissues (presented as the mean ± SD, P=0.0094). Significance level: P<0.05. (F) The 
representative EPAC1 staining for different parameters.

Figure 2. Survival analysis of gastric cancer (GC) patients stratified by EPAC1 immunoreactivity (low EPAC1: score=0 or 1; high EPAC1: score=2 or 4). (A) The 
disease-free survival of 141 patients with GC. (B) The overall survival of 141 patients with GC. All statistical tests were two-sided. Significance level: P<0.05.
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significantly correlated with disease-free survival: EPAC1 over-
expression (HR, 1.714; 95% CI, 1.031-2.850; P=0.038), Lauren 
classification (HR, 1.743; 95% CI, 1.060-2.865; P=0.029), depth 
of invasion (HR, 5.158; 95% CI, 2.064-12.890; P<0.001), nodal 
status (HR, 8.656; 95% CI, 3.456-21.680; P<0.001), distant 
metastasis (HR, 14.607; 95% CI, 6.440‑33.133; P<0.001), 
stage (HR, 8.098; 95% CI, 3.973-16.510; P<0.001), degree of 
differentiation (HR, 0.464; 95% CI, 0.282‑0.762; P=0.002), and 
vascular invasion (HR, 5.332; 95% CI, 2.419-11.571; P<0.001). 
In the multivariate analysis, distant metastasis (HR, 8.647; 
95%  CI, 3.603-20.751; P<0.001) was still an independent 
prognostic marker. EPAC1 overexpression, however, was not 
prognostically independent (HR, 1.087; 95% CI, 0.626-1.890; 
P=0.766) (Table V).

Silencing EPAC1 suppresses GC cell proliferation and inva-
sion. Based on their high expression level of EPAC1, SK-GT-2 
GC cells were selected to investigate the role of endogenous 
EPAC1 in the modulation of cell proliferation. SK-GT-2 cells 
were transfected with EPAC1-siRNA to generate EPAC1-
knockdown SK-GT-2 cells (Fig. 3A). As shown in Fig. 3B, the 
ability of SK-GT-2 cells to form colonies was compromised by 
EPAC1 knockdown compared with the corresponding control 
cells. These results suggested that the knockdown of EPAC1 
suppresses the ability of GC cells to proliferate in vitro.

Furthermore, according to the results of the clinicopathologic 
correlation study, which showed that EPAC1 overexpression 
was closely associated with depth of invasion and vascular 
invasion, the effect of EPAC1 knockdown on the invasiveness 
of SK-GT-2 GC cells was examined. In the cell invasion assay, 
EPAC1 knockdown significantly suppressed SK-GT-2 cell 
invasion compared with the control cells (Fig. 3C).

Discussion

Surgical resection is generally considered the best treatment 
to improve prognosis when the early diagnosis of gastric 
cancer (GC) is successful (24). Unfortunately, most cases 
of GC are already locally advanced and are thus at a late 
stage at the time of diagnosis. Greater knowledge of the 
molecular mechanisms underlying the development of this 

Table III. EPAC1 expression in GC and its correlation with 
clinicopathological parameters.

	 EPAC1 expression
	 --------------------------------------------------
		  Score 0 or 1	 Score 2 or 4
Variables	 n	 (n=65)	 (n=76)	 P-valuea

Age (yrs.)				    0.2974
  ≥66	   91	 39	 52
  <66	   50	 26	 24
Gender				    0.6005
  Male	   90	 40	 50
  Female	   51	 25	 26
Lauren classification				    0.7747
  Intestinal	   95	 43	 52
  Diffuse	   46	 22	 24
Depth of invasion				    0.0021
  T1 + T2	   35	 24	 11
  T3 + T4	 106	 41	 65
Nodal status				    0.2381
  N0	   45	 24	 21
  N1 + N2 + N3	   96	 41	 55
Distant metastasis				    0.0629
  Absent	 122	 60	 62
  Present	   19	   5	 14
Stage				    0.0429
  I + II	   63	 35	 28
  III + IV	   78	 30	 48
Degree of differentiation			   0.4696
  Poor	   61	 26	 35
  Well to moderate	   80	 39	 41
Vascular invasion				    0.0049
  Absent	   44	 28	 16
  Present	   97	 37	 60

aAll statistical tests were two-tailed and the significance level was set 
as P<0.05.

Table II. Demographic data and survival in different stages of GC according to the AJCC classification.

	 Stage I	 Stage II	 Stage III	 Stage IV	 Total
Variables	 (n=25)	 (n=38)	 (n=59)	 (n=19)	 (n=141)

Gender
  Male	 15	 23	 40	 12	 90
  Female	 10	 15	 19	   7	 51

Age (years)a	 67.3 (12.7)	 74.7 (12.4)	 69.2 (14.0)	 57.4 (14.9)	 68.7 (14.3)

Follow-up period (days)a	 1386.9 (952.1)	 1097.1 (859.1)	 800.0 (812.7)	 363.1 (270.8)	 925.2 (853.9)

Survival
  Yes	 18 (72%)	 20 (53%)	 13 (22%)	   2 (11%)	 53 (38%)
  No	   7 (28%)	 18 (47%)	 46 (78%)	 17 (89%)	 88 (62%)

aAge and follow-up period are expressed as the mean (SD).
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deadly neoplasm is required if novel strategies for preven-
tion and treatment of GC are to be developed. In particular, 
the identification of molecules that are altered during cancer 
progression may lead to the use of those molecules as prog-
nostic markers or therapeutic targets.

After sensing cAMP, EPAC activates the small G proteins 
Rap1 and Rap2, which in turn regulate a wide array of biologic 
properties, including cell adhesion, migration and prolifera-
tion, in different cell types (25,26). The expression of EPAC1 
in human cancers varies according to cancer type. A survey 
of a public human protein atlas database indicated that the 
protein level of EPAC1 is increased in numerous human 
cancers, including pancreatic cancer and melanoma, whereas 
it is decreased in endometrial cancer. To our knowledge, no 

study has investigated the expression of EPAC1 in human 
GC. In the present study, we assessed the expression level of 
EPAC1 in gastric cells and tissues. The immunoblotting and 
immunohistochemistry data indicated that EPAC1 expression 
was significantly elevated in gastric tumor tissues and cells 
compared with non-tumor gastric tissues and cells, which was 
consistent with results in pancreatic cancer and melanoma. The 
proliferation of cancer cells is a key event in cancer progres-
sion (27). Furthermore, RNA silencing experiments have also 
shown that the abrogation of EPAC1 could suppress cancer 
cell proliferation, which indicates that EPAC1 is necessary for 

Table IV. Univariate analysis of prognostic markers in 141 
patients with GC.

Variables	 HR (95% CI)a	 P-valuea

EPAC1	 1.714 (1.031-2.850)	 0.038
  Low expression
  High expression

Age (yrs.)	 0.804 (0.489-1.323)	 0.391
  ≥66
  <66

Gender	 0.709 (0.417-1.204)	 0.203
  Male
  Female

Lauren classification	 1.743 (1.060-2.865)	 0.029
  Intestinal
  Diffuse

Depth of invasion	 5.158 (2.064-12.890)	 <0.001
  T1 + T2
  T3 + T4

Nodal status	 8.656 (3.456-21.680)	 <0.001
  N0
  N1 + N2 + N3

Distant metastasis	 14.607 (6.440-33.133)	 <0.001
  Absent
  Present

Stage	 8.098 (3.973-16.510)	 <0.001
  I + II
  III + IV

Degree of differentiation	 0.464 (0.282-0.762)	 0.002
  Poor
  Well to moderate

Vascular invasion	 5.332 (2.419-11.571)	 <0.001
  Absent
  Present

aAll statistical tests were two-tailed and the significance level was set 
as P<0.05. HR, hazard ratio; CI, confidence interval.

Figure 3. Verification of EPAC1 knockdown in SK-GT-2 cells, and the effect 
of EPAC1 knockdown on cell proliferation and invasion. For siRNA treat-
ment, cells were transfected with siRNAs at a concentration of 10 nM by 
using MISSION siRNA Transfection Reagent. The immunoblotting results 
(A) indicate that EPAC1 was efficiently knocked down by siRNA treatment. 
(B) Inhibition of EPAC1 expression by two different siRNAs suppressed cell 
proliferation. The histogram represents OD540 (presented as the mean ± SD, 
P=0.0004 and 0.0011, respectively). Significance level: P<0.05. (C) Silencing 
EPAC1 expression repressed cell invasion. The histogram represents the 
number of invaded cells (presented as the mean ± SD, P<0.0001). Significance 
level: P<0.05.
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GC progression. However, the mechanism by which EPAC1 is 
overexpressed in GC remain to be investigated.

Cancer cell invasion is mandatory for cancer metastasis, 
and therefore, it is vital to understand the underlying molec-
ular mechanisms of interest to develop possible treatment 
options (28). In this study, we found that the overexpression 
of EPAC1 in GC tissues was closely correlated with depth of 
invasion and vascular invasion. An in vitro cell invasion assay 
also demonstrated that the silencing of EAPC1 repressed GC 
cell invasion. Studies that have explored the role of EPAC1 
in cancer invasion are scarce. The expression, distribution, 
trafficking, and function of integrins are frequently altered 
in cancer cells in a manner that promotes cancer cell migra-
tion (29). Almahariq et al reported that when the expression 
of EPAC1 in pancreatic cancer cells was knocked down, 
the ability of the cells to migrate and invade was impaired 
through the inhibition of the Itgβ1-related cell adhesion 
pathway (30,31). Baljinnyam et al conducted a study on mela-
noma cells and found that EPAC1 could increase Ca2+ release 
from the endoplasmic reticulum via the activation of inositol 
triphosphate receptors. The increased Ca2+ then activated 

G protein βγ subunits and promoted cell migration and inva-
sion (32). Whether the mechanism by which EPAC1 promotes 
GC cell invasion is the same as that in pancreatic cancer and 
melanoma requires further exploration.

The precise prediction of the risk of recurrence would 
assist in the minimization of the adverse effects of GC and 
the maximization of the therapeutic effects of treatment. Of 
the available prognostic markers for GC, the AJCC stage 
is the most important. However, the prognosis varies even 
among patients with the same disease stage; hence, alternative 
prognostic markers for GC are sought. The role of EPAC1 in 
tumor prognosis is still unknown. Our results demonstrated 
that EPAC1 overexpression was associated with poor disease-
free and overall survival and that EPAC1 overexpression was 
a prognostic marker for GC. Our study was the first to report 
that the overexpression of EPAC1 can predict poorer outcomes 
of patients with GC. The overexpression of EPAC1 appears to 
be a useful marker to predict outcomes of patients with GC 
who have undergone surgical resection of their tumors. Thus, 
patients with GC who display overexpression of EPAC1 should 
be followed up carefully.

A better understanding of the etiology of GC can facilitate 
the development of new drugs that may be used to treat GC. 
According to our functional study, the knockdown of EPAC1 
inhibited cell invasion. Previous studies have indicated that 
3-(5-tert-butylisoxazol-3-yl)-2-[(3-chloro-phenyl)-hydrazono]-
3-oxo-propionitrile, which is an EPAC-specific antagonist, 
decreased pancreatic cancer cell migration and invasion 
(30,31). In the near future, we intend to explore whether this 
compound has the ability to inhibit GC cell invasion. One 
limitation of this study was the small sample size of the 
GC cohort. Accordingly, additional cohort studies would be 
helpful to confirm our findings.

In summary, this study provides evidence for the clinical 
significance of EPAC1 overexpression in patients with GC. Our 
findings indicate that the targeting of EPAC1 might provide a 
new therapeutic modality for the treatment of GC.
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