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Abstract. Exchange proteins directly activated by cAMP 
(EPACs) are crucial cyclic adenosine 3',5'‑monophosphate‑​
determined signaling pathway intercessors, which are 
associated with the pathogenesis of neurological disorders 
and numerous human diseases. To the best of our knowledge, 
the role of EPAC2 signaling via matrix metalloproteinase 2 
(MMP‑2) in the pathogenesis of glioma has not been studied. 
Therefore, the present study focused on the role of EPAC2 in 
glioma, and assessed the invasiveness of human glioma cell 
lines following EPAC2 overexpression. Expression levels of 
EPAC2 in normal brain tissues and clinical glioma specimens 
were detected by western blotting. An EPAC2 overexpression 
vector was transfected into U251 and U87 cell lines to increase 
the expression levels of EPAC2. Expression levels of MMP‑2 
were detected by western blotting, and the invasive abilities 
of glioma cells were detected by a Transwell assay. EPAC2 
was relatively highly expressed in normal brain tissue, while 
EPAC2 expression was significantly decreased in clinical 
glioma specimens (P<0.01). In vitro transfection of EPAC2 
overexpression vector significantly reduced the MMP‑2 
protein levels of glioma cells, and, at the same time, the inva-
sive cell number was significantly decreased in a Transwell 
assay. The present study demonstrated that MMP‑2 regulation 
via EPAC2 overexpression is a novel promising therapeutic 
route in malignant types of glioma.

Introduction

Gliomas are primary brain tumors formed by the neoplastic 
transformation of neural stem cells, progenitor cells and 
differentiated glial cells (astrocyte, oligodendrocyte and 
ependymal cells) (1). Malignant gliomas are well‑known due 
to their high morbidity, high recurrence, high mortality and 
low cure rate, with an overall 5‑year survival rate of only 13%. 
Glioma accounts for ~60% of all types of intracranial primary 
brain cancer (2,3). Furthermore, these lesions are malignant 
tumors with multigene features. Their pathogenesis has been 
suggested to be a result of the triggering of high secretion 
of proto‑oncogenes and/or deletions, as well as inactivation 
of cancer suppressor genes, triggering idiosyncrasies in cell 
signaling transmission pathways, modification of the cell cycle, 
delay of life cycle, and apoptosis, which results in aggressive 
cell proliferation and malignant alterations (2,4,5).

Exchange proteins directly activated by cAMP 
(EPACs) are crucial cyclic adenosine 3',5'‑monophosphate 
(cAMP)‑determined signaling pathway intercessors that 
have been associated with the pathogenesis of neurological 
disorders and numerous human diseases (6). Currently, two 
isoforms of EPAC have been described; EPAC1 and EPAC2. 
EPAC2 is a multi‑domain protein with a molecular weight 
of ~116 kDa, comprising modulatory and catalytic regions. 
The amino terminal modulatory region comprises two cyclic 
nucleotide‑binding domains (cNBD‑A and cNBD‑B) and a 
disheveled, Egl‑10 and pleckstrin (DEP) domain (6,7). cAMP is 
usually generated from adenosine 5'‑triphosphate by adenylate 
cyclases (8). It is a prototypic second messenger that is involved 
in cellular responses to numerous triggers, and intermediates 
signaling pathways associated with a number of human diseases, 
including cancer, nerve disease, cardiac diseases, diabetes, 
immunological diseases and urinary dysfunction (8,9).

A previous study demonstrated that cAMP subdues cell 
growth and p44/42 mitogen‑activated protein kinase (MAPK) 
activities of U87MG glioblastoma cells via the Ras signaling 
pathway. Furthermore, cAMP blocks p44/42 MAPK action 
and proliferation in phosphatase and tensin homolog‑depleted 
human glioblastoma cells in vitro via protein kinase A and 
EPAC stimulation (10). Additionally, a mixture of tricyclic 
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antidepressants and a blocker of the purinergic receptor P2Y12 
facilitate autophagy‑associated cell death in glioma cells via 
the EPAC subdivision of the cAMP signaling pathway (11,12). 
Mostafavi  et  al  (13) demonstrated that triggering of the 
cAMP/EPAC signaling pathway results in an upsurge 
of connexin 43 secretion in astrocytoma cells. However, 
isoproterenol stimulates movement of glioma cells in vitro 
via β2‑adrenergic receptor/cAMP/EPAC/Rap1B/blockade of 
Rac (11,14).

Matrix metalloproteinases (MMPs) are a group of 
zinc‑indomitable endopeptidases that have been implicated 
in tissue‑transformation processes, including wound healing, 
embryo implantation, tumor invasion, metastasis and angio-
genesis  (15‑18). However, MMP‑2 has been reported to be 
one of four genetic markers that are secreted in glioblastoma 
multiforme but not anaplastic astrocytoma (18,19). To the best 
of our knowledge, the effect of EPAC2 on MMP‑2 in the 
pathogenesis of glioma has not been studied. Therefore, in 
the present study, it was evaluated how in vitro transfection of 
an EPAC2 overexpression vector may affect MMP‑2 protein 
expression in glioma cells. Additionally, the effects of EPAC2 
overexpression on invasive cell numbers in a Transwell assay 
were evaluated.

Patients and methods

Clinical samples and cell lines. A total of 10 surgical speci-
mens of patients with clinical glioma (5 males, 5 females; aged, 
40‑70 years), comprising of 5 low‑grade and 5 high‑grade, were 
obtained at the Department of Neurosurgery of The Affiliated 
Hospital of Jiangsu University (Zhenjiang, China) between 
March 2017 and November 2017. The specimens comprised 
glioma tissue and relatively normal brain tissue surrounding 
the tumor. The normal brain tissues were obtained 2‑3 cm 
away from the glioma during surgery. Histological examina-
tion was carried out to confirm if specimens were normal 
brain or glioma tissues. No difference (homogeneity) was 
observed between the normal tissue samples obtained from 
patients with low and high‑grade gliomas. The samples were 
frozen in liquid nitrogen to preserve them prior to further 
experiments. The diagnosis of glioma was confirmed by the 
Pathology Department of The First Affiliated Hospital of 
Jiangsu University. Classification into low‑ and high‑grade 
glioma groups was performed. Glioma U251 and U87 cell lines 
were purchased from Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). Short tandem 
repeat profiling was used to authenticate glioma cell lines. 
The present study was approved by the Ethics Committee of 
Jiangsu University (Zhenjiang, China), and patients provided 
written informed consent.

Reagents. Dulbecco's modified Eagle's medium (DMEM; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 
trypsin (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
were obtained. DMEM was supplemented with 10% FBS, 
100 U/ml penicillin and 100 µg/ml streptomycin. Matrigel 
basement membrane matrix (BD Biosciences, San Jose, CA, 
USA) and Transwell chambers (Corning Inc., Corning, NY, 
USA) were obtained. EPAC2, MMP‑2 and β‑actin antibodies 

were obtained from Abcam (Cambridge, UK). EPAC2 
overexpression plasmid was purchased from GenScript 
(Nanjing, China). Lipofectamine® 3000 transfection reagent 
was obtained from Invitrogen; Thermo Fisher Scientific, Inc.

Glioma U251 and U87 cell cultures. Original glioma U251 
and U87 cell lines were washed and minced in 1X PBS, 
followed by 0.25% enzymatic dissociation at 37˚C for 20 min. 
Isolated cells (1x106 cells/ml) were resuspended in DMEM 
supplemented with 10%  FBS, 100  U/ml penicillin and 
100 µg/ml streptomycin. Subsequently, cells (1x106 cells/ml) 
were seeded in 25 cm2 culture flasks and cultured at 37˚C in 
a humidified atmosphere containing 5% CO2 (Thermo Fisher 
Scientific, Inc.). The culture medium was replenished every 
other day. When cells reached 70‑90% confluency, the cells 
were passaged following 0.25% trypsin digestion. Single cell 
cloning was performed at the tenth generation and a stable 
passage of U251 and U87 cell lines was obtained and validated.

EPAC2 overexpression plasmid transfection of U251 
cells and U87 cells. Glioma U251 and U87 cells grown to 
70‑90% confluence were transfected with 1 mg/ml EPAC2 
overexpression plasmid (Nanjing KeyGen Biotech Co., Ltd., 
Nanjing, China) and vector (pcDNA3.1) in complete growth 
medium, with untransfected U251 and U87 cells as the 
normal control group. Cells in the plasmid control group were 
transfected with vector only. Lipofectamine® 3000 reagent 
was diluted at 1:1 ratio in Opti‑MEM medium (Gibco; Thermo 
Fisher Scientific, Inc.) and mixed well. Opti‑MEM medium 
was used to dilute the DNA and to prepare a DNA master mix. 
Subsequently, P3000TM reagent was added and the solution was 
mixed thoroughly. Diluted DNA (1:1 ratio) was added to each 
tube of diluted Lipofectamine® 3000 reagent and incubated for 
5 min at room temperature. Then, DNA‑liposome complexes 
were added to the cells. Cells were incubated at 37˚C for 2 days, 
followed by extraction of cellular proteins.

Western blotting. Frozen specimens obtained from patients 
with clinical glioma were lysed with cell lysis buffer for 
western blotting (Beyotime Institute of Biotechnology, 
Haimen, China). Protein concentration was quantified 
using a bicinchoninic acid (BCA) kit (Beyotime Institute of 
Biotechnology). Total protein extract was added to the loading 
buffer, 10 µg/lane were loaded and separated by SDS‑PAGE 
(12% gels). Additionally, total protein extract from glioma 
U251 and U87 cell lines transfected with EPAC2 plasmid and 
empty plasmid were lysed with cell lysis buffer for western 
blotting (Beyotime Institute of Biotechnology). Protein 
concentration was quantified using the BCA kit (Beyotime 
Institute of Biotechnology). Total protein extracts were added 
to the loading buffer, 20 µg/lane were loaded and separated 
by 12% SDS‑PAGE. Subsequently, proteins were transferred 
to a nitrocellulose membrane (Thermo Fisher Scientific, Inc.) 
at 300 mA at 4˚C for 120 min. The membrane was blocked 
with 5% skimmed milk at room temperature for 1 h, and 
incubated overnight at 4˚C with primary antibodies (1:200 
dilution). The primary antibodies used were anti‑EPAC2 rabbit 
monoclonal antibody (mAb; cat. no. ab193665), anti‑MMP‑2 
rabbit mAb (cat. no. ab181286) and anti‑β‑actin mouse mAb 
(cat. no. ab6276) all purchased from Abcam). Subsequently, 
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the membranes were rinsed three times (5 min each), and 
incubated with secondary antibodies [mouse anti‑rabbit 
immunoglobulin G (IgG)‑horseradish peroxidase (HRP; cat. 
no.  sc‑2357; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and rabbit anti‑mouse IgG‑HRP (cat. no. sc‑358914; 
Santa Cruz Biotechnology, Inc.)] at room temperature for 
1 h. The membranes were rinsed, and signal was developed 
using enhanced chemiluminescence reagents (BeyoECL Star; 
Beyotime Institute of Biotechnology). Polypeptide bands were 
detected by an enhanced chemiluminescence detection system 
(Pierce; Thermo Fisher Scientific, Inc.) and semi‑quantified 
using ImageJ version 1.44p software (National Institutes of 
Health, Bethesda, MD, USA).

Transwell invasion assays. Transwell chambers (insert 
diameter, 6.5 mm; pore size, 8.0 µm; 24 wells) were coated with 
30 µl Matrigel (BD Biosciences) for 30 min at 37˚C. DMEM 
(600 µl) containing 10% FBS was added to the lower chamber. 
A total of 100 µl cell suspension (1x106 cells/ml) in serum‑free 
medium was added to the upper Transwell chamber. After 
24 h of incubation at 37˚C, U251 cells that had invaded across 
the membrane were stained with 0.1% crystal violet for 20 min 
at room temperature. Non‑invasive cells in the upper chamber 
were gently wiped off with a cotton swab and washed 3 times 
with PBS. The numbers of invasive cells were observed in 
five field power magnification under an Olympus CKX31 
inverted light microscope (Olympus Corporation, Tokyo, 
Japan; magnification, x400) and counted. The procedure was 
repeated for U87 cells.

Statistical analysis. All experiments were repeated three 
times. All data are expressed as the means  ±  standard 
deviation. Data were analyzed by unpaired Student's t‑test or 
one‑way analysis of variance, followed by Dunnett's post hoc 
test for comparisons among the control group and multiple 
dose groups. GraphPad Prism v6.0 (GraphPad Software, Inc., 
La Jolla, CA, USA) was used to conduct statistical analyses. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

EPAC2 expression is relatively low in clinical glioma speci‑
mens. Expression levels of EPAC2 were relatively low in clinical 
glioma specimens (low‑ and high‑grade) compared with normal 
control tissues (P<0.01; Fig. 1A and B). Therefore, normal brain 
tissues expressed more EPAC2 protein compared with clinical 
glioma tissues, suggesting that the number of EPAC2‑secreting 
brain cells may have decreased during glioma pathogenesis. 
Furthermore, protein expression levels of EPAC2 in the 
low‑grade clinical glioma samples were higher compared with 
those in the high‑grade clinical glioma samples (Fig. 1A and B). 
These results suggest that high‑grade glioma tissues may secrete 
less EPAC2 protein levels compared with low‑grade glioma 
tissues. Furthermore, this implied that high‑grade clinical 
gliomas may contain a lower number of EPAC2‑secreting brain 
cells compared with low‑grade clinical gliomas.

Transfection of EPAC2 overexpression plasmid into glioma 
cell lines decreases MMP‑2 protein expression. Following 

transfection of EPAC2 overexpression plasmid (pcDNA3.10) 
into glioma cell lines (U251 and U87), the protein expression 
levels of EPAC2 increased significantly (P<0.01) and the 
protein expression levels of MMP‑2 decreased significantly 
(P<0.01). Additionally, the number of invasive cells was 
significantly decreased in a Transwell assay  (Fig.  2A‑D). 
Relative protein expression levels of EPAC2 were elevated 
in cells transfected with EPAC2 overexpression plasmid 
compared with the plasmid control U251 cells (Fig. 3A and B). 
Additionally, in U87 cell lines, relative EPAC2 expression 
was elevated in cells transfected with EPAC2 overexpression 
plasmid compared with the normal control and plasmid control 
cells (Fig. 3D and E).

MMP‑2 expression was relatively low in cells transfected 
with EPAC2 overexpression plasmid compared with the 
normal control and plasmid control U251 cells (Fig. 3A and C). 
Additionally, in U87 cells, MMP‑2 expression was relatively 
low in cells transfected with EPAC2 overexpression plasmid 
compared with the normal control and plasmid control 
cells (Fig. 3D and F). This suggested that in U251 and U87 cell 
lines, EPAC2 overexpression may lead to decreased MMP‑2 
protein levels via the EPAC2/MMP‑2 signaling pathway.

Discussion

Several studies have demonstrated that EPAC2 is secreted 
predominantly in the brain, pituitary gland, adrenal gland 
and pancreas (20‑22). Seo and Lee (20) demonstrated that 
EPAC2 is secreted in the cortex, hippocampus and striatum of 
full‑grown mouse brains. Furthermore, previous studies have 
demonstrated that a reduction in secretion of EPAC2 leads to 
brain dysfunctions, including alterations in memory and social 
communication (20,23,24). The present study demonstrated 

Figure 1. Western blotting. (A) Western blot analysis of EPAC2 protein 
expression in clinical specimens from patients with glioma (low‑grade and 
high‑grade). (B) Analysis revealed that EPAC2 protein levels in glioma 
specimens (low‑grade and high‑grade) were significantly lower compared 
with those in normal brain tissue (obtained from patients with glioma). 
Higher glioma grade was associated with lower EPAC2 protein levels. Bars 
represent relative protein levels. The mean values of the protein levels were 
normalized to 1.0. ##P<0.01; n=6. EPAC2, exchange protein directly activated 
by cAMP 1; nor, normal tissue.
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that normal brain tissues expressed more EPAC2 levels 
compared with clinical glioma tissues. These results suggest 
that the number of EPAC2‑secreting cells may decrease 
during glioma pathogenesis. On the other hand, studies 
using a global EPAC inhibitor revealed that EPAC modulates 
astrocyte differentiation via the potassium voltage‑gated 
channel interacting protein 3 transcription factor during 
neurogenesis (20,25). The present study demonstrated that 
EPAC2 expression levels in low‑grade clinical glioma were 
higher compared with expression levels in high‑grade clinical 
glioma. This may imply that high‑grade clinical glioma tissues 
contain a smaller number of EPAC2 glands compared with 
low‑grade clinical glioma tissues.

Several studies have demonstrated that MMP‑2 and 
MMP‑9 are actively involved in the development of malignant 
glioma by amplifying cancer cell growth, migration, invasion 
and angiogenesis (2,26,27). Furthermore, MMP‑2 secretion 

is increased in glioma tissue compared with in normal brain 
tissue  (28‑30). Additionally, brain tumors secreting high 
concentrations of MMP‑2 are often associated with high 
grade, higher invasion, metastasis and angiogenesis (28‑30). 
Studies have demonstrated that there is an increase in MMP‑2 
expression in cancer and vasculature cells, signifying mani-
fold functions for MMP‑2 in cancer development  (30,31). 
Accordingly, further studies identified higher expression levels 
of MMP‑2 in high‑grade glioma (18,27). This implies that the 
higher the grade of glioma, the higher the secretion of MMP‑2. 
Yu et al (15) demonstrated that cancer‑derived MMP‑2 has 
two functions during cancer pathogenesis. These functions 
are: i) Amplification of cancer invasiveness by degrading the 
extracellular matrix; and ii) amplification of cancer growth by 
facilitating vessel development and function (15).

The present study demonstrated that, in U251 and U87 
cell lines, MMP‑2 expression was decreased following 

Figure 2. Cell transfection with EPAC2 overexpression plasmid and Transwell invasion assays. (A) U251 cells were transfected with EPAC2 overexpression 
plasmid and Transwell invasion assays were performed. Counting of purple cells was performed using an Olympus CKX31 inverted light microscope. 
Original magnification, x100. (B) Numbers of invasive U251 cells were quantified, and the results demonstrated that the invasive cell numbers were 
significantly reduced following transfection with EPAC2 overexpression plasmid. (C) U87 cells were transfected with EPAC2 overexpression plasmid and 
Transwell invasion assays were performed. Original magnification, x100. (D) Numbers of invasive U87 cells were quantified, and the results demonstrated 
that the invasive cell numbers were significantly reduced following transfection with EPAC2 overexpression plasmid. ##P<0.01. EPAC2, exchange protein 
directly activated by cAMP 1.
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EPAC2 overexpression plasmid transfection compared with 
the normal control and plasmid control cells. These results 
suggest that EPAC2 overexpression led to decreased MMP‑2 
protein levels via the EPAC2/MMP‑2 signaling pathway in 
U251 and U87 cell lines. The glioma microenvironment is 
usually made up of malignant cells as well as normal brain 
cells. Therefore, in the glioma microenvironment, MMP‑2 
stimulates EPAC2 glands, which in turn secrete higher levels 
of EPAC2 during glioma pathogenesis. Seo and Lee (20) 
established that EPAC2 deficiency impaired proapoptotic 
caspase adaptor protein (PACAP)‑stimulated astrocytic 
differentiation of neural precursor cells without affecting 
neuronal differentiation. The authors further indicated that 
an increase in intracellular calcium levels is fundamental 
in the PACAP/EPAC2 signaling pathway‑stimulated 
astrocytogenesis (20).

A number of studies have demonstrated that astrocy-
togenesis is principally associated with the PACAP/EPAC 
signaling pathway (25,32). Furthermore, EPAC2 peculiarities 
result in decreased energy metabolism, neurotransmitter, ion 

concentration regulation and numerous other metabolic activi-
ties in nervous tissues (20,33). The aforementioned EPAC2 
features result in cognitive dysfunction and psychiatric disor-
ders (20).

A limitation of the present study was the inability to deter-
mine other signaling pathways via which EPAC2 expression 
decreases in glioma specimens besides the EPAC2/MMP‑2 
signaling pathway. Further studies are required to confirm 
that increasing EPAC2 levels may have potential therapeutic 
benefits.

In conclusion, the present study demonstrated that normal 
brain tissues express more EPAC2 compared with clinical 
gliomas. Additionally, EPAC2 expression levels in low‑grade 
clinical glioma were relatively high compared with high‑grade 
clinical glioma. Furthermore, in U251 and U87 cell lines, 
MMP‑2 expression was relatively low following EPAC2 
overexpression plasmid transfection. This suggested that trans-
fection using EPAC2 overexpression plasmid transfection was 
able to decrease MMP‑2 protein expression levels in U251 and 
U87 cells (Fig. 4). Therefore, increasing the protein expression 

Figure 3. EPAC2 transfection. (A) U251 cells were transfected with EPAC2 overexpression plasmid to evaluate alterations in MMP‑2 protein expression. 
(B) Statistical analysis following transfection of U251 cells with EPAC2 overexpression plasmid. (C) Statistical analysis suggested that following transfection 
of U251 cells with EPAC2 overexpression plasmid, the MMP‑2 protein levels were significantly decreased. Relative protein expression levels of EPAC2 were 
elevated in EPAC2‑plasmid transfected cells compared with the normal control and plasmid control groups in U251 cells. Bars represent relative protein levels. 
The mean values of the protein levels were normalized to 1.0. (D) U87 cells were transfected with EPAC2 overexpression plasmid to evaluate alterations in 
MMP‑2 protein expression. (E) Statistical analysis following transfection of U87 cells with EPAC2 overexpression plasmid. (F) Statistical analysis revealed 
that, following transfection of U87 cell strain with EPAC2 overexpression plasmid, MMP‑2 protein levels were significantly decreased. Relative protein 
expression levels of EPAC2 were elevated in EPAC2‑plasmid transfected cells compared with the normal control and plasmid control groups in U87 cells. 
Bars represent relative protein levels. The mean values of the protein levels were normalized to 1.0. ##P<0.01. EPAC2, exchange protein directly activated by 
cAMP 1; MMP‑2, matrix metalloproteinase 2.
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levels of EPAC2 could reduce the invasiveness of glioma cells, 
and provides a novel therapeutic route for malignant glioma.
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