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Abstract. The incidence and mortality rates of gastric cancer 
are one of the highest of all types of cancers. Emerging 
evidence has demonstrated that altered expression of 
micro (mi)RNAs may be implicated in the tumorigenesis 
of numerous types of cancer. Therefore, miRNAs may have 
potential as important tools in cancer diagnostics and thera-
peutics. miRNAs regulate the expression of genes involved 
in mediating cell proliferation and developmental timing, 
among numerous other processes. Altered expression levels 
of miRNAs may result in the ability of cells to proliferate 
aberrantly and migrate. The present study used reverse 
transcription‑quantitative polymerase chain reaction assays 
to analyze miRNA‑577 expression in gastric cancer tissues 
and cell lines, MTT and cell cycle analysis to examine cell 
proliferation in vitro, and luciferase assays and western blot 
to investigate miRNA‑577's downstream targets. The results 
demonstrated that miRNA‑577 was significantly down-
regulated in gastric cancer patient samples and cell lines. 
In addition, miRNA‑577 affected an important regulator 
of E2F  transcription factor 3 expression and that altered 
miRNA‑577 expression resulted in the aberrant proliferation 
of gastric cancer cells.

Introduction

Gastric cancer (GC) ranks the fifth most prevalent type 
of cancer and the third leading cause of cancer‑associated 
mortality worldwide, accounting for 952,000 novel diag-
noses (6.8% incidence) and 723,000 mortalities in 2012 (1). 
GC in developing countries accounts for >70% of worldwide 
total cases; currently China, Japan and Korea account for 60% 
of total cases (2,3). The USA has the lowest incidence of GC, 

comprising 1.3% (~22,000) and 1.9% (~11,000) of all novel 
cancer cases and cancer‑associated mortalities, respectively, 
in 2014 (4).

Small non‑coding RNAs, known as microRNAs (miRNA), 
regulate gene expression at the post‑transcriptional level by 
binding to complementary messenger (m)RNA sequences, 
primarily in the 3'‑untranslated region (UTR) of the target. 
Subsequently, target mRNA is degraded or its translation into 
protein is inhibited (5,6). miRNAs have been implicated in 
numerous biological processes, including cell proliferation, 
metabolism, apoptosis, morphogenesis, developmental timing 
and stress‑response  (7‑9). In relation to cancer, miRNAs 
have been reported to be differentially expressed, acting as 
oncogenes as well as tumor suppressors (10,11); in addition, 
numerous miRNA may have the potential for use as diagnostic 
and prognostic markers in cancer as well as possible thera-
peutic targets (12‑17).

A limited number of previous studies have investigated 
the role of miRNA  (miR)‑577 in cancer. One such study 
reported that miR‑577 regulated testis‑specific gene 10 protein 
expression, inactivated the p53 and retinoblastoma protein 
pathways as well as modulated the G1/S phase transition, 
leading to an increased rate of malignancy and progression 
of esophageal squamous cell carcinomas (18). In GC patients, 
miR‑577 expression was reported to correlate with chemosen-
sitivity (19), possibly through modulating cytochrome P450 
protein expression (20). E2F3 is a member of the E2F family 
of transcription factors and is important in the control of cell 
cycle during tumor development including GC (21). Several 
miRNA have been demonstrated to repress tumor growth by 
regulating E2F3 (22).

The present study aimed to investigate the expression 
of miR‑577 in GC tissues and cell lines in order to provide 
evidence for miR‑577 as a diagnostic and prognostic marker of 
GC as well as a potential therapeutic target.

Materials and methods

Samples. The present study was approved by the Medical Ethics 
Committee of Qiqihar Medical University (Qiqihar, China). 
None of the patients in the study received chemotherapy or 
radiation treatment prior to surgery. Written informed consent 
was obtained from all patients. GC and adjacent normal 
tissues (≥5 cm from the edge of the tumor) were collected by 
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debulking surgery from 30 patients who were recruited into 
a clinical trial at the Third Affiliated Hospital of Qiqihar 
Medical University between 2012 and 2013. Clinicopathologic 
information was obtained and two pathologists independently 
determined diagnoses according to the International Union 
Against Cancer (7th edition).

Cell lines. Human GC cell lines HGC‑27, SGC‑7901, MKN‑28, 
NCI‑N87 and MKN‑74 as well as the immortalized human 
gastric epithelial mucosa cell line GES1 were purchased 
from the Cell Bank of Type Culture Collection of Chinese 
Academy of Sciences (Shanghai, China). All cell lines were 
cultured in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin 
and 100 µg/ml streptomycin (all purchased from Gibco Life 
Technologies, Grand Island, NY, USA). All cells were cultured 
at 37˚C in a 5% CO2 atmosphere.

RNA extraction and reverse transcription quantitative poly‑
merase chain reaction (RT‑qPCR). Total miRNA from cultured 
cells and surgical GC tissues was extracted using TRIzol® 
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) 
according to the manufacturer's instructions. Complementary 
DNA was synthesized from 5 ng total RNA using the TaqMan 
miRNA reverse transcription kit (Invitrogen Life Technolo-
gies). Expression levels of miR‑577 were quantified by qPCR 
using the reverse transcription products, TaqMan 2 Universal 
PCR Master Mix without UNG Amperase (Applied Biosystems 
Life Technologies, Foster City, CA, USA), miRNA‑specific 
TaqMan probes, and primers (Applied Biosystems) on a 
7500 Fast Real Time PCR system (Applied Biosystems) with 
an initial denaturation at 95˚C, followed by 40 cycles at 95˚C 
for 15 s and 60˚C for 1 min. The threshold cycle (CT) was then 
determined and defined as the fractional cycle number at which 
the fluorescence detected passes a fixed threshold. The Applied 
Biosystems 7500 Fast software (Applied Biosystems) was used 
to analyze the CT values of different miRNAs normalized 
to an endogenous control U6. The normalized values (dCT) 
from tumorous tissue were then compared with its paired 
nontumorous tissue, yielding miRNA differential expression 
profiles. Primers were used as follows: miR‑577 F 5'‑ACA​
CTC​CAG​CTG​GGT​AGA​TAA​AAT​ATT​GG‑3' and R 5'‑CTC​
AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​GTT​GAG​CAG​
GTA​CC‑3'; U6, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3', R 5‑AAC​
GCT​TCA​CGA​ATT​TGC​GT‑3'. miRNA mimics, small inter-
fering (si)RNA and plasmids. miR‑577, anti‑miR‑577 and 
control miRNA encoding plasmids were purchased from 
Shanghai GenePharma Co., Ltd  (Shanghai, China). E2F 
transcription factor 3 (E2F3)‑small interfering (si)RNA and 
scrambled control siRNA were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). siRNA and miRNA 
transfection were performed using Lipofectamine 2000 (Invi-
trogen Life Technologies) according to the manufacturer's 
instructions. The Renilla and firefly luciferase activities in 
cell lysates were measured 48 h after transfection using the 
dual‑luciferase reporter assay system (Promega Corporation, 
Madison, WI, USA), and the results were presented as the 
ratio of Renilla activity/firefly activity in the lysate. Renilla 
activity was used to normalize the relative luciferase values. 
Each transfection was performed in triplicate.

Cell proliferation assay. Cell viability was measured using an 
MTS assay kit (Promega Corp.), as described previously (23). 
Briefly, at 2 days post transfection, 2,000 cells/well were 
seeded into 96‑well plates and following 24 h, the medium 
was replaced with fresh medium and the cells were further 
cultured for 1, 2 or 3 days. Following culture, MTS (20 µl) 
solution was added to each well and plates were incubated for 
1 h at 37˚C. Absorbance (A) was recorded at 490 nm using 
a 3500 microplate reader (Bio‑Rad Laboratories, Inc., Rich-
mond, CA, USA). Each individual experiment was performed 
in six replicates for three independent times.

Cell cycle analysis. Cells (2x106/ml) were transfected with 
miR‑577, control miRNA or E2F3 siRNA and cultured for 
2 days. Cells were then collected, washed twice with phos-
phate‑buffered saline and fixed with ice‑cold 70% ethanol, 
then incubated with RNase  I (1  µg/ml; Sigma‑Aldrich, 
St. Louis, MO, USA) at 37˚C for 1 h. Samples were analyzed 
using a flow cytometer (LSRII; BD Biosciences, San Jose, CA, 
USA) following the addition of propidium iodide (20 µg/ml).

Protein isolation and western blot analysis. Total proteins 
were extracted using radioimmunopreciptiation assay lysis 
buffer with proteinase/phosphatase inhibitors (Thermo Fisher 
Scientific, Cambridge, MA, USA). Lysate was separated using 
10% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (Bio‑Rad Laboratories, Inc., Hercules, CA, USA), which 
were then blotted onto polyvinylidene difluoride membranes 
(Millipore, Bedford, MA, USA). The membrane was blocked 
in 5% non fat milk (Fisher Scientific Co., Fair Lawn, NJ, USA) 
for 1 h and subsequently incubated with either rabbit polyclonal 
antibody against human E2F3 (sc‑878; 1:500 dilution) or goat 
polyclonal antibody against human GAPDH (sc‑20357; 1:1,000 
dilution) at 4˚C overnight. The membrane was washed 3 times 
and then treated with horseradish peroxidase‑conjugated 
mouse anti‑rabbit or anti‑goat second antibodies (1:10,000; 
Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. 
The bands were detected using an enhanced chemilumines-
cence kit (Thermo Fisher Scientific).

Statistical analysis. Values are expressed as the mean ± standard 
error of the mean. Differences between groups were analyzed 
using a one way analysis of variance followed by Bonferroni 
post‑hoc analyses, as appropriate. All data were analyzed using 
SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference between values.

Results

miR‑577 is downregulated in human GC tissues and cell 
lines. In order to investigate the role of miR‑577 in human 
GC, miR‑577 expression was analyzed in GC patient samples 
and adjacent healthy tissue controls. The results demon-
strated that miR‑577 was significantly downregulated in 24 
out of 30 GC patient samples compared with paired control 
samples (P<0.01) (Fig. 1A). To further evaluate the associa-
tion of miR‑577 and GC, miR‑577 expression was examined 
in GC cancer cell lines using RT‑qPCR. The results revealed 
that miR‑577 expression was significantly decreased in all 
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five cell lines (HGC‑27, SGC‑7901, MKN‑28, NCI‑N87 
and MKN‑74) derived from GC, compared with the normal 
GES1 gastric mucosa cell line (Fig. 1B). These data therefore 
suggested that miR‑577 expression was downregulated in 
GC.

miR‑577 inhibits GC cell proliferation. In order to deter-
mine the role of miR‑577 in GC tumorigenesis, the effect 
of miR‑577 overexpression on HGC‑27 and MKN‑74 GC 
cell proliferation was examined. Cells were transfected with 
miR‑577 or control miRNA. RT‑qPCR revealed that miR‑577 
expression levels were significantly increased in cells 
transfected with miR‑577 in each GC cell line (Fig. 2A). In 

addition, an MTS assay demonstrated that the overexpression 
of miR‑577 inhibited proliferation of HGC‑27 and MKN‑74 
cells (Fig. 2B). Furthermore, flow cytometric analysis was 
performed on transfected cells in order to determine cell 
cycle progression. As shown in Fig. 2C, transfection with 
miR‑577 significantly increased the percentage of HGC‑27 
and MKN‑74 cells in G1 phase (P<0.05 and P<0.01); in addi-
tion, S phase peaks were decreased in miR‑577‑transfected 
cells. These results indicated that miR‑577 inhibited GC cell 
growth.

miR‑577 directly targets E2F3. In order to elucidate the 
biological implications of miR‑577 on GC tumorigenesis, 

Figure 2. miR‑577 overexpression inhibits gastric cancer cell growth. (A) Reverse transcription quantitative polymerase chain reaction analysis of relative 
miR‑577 expression in control miRNA‑ and miR‑577‑transfected HGC‑27 and MKN‑74 cells at 2 days post transfection. Transcript levels were normalized 
to U6 expression and data are presented as the relative expression compared with control miRNA‑transfected cells. (B) HGC‑27 and MKN‑74 cell prolifera-
tion was determined using MTS assays. (C) Cell cycle profiles of control miRNA‑ and miR‑577‑transfected HGC‑27 and MKN‑74 cells at two days post 
transfection. Values are presented as the mean ± standard error of the mean of three independent experiments (n=3). *P<0.05 vs. control miRNA. miR/miRNA, 
microRNA; OD, optical density.
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Figure 1. Downregulation of miR‑577 expression in human GC patient tissues and cell lines. (A) Reverse transcription quantitative polymerase chain reaction 
analysis of miR‑577 expression in primary GC tissues. Transcript levels were normalized to U6 expression and data are presented as the relative expression 
compared with paired adjacent normal tissue (n=30). (B) Expression levels of miR‑577 were examined in five GC cell lines. Transcript levels were normalized 
to U6 expression and data are presented the relative expression compared with normal GES1 gastric mucosa cell. Values are presented as the mean ± standard 
error of the mean of three independent experiments. **P<0.01 vs. GES1 cells. miR, microRNA; GC, gastric cancer. 
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Figure 3. E2F3 is a direct target of miR‑577. (A) Schematic representation of seven miR‑577 putative target sites in E2F3 3'‑UTR. (B) Western blot analysis of 
E2F3 protein levels in response to miR‑577 overexpression in HGC‑27 (left) and MKN‑74 (right) cells. GAPDH was used as loading control. Relative luciferase 
activity of (C) HGC‑27 and (D) MKN‑74 cells transfected with plasmids carrying 3'‑UTR of E2F3 gene and control miRNA, miR‑577 or anti‑miR577. Values 
are presented as the mean ± standard error of the mean of three independent experiments (n=4). *P<0.05 and **P<0.01 vs. control miRNA. E2F3, E2F transcrip-
tion factor 3; miR/miRNA, microRNA; UTR, untranslated region.

Figure 4. miR‑577 inhibits gastric cancer cell proliferation by downregulating E2F3. (A) Western blot analysis of E2F3 protein levels in response to E2F3 
siRNA in HGC‑27 (left) and MKN‑74 (right) cells. (B) Cell proliferation was determined using MTS assays in HGC‑27 and MKN‑74 cells transfected with 
control siRNA, E2F3 siRNA and E2F3 siRNA+miR‑577. (C) Cell cycle profiles of control siRNA‑, E2F3 siRNA‑ and E2F3 siRNA+miR‑577‑transfected 
HGC‑27 and MKN‑74 cells. Values are presented as the mean ± standard error of the mean of three independent experiments (n=4). *P<0.05 vs. control 
siRNA‑transfected cells. E2F3, E2F transcription factor 3; miR, microRNA; siRNA, small interfering RNA; OD, optical density. 
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TargetScan human 6.2 (www.targetscan.org), DNA Intelligent 
Analysis (diana.cslab.ece.ntua.gr) and MiRanda software 
‑aug2010 (www.microrna.org) were used for putative human 
protein‑coding gene targets of miR‑577. The results revealed 
seven putative binding sites of miR‑577, which are broadly 
conserved in vertebrates E2F3 3'‑UTR (Fig. 3A). In order to 
confirm that miR‑577 targets the E2F3 3'‑UTR, HGC‑27 and 
MKN‑74 cells were transiently transfected with miR‑577 and 
control miRNA. Western blot analysis revealed that expres-
sion of E2F3 was substantially decreased at 48 h following 
miR‑577 transfection in each GC cell line (Fig. 3B). Further-
more, a luciferase reporter assay was performed, in which 
wild‑type full length 3'‑UTR of E2F3 was cloned downstream 
of the luciferase gene in a pGL3 vector. The results demon-
strated that miR‑577, rather than control miRNA, significantly 
suppressed the luciferase activity of reporter genes containing 
E2F3 3'‑UTR in HGC‑27 and MKN‑74 cells (P<0.05) (Fig. 3C 
and D). Furthermore, luciferase activity was increased ~4‑fold 
compared with control miRNA in HGC‑27 and MKN‑74 cells 
transfected with anti‑miR‑577 (P<0.05 and 0.01, respectively). 
These results suggested that E2F3 is a direct target of miR‑577.

miR‑577 inhibits cell growth by suppressing E2F3 expres‑
sion. In order to further investigate the role of E2F3 
repression in miR‑577‑inhibited GC proliferation, the effects 
of E2F3 downregulation on GC cell proliferation were 
investigated. As shown in Fig. 4A, E2F3 silencing by specific 
E2F3 siRNAs significantly decreased E2F3 protein levels 
in HGC‑27 and MKN‑74 cells. In addition, downregulation 
of E2F3 markedly suppressed HGC‑27 and MKN‑74 cell 
proliferation. However, further overexpression of miR‑577 in 
the E2F3‑silenced cells exhibited no additive effect on cell 
proliferation, as determined using MTS assays and cell cycle 
analysis (Fig. 4B and C). These results demonstrated that 
E2F3 expression correlated with GC cell proliferation and 
indicated that E2F3 may be required for GC cells to prolif-
erate; in addition, the expression of E2F3 was suggested to be 
regulated by miR‑577.

Discussion

In the present study, miR‑577 expression was analyzed in 
human GC tissue samples and cell lines, the results of which 
demonstrated a significant reduction in miR‑577 expression 
in the majority of tissue samples and in all tested cell lines 
compared with adjacent health tissue and GES1 control cells, 
respectively. In addition, the role of miR‑577 in cell prolifera-
tion was investigated; overexpression of miR‑577 significantly 
inhibited proliferation as well as increased the percentage of 
cells in G1 phase and decrease the percentage of cells in S phase. 
During the G1  phase, cells grow and express mRNA and 
proteins involved in mitosis; S phase follows, which involves 
DNA replication in preparation for cell division. The transition 
from G1 to S phase is a major checkpoint in cell cycle regulation, 
which is commonly disrupted in cancers (24,25). The results of 
the present study demonstrated that miR‑577 expression signifi-
cantly affected the G1 to S phase transition in GC cells.

Based on the computational prediction of likely targets 
for miR‑577, an expression study and luciferase reporter assay 
were conducted in order to investigate the regulation of E2F3 

transcription by miR‑577. The results revealed that miR‑577 
directly targeted and inhibited E2F3 expression. In addition, 
silencing E2F3 with siRNA demonstrated that downregula-
tion of this transcription factor significantly suppressed the 
proliferation of GC cells.

The transcription factor E2F3 modulates expression 
of proteins involved in cell/centrosome cycles and mitosis 
and is critical for cellular proliferation (25). In addition, the 
E2F‑family of transcription factors were reported to control 
gene expression vital to angiogenesis, extracellular matrix 
remodeling, tumor cell survival and interactions with vascular 
endothelial cells, which facilitates metastasis to the lungs (26). 
Expression of several genes that control the timing of G1 to 
S phase transition, the rate of DNA synthesis and act as rate 
limiting factors of cellular proliferation, have been reported 
to be dependent on the presence of E2F3 (27‑30). Increased 
expression of this transcription factor has been reported in 
other types of cancer and has been associated with altered 
miRNA expression (26,29,31,32). These previous studies are 
consistent with the findings of the present study, which indi-
cated that the downregulation of miR‑577 allows for increased 
E2F3 expression, leading to aberrant cell proliferation.

In conclusion, the results of the present study demonstrated 
that downregulated expression of miR‑577 in GC affected 
core mechanisms in the regulation of cell cycle progression, 
resulting in aberrant proliferative ability. In addition, the 
differential expression of miR‑577 in GC allowed for the 
increased expression of the transcription factor E2F3, which 
was proposed to result in the increased transcription of factors 
required for G1 to S phase transition. These results enhance 
the current understanding of oncogenesis in GC and may 
potentially be used to develop novel diagnostic and therapeutic 
applications for GC treatment.
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