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miR-564 is downregulated in gastric carcinoma and targets E2F3
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Abstract. Numerous aberrantly expressed microRNAs
(miRNAs/miRs) have been identified in gastric cancer (GC);
however, only a fraction of these have been functionally
investigated and novel deregulated miRNAs in GC remain to
be explored. Through examining two public miRNA expres-
sion profile datasets, the present study identified aberrantly
expressed miRNAs in GC. One of these miRNA, miR-564,
was identified to be downregulated in GC, which was vali-
dated in tissue samples from patients with GC by reverse
transcription-quantitative polymerase chain reaction analysis.
Targets of miR-564 were then predicted bioinformatically,
including transcription factor E2F3 (E2F3), which was iden-
tified to be functionally enriched in several cancer signaling
pathways. Furthermore, overexpression of miR-564 decreased
the activity of a luciferase reporter carrying the 3'-untranslated
region of E2F3, in addition to the mRNA and protein level of
E2F3, indicating that miR-564 directly targets E2F3. These
data suggest that by targeting E2F3, miR-564 may act as a
tumor suppressor gene in gastric carcinogenesis.

Introduction

Gastric cancer (GC) is a major health problem, and is one of the
leading causes of morbidity and mortality worldwide, repre-
senting the second most common cause of cancer-associated
mortality (1). In 2012, GC caused 723,000 mortalities world-
wide (2), due to its poor prognosis and the limited efficacy
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downregulation,

of treatment. It is widely accepted that environmental factors,
including Helicobacter pylori infection (3), Epstein-Barr virus
infection (4), a poor diet, smoking and obesity (5) contribute
to gastric carcinogenesis. Additionally, certain genetic factors
have been implicated in the development of GC, including
somatic mutations, gene amplifications and deletions, epigen-
etic inactivation of genes and aberrant DNA methylation (4,6).
Molecular profiling of GC can be performed using gene
expression microarray analysis or DNA sequencing (7-9),
which facilitates the identification of putative biomarkers
for subtype classification, prognosis and therapeutic targets.
However, the molecular mechanisms underlying the progres-
sion of GC remain poorly understood.

In addition to protein coding genes, microRNAs
(miRNAs/miRs) serve important roles in human carcinogen-
esis. miRNAs are short (~22 nucleotides) non-coding RNAs
that regulate gene expression primarily through translational
repression or transcriptional degradation, and as such effect
important cellular processes, including cell proliferation,
cell death and tumorigenesis (10-12). Previous studies have
suggested oncogenic and tumor suppressive roles for miRNAs
in cancer (13,14). miRNAs also have the potential to be cancer
biomarkers in terms of their tissue-specific expression and
aberrant expression in cancer cells (15). miRNAs can be
measured through high-throughput microarray analysis. In
GC, aberrant miRNA expression profiles have been associated
with GC progression, prognosis and pathogenesis (16,17) by
perturbing the function of target genes (18-21). For example,
miR-148a is significantly downregulated in GC cell lines and
tissue (22-24).

Numerous aberrantly expressed miRNAs have been
identified in GC; however, only a fraction of these have been
functionally investigated and novel deregulated miRNAs in
GC remain to be explored. In the present study, two public
miRNA expression profile datasets were examined to iden-
tify novel aberrantly expressed miRNAs in GC. One of the
differentially expressed miRNAs identified, miR-564, which
was downregulated, was validated in the tissue samples of
patients with GC patients by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis. The target
genes of miR-564 were then predicted and it was demonstrated
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that miR-564 could bind to the 3'-untranslated region (UTR)
of transcription factor E2F3 (E2F3). Finally, overexpression
of miR-564 was found to significantly inhibit the mRNA and
protein levels of E2F3 in GC cells. In conclusion, the results of
the current study indicate that miR-564 is an important novel
potential tumor suppressor gene in gastric carcinogenesis.

Materials and methods

Public miRNA microarray data processing. Two public
miRNA microarray datasets for GC and normal gastric tissue
were obtained from the Gene Expression Omnibus (GEO;
GEO nos. GSE23739 and GSE30070). The limma software
package (version 3.30.12; https://bioconductor.org/pack-
ages/release/bioc/html/limma.html) was used to determine
differentially expressed miRNAs in the two data sets between
GC and normal gastric tissues. The upregulated and down-
regulated miRNAs from the two data sets were overlapped to
generate a consensus list of differentially expressed miRNAs,
which was visualized as a heatmap using Multiple Experiment
Viewer software (version 4.9.0; https://sourceforge.net/proj-
ects/mev-tm4/).

Prediction of miRNA targets. TargetScan (http://www.
targetscan.org) was used to predict target genes for miR-564.

Functional annotation. The enrichment of KEGG path-
ways for targeted genes was determined by DAVID (25).
Cytoscape (26) and Enrichment Map (27) were used for visu-
alization of the network.

Patients and tissue samples. To validate the results of the
miRNA microarray analysis, 8 pairs of GC and adjacent
non-cancerous gastric tissue samples were obtained. All
samples were obtained from patients with gastric cancer
who underwent surgical resection at No. 161 Hospital of the
People's Liberation Army (Wuhan, China) between May
and October 2014. All the participants were histologically
confirmed to have gastric adenocarcinoma and did not receive
any other forms of therapy prior to the time of enrollment.
Written informed consent was obtained from all patients and
the procedures used in the present study were approved by the
Institutional Review Board of No. 161 Hospital of the People's
Liberation Army.

Total RNA extraction and RT-gPCR analysis. All tissue samples
were frozen with liquid nitrogen immediately following
surgical resection. For miRNA RT-qPCR analysis, total RNA
was extracted from the samples using the miRNeasy Mini kit
(Qiagen, Inc., Valencia, CA, USA) according to the manufac-
turer's protocol. For DNA RT-qPCR analysis, total RNA was
extracted with TRIzol Reagent (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) in accordance with the
manufacturer's instructions. RNU6B and [3-Actin were used as
reference genes for quantification of the expression of miR-564
and E2F3, respectively. The sequences of these primers are
listed in Table I. PCR reaction volumes used were as follows:
2X SYBR®-Green Real-time PCR Master mix 5 pl (Toyobo
Co., Ltd., Osaka, Japan); cDNAS50 ng, forward primer and
reverse primer 5 uM; distilled water up to the volume of 10 yul.
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gPCR was performed at 50°C for 2 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min on an iQ5 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). All reactions were carried out in triplicate. Expression
was quantified using the 222 method (28).

Cell culture. The GC cell line, SGC-7901 was obtained from
the Institute of Biochemistry and Cell Biology of the Chinese
Academy of Sciences (Shanghai, China). The cells were main-
tained in Dulbecco's modified Eagle medium, supplemented
with 10% fetal bovine serum (Hyclone; GE Healthcare Life
Sciences, Logan, UT, USA), 100 U/ml penicillin, and 100 zg/ml
streptomycin. The cells were incubated in an atmosphere of
5% CO, at 37°C.

Luciferase reporter assay. The 3'-UTR of E2F3 mRNA
containing the predicted miR-564 binding site using
TargetScan was amplified by PCR using the PCR Amplification
kit (Takara Biotechnology Co., Ltd., Dalian, China). The PCR
product was digested and cloned into the psiCHECK™ -2
reporter vector (Promega Corporation, Madison, WI, USA)
to produce psiCHECK-2-E2F3-3'UTR reporter plasmids.
Cells were seeded in 24-well plates at an initial density of
1x10° cells/well and cultured for 24 h at 37°C in the presence
of 5% CO,. A total of 200 ng psiCHECK-2-E2F3-3'UTR and
100 nmol/l hsa-miR-564 mimic (or miRNA mimics control,
NC group) were synthesized at GenePharma Co., Ltd. (Suzhou,
China) and cotransfected into the SGC7901 cells using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After 48 h, the cells were lyzed by adding 100 ul Passive
Lysis Buffer (Promega Corporation; E194A) and reporter
activity was determined using a Dual-Luciferase® Reporter
Assay kit (Promega Corporation; E1910) according to the
manufacturer's protocol.

Western blotting. Proteins were isolated via lysing cells in
Cell Lysis Buffer (Cell Signaling Technology, Inc., Danvers,
MA, USA) followed by centrifugation at 13,000 x g for
10 min at 4°C. Protein (10 pg/lane) was loaded onto a 10%
gel, subjected to SDS-PAGE and subsequently transferred to a
polyvinylidene difluoride membrane. Membranes were probed
with polyclonal rabbit antibodies directed against anti-E2F3
(catalog no., ab50917; dilution, 1:500; Abcam, Cambridge,
MA, USA) overnight at 4°C, then incubated in horseradish
peroxidase-conjugated anti-rabbit secondary antibodies
(catalog no., GB23303; dilution, 1:3,000; Servicebio, Wuhan,
China) for 1 h at room temperature. An anti-B-tubulin rabbit
polyclonal antibody (catalog no., ab151318; dilution, 1:5,000;
Abcam) was used as a loading control. The blot was devel-
oped using Enhanced Chemiluminescence Substrate Solution
(Beyotime Institute of Biotechnology, Haimen, China) and
images of the blot captured using the FluorChem™ Imaging
System (ProteinSimple; Bio-Techne, Minneapolis, MN, USA).
The intensity of each spot was analyzed with AlphaEaseFC™
4.0 imaging software (Alphalnnotech, San Leandro, CA, USA).

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation of =3 independent experiments. The results
were analyzed using a two-tailed Student's t-test. P<0.05
Results were considered statistically significant at P<0.05.
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Table I. Primers used for quantitative polymerase chain reaction.
Gene Forward (5'-3") Reverse (5'-3")
RNU6B CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
-Actin CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA
miR-564 ACACTCCAGCTGGGAGGCACGGTGTCA TGGTGTCGTGGAGTCG
E2F3 GCACTACGAAGTCCAGATAGTCC AGACTGCAGCCCATCCATTG

GSE23739
30
0.0
-3.0

Tumor

GSE30070
3.0
0.0
-3.0

Tumor

hsa-miR-30d
hsa-miR-375
hsa-miR-564
hsa-let-7i
hsa-miR-103
hsa-miR-107
hsa-miR-135b
hsa-miR-18a
hsa-miR-18b | Up
hsa-miR-19a
hsa-miR-20a
hsa-miR-21
hsa-miR-223
hsa-miR-224
hsa-miR-451

Down

MNormal

hsa-miR-30d
hsa-miR-375
hsa-miR-564
hsa-let-7i
hsa-miR-103
hsa-miR-107
hsa-miR-135b
hsa-miR-18a
hsa-miR-18b Up
hsa-miR-19a
hsa-miR-20a
hsa-miR-21
hsa-miR-223
hsa-miR-224
hsa-miR-451
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Figure 1. Identification of aberrantly expressed miRNAs in gastric carcinoma from public miRNA microarray analysis datasets GSE23739 and GSE30070.
The results, presented as heatmaps, demonstrate 15 aberrantly expressed miRNAs that were consistent across the datasets. This comprised 3 downregulated

and 12 upregulated miRNAs. miRNA/miR, microRNA.
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Figure 2. Reverse transcription-quantitative polymerase chain reaction anal-
ysis validation of the expression of miR-564 in patients with GC. Replicates
(n=8) of GC and adjacent normal tissue samples were run and the Cq values
averaged. All Cq values were normalized to RNU6B. GC, gastric carcinoma.
"P<0.05 vs. adjacent normal tissue samples. miR, microRNA.

Results

Identification of novel aberrantly expressed miRNAs in GC.
To identify novel miRNAs associated with GC, two publicly
available miRNA expression profiles were analyzed. Of the
two data sets, GSE23739 contained 40 GC tissue samples
and 40 normal gastric tissue samples, whereas GSE30070
contained 90 GC tissue samples and 34 normal gastric tissue
samples. Differential expression analysis was performed on the
datasets, then by comparing and overlapping the differentially
expressed miRNAs, a list of miRNAs that were differentially
expressed in GSE23739 and GSE30070 were obtained. As
illustrated in Fig. 1,3 miRNAs were downregulated in GCs and
12 miRNAs were upregulated in GCs. One of the downregu-
lated miRNAs, miR-564, was identified to be a novel miRNA
that was dysregulated in GC, though it has been reported that
miR-564 was increased in H. pylori-positive compared with the
H. pylori-negative GC tissues (29).
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Figure 3. Prediction of target genes of miR-564. (A) miR-574-target gene network. Purple circle represents the microRNA and green circles represent the target
genes. (B) Functional pathway enrichment analysis delineated the biological signaling pathways of miR-564 predicted target genes. Nodes represent enriched
signaling pathways, which are grouped and annotated by their similarity according to related gene sets. The proportion of shared genes between gene sets
is represented as the thickness of the green lines between nodes. miR, microRNA; E2F3, transcription factor E2F3; AKT2, AKT serine/threonine kinase 2.

miR-564 expression is downregulated in GC. To evaluate the
role of miR-564 in the development of GC, the expression levels
of miR-564 were measured in 8 human primary GC tissues
and paired normal adjacent gastric tissues. The results revealed
that the GC samples had a significantly lower level of miR-564
expression compared with adjacent normal gastric tissue
(P<0.05; Fig. 2). These data suggest that miR-564 is downregu-
lated in GC and indicate that it is a potential tumor suppressor.

Predicting the putative targets of miR-564. To investigate the
potential role of miR-564, target genes for this miRNA were
predicted using TargetScan. As a result, 25 candidate targets
were identified (Fig. 3A). Functional pathway enrichment
analysis revealed that the proteins encoded by these genes
were enriched in various types of cancer signaling pathways
(Fig. 3B). One predicted target, E2F3, a transcriptional activator
of E2F-family of transcription factors, was associated with
numerous cancer-associated signaling pathways. This indicates
that miR-564 regulates GC progression through targeting E2F3.

E2F3 is a direct target of miR-564 in GC cells. To validate E2F3
as a target of miR-564, luciferase reporter assays were conducted
using the E2F3-3'UTR in miR-564-transfected SGC7901 cells.
Position 416-422 of E2F3-3'UTR was predicted as the target
binding region for miR-564 (Fig. 4A). The luciferase activity
of the E2F3-3'UTR plasmid significantly decreased by 40%
following treatment with the miR-564 mimic (P<0.05 vs. the NC
group; Fig. 4B). These results indicate that miR-564 suppresses
gene expression through binding to the 3'UTR of E2F3 mRNA.
Moreover, RT-qPCR (Fig. 4C) and western blot (Fig. 4D)
analyses demonstrated that the expression of E2F3 mRNA and
protein, respectively, were decreased following treatment with
the miR-564 mimic. These results indicate that E2F3 is a direct
target of miR-564.

Discussion

Accumulating evidence has demonstrated that miRNAs regu-
late cancer development and progression by acting as tumor

suppressors or oncogenes (13,14). Through examining two
public miRNA expression profiles the present study identified
15 aberrantly expressed miRNAs in GC, including 3 downreg-
ulated and 12 upregulated miRNAs. Some of these miRNAs,
for example miR-21, have previously been demonstrated to be
upregulated in GC (30). In addition, the present study identi-
fied a novel aberrantly expressed miRNA, miR-564. RT-qPCR
analysis of 8 GC tissue and adjacent normal tissue samples
validated that miR-564 was downregulated in GC, which was
consistent with the results of miRNA microarray analysis.
miR-564 has been reported to be aberrantly expressed in breast
cancer (31) and chronic myeloid leukemia (32), indicating that
is serves a role in cancer development. However, the molecular
mechanism underlying the downregulation of miR-564 in GC
remains unknown. Genomic deletions in miRNAs have been
reported as amechanism for miRNA downregulation, including
that of miR-101, -15a and -16-1 (33,34). Thus, examining
whether genomic loss has occurred at chromosome 3p21.31,
where miR-564 is located, in GC may provide evidence to
explain this. Other factors, including DNA methylation, histone
modification, interactions between transcriptional suppressors
and the miR-564 promoter, and post-transcriptional regula-
tion may also serve role in the downregulation of miR-564 in
GC. Further studies are required to determine the mechanism
underlying miR-564 downregulation in GC.

The predicted target genes of miR-564, particularly
E2F3, were functionally enriched in the signaling pathways
of several cancers, including non-small cell lung cancer,
glioma, melanoma, pancreatic cancer, chronic myeloid
leukemia and small cell lung cancer. E2F3 is known to be a
potent regulator of cell cycle progression and apoptosis, with
the capacity to stimulate quiescent cells to proliferate or to
induce cell apoptosis. Deregulation of E2F3, either through
overexpression (35) or inactivation (36) by repressor mecha-
nisms, is a frequent oncogenic event in human tumorigenesis.
In GC, 4 miRNAs (miR-141, -449a, -145 and -125a-5p) have
been reported to inhibit cancer cell proliferation through
directly targeting E2F3 (37-40). Furthermore, E2F3 has been
demonstrated to be upregulated in human GC tissue samples
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Figure 4. E2F3 is a direct target of miR-564 in SGC-7901 gastric cancer cells. (A) TargetScan predicted an miR-564 target sequence in the 3'-UTR of E2F3
mRNA. (B) E2F3-3'UTR plasmids were transfected into miR-564 mimic-treated cells and assayed for luciferase activity. (C) The mRNA levels of E2F3 were
detected by reverse transcription-quantitative polymerase chain reaction analysis in cells transfected with miR-564 mimic or the NC. (D) E2F3 protein levels
were detected by western blotting in cells transfected with miR-564 mimic or NC. "P<0.05 vs. the NC group. E2F3, transcription factor E2F3; miR, microRNA;

UTR, untranslated region; NC, negative control.

compared with paired normal tissues (38). The luciferase
reporter assay performed in the current study confirmed that
miR-564 directly binds the 3'-UTR of E2F3 mRNA to inhibit
E2F3 protein translation in GC cells. In addition, overexpres-
sion of miR-564 decreased the mRNA and protein levels of
E2F3. Although no cell proliferation assay was performed
in the current study, the results obtained suggest that the
downregulation of miR-564 serves a tumor suppressor role
in GC and may inhibits cancer cell proliferation through
directly targeting E2F3.

It should be noted that although E2F3 was demonstrated to
be a direct target gene of miR-564, the potential antioncogenic
effects of miR-564 may not be fully explained by its ability to
regulate a single gene alone, particularly as a previous study
identified that single miRNAs frequently regulate numerous
genes (41). Therefore, other predicted target genes of miR-564
should be investigated in future studies. For example, another
putative target of miR-564 identified in the current study, AKT
serine/threonine kinase 2 (AKT?2) is an essential mediator of
tumorigenesis and thought to be an ideal target for the treat-
ment of malignancies. Previous studies have reported that
miRNA-137 and miRNA-29 s may target AKT2 to inhibit
the tumorigenesis and invasiveness of GC cells (42,43).
However, the present study had several limitations, including
the fact that there was no clinical data. Further studies are
required to determine the effects of miR-564 in patients with

GC with different stages of cancer, and to evaluate its prog-
nostic value.

In conclusion, the present study revealed that miR-564 is
frequently downregulated in GC and that its potential tumor
suppressor functions in GC are associated with directly
targeting E2F3. These results indicate that miR-564 represents
a novel target for GC therapy.
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