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miR-145 suppresses ovarian cancer progression via modulation
of cell growth and invasion by targeting CCND2 and E2F3
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Abstract. MicroRNAs (miRNA/miRs) have been demon-
strated to be critical post-transcriptional modulators of gene
expression during tumorigenesis. Numerous miRNAs have
been revealed to be downregulated in human epithelial
ovarian cancer (EOC). In the present study, it was observed
that the expression of miR-145 was decreased in EOC
tissues and cell lines. Overexpression of miR-145 inhibited
the proliferation, migration and invasion of EOC cells. The
D-type cyclin 2, cyclin D2 (CCND2), and E2F transcription
factor 3 (E2F3) were confirmed to be targets of miR-145. In
addition, restoration of these 2 genes significantly reversed the
tumor suppressive effects of miR-145. Collectively, the results
indicated that miR-145 serves a critical role in suppressing the
biological behavior of EOC cells by targeting CCND2 and
E2F3. Therefore, miR-145 was suggested to be a potential
miRNA-based therapeutic target in ovarian cancer.

Introduction

Epithelial ovarian cancer (EOC) is the most lethal malignancy
among females, exhibiting highly aggressive behaviors and a
lack of early symptoms, leading to a large number of mortalities
yearly (1). Although novel technologies have enabled advances
in detection and therapeutic methods, improved understanding
about the molecular events underlying this highly fatal form of
tumorigenesis is required.
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MicroRNAs (miRNA/miRs) have been demonstrated to be
associated with the regulation of gene expression. miRNAs are
endogenous RNA molecules that destabilize the transcripts
of target genes or interact with complementary sequences in
the 3'-untranslated region (UTR) of the target transcripts to
repress their translation (2). By inhibiting translation, they
lead to the downregulation of gene expression and increased
degradation of RNAs, negatively regulating gene expression
that may be involved in the regulation of critical cellular
processes including the cell cycle, cell differentiation and
apoptosis (3,4). Dysregulation of miRNA expression may lead
to the potentially abnormal regulation of their target mRNAs,
which has been identified to be associated with clinical
outcome in specific cancer types. In ovarian cancer, overex-
pressed miRNAs include miR-200a, miR-141, miR-200c and
miR-200b; by contrast, miR-199a, miR-140, miR-145 and
miR-125bl are downregulated. The abnormal expression of
these small molecules may allow them to serve as oncogenes
or tumor suppressor genes, depending on the targets that they
regulate (5).

miR-145 may modulate tumor cell growth, apoptosis
and survival by targeting friend leukemia integration 1
transcription factor (6), insulin receptor substrate 1 (7), myc
proto-oncogene protein (c-Myc) (8) and DNA fragmentation
factor subunit alpha (DFF45) (9), and affect tumor migration,
invasion and metastasis by targeting mucin 1 (MUCI) (10),
p70S6 kinase (11) and 7,8-dihydro-8-oxoguanine triphos-
phate (12). Downregulation of miR-145 has been detected in
breast (13) and colon cancer (7,11), lung adenocarcinoma (12),
hepatocellular carcinoma (14), bladder cancer (15), pituitary
tumors (16), and ovarian (11,17,18) and gallbladder cancer (19).
Previously, the mechanism through which the downregulation
of miR-145 modulates cell growth and invasion in ovarian
cancer by modifying the expression of certain oncogenes has
been revealed in a small number of studies (20,21), but to the
best of our knowledge, no studies have investigated its regu-
latory functions in association with the targeting of cyclins
protein and/or transcription factor.

Cyclin D2 (CCND2) belongs to the D-type cyclin family,
the members of which serve as the primary integral media-
tors associated with cell cycle progression in the extracellular
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signaling environment (22). CCND2 forms a complex with
cyclin-dependent kinase (CDK)4 or CDK6 and functions as
a regulatory subunit of the complex, the activity of which is
required for G1/S transition in the cell cycle (23). Through its
ability to shorten the G1 phase, CCND2 primarily participates
in cell cycle progression, and has therefore been implicated
in the induction of cancer progression (24). E2F transcription
factor 3 (E2F3) is a member of the E2F transcription factor
family involved in regulating cell proliferation (25). As an
oncogene, it serves as a transcriptional activator and regulates
the G1/S transition of the cell cycle (26,27). The regulation
of E2F1/2/3 activity is achieved by formation of a complex
with retinoblastoma protein (Rb), which drives proliferation
by promoting the expression of target genes involved in DNA
synthesis (28,29). In this way, E2F3 may serve an essential role
in the development of various types of cancer. CCND2 and
E2F3 are target genes of miR-145; however, there is a lack of
previous data regarding their association with ovarian cancer.

In the present study, the association between miR-145 and
human ovarian cancer was first assessed, and then whether
miR-145 was associated with CCND2 and E2F3 was examined
in ovarian cancer cell lines, in order to explore the molecular
mechanisms by which miR-145 may mediate cancer cell
growth and invasion. The results may offer mechanistic insight
into how miR-145 mediates the suppression of ovarian cancer.

Materials and methods

Tissue specimens and cell culture. The present study was
approved by the Ethics Committee of the Affiliated Hospital
of Nantong University. Tumor tissues were collected from
20 patients with serous ovarian cancer and eight patients with
clear cell ovarian cancer between January 2015 and September
2016 (age, 43-67; mean age, 53.89; standard deviation of
the mean age, 6.64) in the Affiliated Hospital of Nantong
University. The normal tissues were collected from 20 patients
with simple ovarian cysts or adenomyosis undergoing oopho-
rectomy surgery. Written informed consent was obtained from
all enrolled subjects.

Normal human ovarian surface epithelial cells (HOSEpiC;
ScienCell Research Laboratories, Inc., Carlsbad, CA, USA)
were cultured in RPMI-1640 medium, (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) 293 cells (American
Type Culture Collection, Manassas, VA, USA) were cultured
in Dulbecco's modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc.) medium, whereas ovarian
cancer ES-2 and SKOV3 cells (American Type Culture
Collection (Manassas, VA, USA) were cultured in McCoy's 5a
Medium (HyClone; GE Healthcare Life Sciences, Logan, UT,
USA). All media were supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The cells
were maintained in a humidified incubator at 37°C with 5%
CO,.

RNA extraction and reverse transcription quantitative poly-
merase chain reaction (RT-gPCR). Total RNA (including
miRNA) was extracted from cells and tissues using TRIzol®
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. PCR was performed with SYBR Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
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Inc.) according to the manufacturer's protocol. For miRNA
detection, 10 ng RNA was reverse transcribed using a miRNA
RT kit (cat. no. 4366596; Thermo Fisher Scientific, Inc.),
and the miR-145 primers used were as follows: Stem-loop
primer, 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTC
GCACTGGATACGACAGGGAT-3"; PCR forward (F) primer,
5-GTCCAGTTTTCCCAGGAATCC-3', PCR reverse (R)
5'-CAGTGCAGGGTCCGAGGTAT-3". The reaction condi-
tions were as follows: 95°C for 5 min, followed by 40 cycles
of amplification at 95°C for 30 sec, 57°C for 30 sec and 72°C
for 30 sec. The primers for CCND2 were 5'-CAGCCGTCC
ACTTCAGC-3' (F) and 5-TGCCTTTGGGTCTTCC-3' (R).
The primers for E2F3 were 5'-CCCTAAACCCGCTTCC-3'
(F) and 5-GTTCACAAACGGTCCTTCTA-3' (R). Conditions
for amplifying mRNAs were as follows: Initial denaturation
of 95°C for 30 sec, followed by 40 cycles of 95°C (denatur-
ation) for 5 sec and 60°C for 30 sec (annealing and elongation,
two-step PCR). The expression of miR-145 was normalized
to that of U6 small nuclear B non-coding RNA (RNU6B),
while the levels of CCND2 and E2F3 were normalized to
those of GAPDH, using the 2224 method (30). The primers
for GAPDH were 5-AGGTGGTCTCCTCTGACTTCAA-3'
(F) and 5"TTCGTTGTCATACCAGGAAATG-3' (R). The
RNUG6B RT primer (stem-loop primer) was 5-AACGCTTCA
CGAATTTGCGT-3), and the PCR primers were 5'-CTCGCT
TCGGCAGCACA-3' (F) and 5-AACGCTTCACGAATT
TGCGT-3' (R).

Plasmid construction and transfection. Overexpression
of miR-145 was established using human miR-145 mimics
(5-GUCCAGUUUUCCCAGGAAUCCCU-3") and the
corresponding mimic controls (5'-UUCUCCGAACGU
GUCACGU-3"), obtained from Shanghai GenePharma
Co., Ltd., (Shanghai, China). The CCND2 overexpression
vector primers were 5'-GGGGTACCATGGAGCTGCTGT
GCCACGAGGTGG-3' and 5'-GCTCTAGATCACAGG
TCGATATCCCGCACGTCT-3". The E2F3 overexpression
vector primers were 5'-CGGGATCCAGACTTGGAAACT
CCGACTG-3' and 5'-CGGAATTCTTGGAGGAAGAAG
GTAGGAA-3". The primers were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). The DNA was extracted
from SKOV3 cells. The PCR reaction conditions were as
follows: Initial denaturation at 95°C for 5 min, followed
by 40 cycles of amplification at 95°C for 30 sec, 55°C for
30 sec and 72°C for 60 sec using Takara LA PCR kit Ver.2.1
(Takara Biotechnology Co., Ltd., Dalian, China). The PCR
products were inserted into a pcDNA3.1 plasmid (Shanghai
GenePharma Co., Ltd.). The thermocycling conditions were
as follows: 40 cycles of denaturation at 94°C for 30 sec,
annealing at 60°C for 15 sec and extension at 72°C for 45 sec
using Takara LA PCR kit (Takara Biotechnology Co., Ltd.).
Cell transfection was performed using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h
according to the manufacturer's protocol. In total, miRNA
at a concentration of 50 nM was transfected with 1 pg
expressing plasmids using 1.5 gl Lipofectamine® 2000 in
each well.

3'-UTR luciferase reporter assays. The 3'-UTRs of CCND2
(forward primer, 5'-GGAGTTCTTGGGAATCTTG-3' and
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reverse primer, 5'-CCCTTTAGTGGGAGGTAA-3") and
E2F3 (forward primer, 5'-GCCAGTTTACTCCAGGTA-3'
and reverse primer, 5'-~AACAATCTAGCCAGGTGA-3")
were amplified by PCR as above-mentioned from a human
SKOV3 cell cDNA library and cloned downstream of the
Renilla luciferase coding sequence, between the Xho I and
Not 1 sites, of the psiCHECK?2 luciferase reporter vector
(Promega Corporation, Madison, WI, USA). The miR-145
target site in the CCND2 and E2F3 3'UTRs was mutated
by altering the 3-nt miR-145 seed match sequence using
the QuikChange Site-Directed Mutagenesis kit (Stratagene;
Agilent Technologies, Inc., Santa Clara, CA, USA), according
to manufacturer's protocol. The aforementioned 293 cells
were cotransfected with 100 ng psiCHECK2-CCND2 3'UTR
or psiCHECK2-E2F3 3'UTR, or psiCHECK2-CCND2
3'UTR-Mutant (Mut) or psiCHECK?2-E2F3 3'UTR-Mut lucif-
erase plasmid, and the miR-145 mimics or miR-145-negative
controls (NC) using Lipofectamine® 2000. After 24 h, lucif-
erase activity was measured using the Dual-Glo Luciferase
Reporter Assay System (Promega Corporation) according to
the manufacturer's instructions. Data were normalized for
transfection efficiency by comparison with Renilla luciferase
activity.

Bioinformatics prediction. CCND2 and E2F3 were identi-
fied as potential targets of miR-145 using the bioinformatics
software TargetScan(version7.0;http:/www.targetscan.org/cgi-
bin/targetscan/vert_71/targetscan.cgi?species=Human&gid=
&mir_sc=&mir_c=&mir_nc=&mir_vnc=&mirg=miR-145).

Cell proliferation assay. A total of 24 h after transfection,
target cells were seeded into 96-well plates at a density of
2,000 cells/well and cultured for 0, 24, 48, 72 and 96 h. Cell
proliferation was detected by Cell Counting Kit-8 (CCK-8)
assay according to the manufacturer's protocol (LakePharma,
Inc., San Carlos, CA, USA). Absorbance values were detected
at a wavelength of 450 nm. A total of 3 wells were measured
for cell viability for each group.

Transwell invasion assay. Transwell chambers (EMD
Millipore, Billerica, MA, USA) were used to examine the
migration and invasion of cells. Filters for the invasion assay
were precoated at 37°C for 2 h with Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA). A total of ~5x10* cells were added
to the upper Transwell chamber and cultured in serum-free
DMEM. The lower compartment of the Transwell chamber
was filled with DMEM containing 10% FBS. Cells remaining
on the lower surface were fixed for 30 min at room temperature
with 4% formaldehyde (Sangon Biotech Co., Ltd.) and stained
with 0.5% crystal violet (Sangon Biotech Co., Ltd.) at room
temperature for 60 min. A total of four randomly-selected
microscope (light microscope; magnification, x20) fields were
counted for each group.

Cell cycle analysis. The cells were transfected with miR-145
mimics and miR-145 NC, and CCND2, E2F3 and CCND2 +
E2F3 overexpression plasmids for 48 h, following which the
cells were collected and washed with PBS. Then, the cells
were washed with 1% bovine serum albumin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and fixed in 95% ice-cold
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ethanol containing 0.5% Tween-20 for 2 h at -20°C. Following
fixation, cells (1x10%) were washed with cold 1% BSA and
stained with 10 ug/ml propidium iodide (Sigma-Aldrich;
Merck KGaA) in a solution containing 100 pxg/ml RNase in
PBS for 30 min at room temperature in the dark. The cells
were analyzed using a flow cytometer (BD FACSCalibur™,
BD Biosciences, San Jose, CA, USA). BD CellQuest Pro soft-
ware (version, 5.1; BD Biosciences) was used to analyze the
flow cytometry data.

Wound healing assay. Cell migration was assessed by a
wound-healing assay. Cells (2x10°) were seeded in 6-well plates
and transfected the following day. At 12 h after transfection,
cells were incubated at 37°C for 24 h, and 95% confluent cells
were used for wound healing assay. Wounds were made using
a pipette tip. The wounded areas were observed and imaged
under a light microscope (200x). The migration distances were
imaged at O and 24 h after scratching, and the change in cell
migration was determined by comparing the difference in the
wounded area in at least 4 fields. Experiments were performed
in triplicate and repeated at least 3 times.

Western blot analysis. Cell lysates were prepared using a
lysis buffer (Beyotime Institute of Biotechnology, Haimen,
China). The protein concentration in each sample was
assessed using a spectrophotometer (Nanodrop 1000;
Thermo Fisher Scientific, Inc.). A total of 80 pg protein
was loaded in each lane. Proteins were separated by 10%
SDS-PAGE, and transferred to polyvinylidene difluoride
membranes (EMD Millipore). Following blocking using 5%
non-fat milk for 2 h at room temperature, the membranes
were incubated with anti-CCND2 monoclonal antibody
(cat. no. SC-56305; 1:500; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), anti-E2F3 polyclonal antibody
(cat.no.SC-879; 1:500; Santa Cruz Biotechnology, Inc.),anti-B
cell lymphoma 2 (Bcl-2; cat. no. 4223; 1:1,000; Cell Signaling
Technology, Inc., Danvers, MA, USA), anti-Bcl-2-associated
X protein (Bax; cat. no. 5023; 1:1,000; Cell Signaling
Technology, Inc.) and anti-f-actin (cat. no. 4970; 1:2,000;
Cell Signaling Technology, Inc.) overnight at 4°C, which
was followed by incubation with anti-mouse (cat. no. 7076;
1:4,000; Cell Signaling Technology, Inc.) or anti-rabbit
(cat. no. 7074; 1:5,000; Cell Signaling Technology, Inc.)
horseradish peroxidase-conjugated immunoglobulin G at
4°C for 2 h. The blots were developed using an enhanced
chemiluminescent system (Amersham; GE Healthcare,
Chicago, IL, USA), and the density of bands was detected
using ImageJ 1.42q software (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. Data were presented as mean + standard
error of the mean. Statistical analysis was performed using
SPSS 11.0 for Windows (SPSS, Inc., Chicago, IL, USA) and
GraphPad Prism 7.0 for Windows (GraphPad Software Inc.,
La Jolla, CA, USA). The difference between two groups was
analyzed by Student's t-test. One-way analysis of variance
followed by Tukey's post hoc test was used to compare multiple
groups. P<0.05 was considered to indicate a statistically signif-
icant difference. All data are presented as the mean + standard
error of the mean.
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Figure 1. Expression of miR-145 was determined by RT-qPCR in normal ovarian tissues and tissues from different types of ovarian cancer. (A) The expression
of miR-145 was determined by RT-qPCR in ovarian cancer cells lines. (B) Significant expression of miR-145 was demonstrated in ovarian tissue and cancer
cells by Friedman two-way analysis of variance. "P<0.05 and “P<0.01. miR, microRNA; RT-qPCR, reverse transcription polymerase chain reaction; serous,
serous ovarian cancer; clear cell, clear cell carcinoma; FC, fold change; HOSEpiC, human ovarian surface epithelial cells.

Results

miR-145 is downregulated in human ovarian cancer tissues
and cell lines. The expression level of miR-145 was exam-
ined via qPCR in tumor tissues obtained from patients with
ovarian cancer (from 20 patients with serous ovarian cancer
and 8 with clear cell ovarian cancer). The data indicated that
miR-145 expression was decreased in serous ovarian cancer
and clear cell ovarian cancer tissues compared with control
tissues (Fig. 1A). In concordance with the results in the cancer
tissues, miR-145 was significantly downregulated in ovarian
cancer ES-2 and SKOV3 cell lines compared with HOSEpiC
cells (Fig. 1B).

miR-145 suppresses the proliferation and invasion of ovarian
cancer cells. To investigate the functions of miR-145 in ovarian
cancer cells, miR-145 mimics and mimic NC were transfected
into ES-2 and SKOV3 cells. Then, qPCR was performed to
measure the expression of miR-145. The expression of miR-145
was notably increased in miR-145 mimic-transfected cells
(Fig. 2A). In a CCK-8 assay, the overexpression of miR-145
significantly inhibited the proliferation of ovarian cancer cells
at 96 h (Fig. 2B). In addition, wound healing (Fig. 2C) and
invasion (Fig. 2D) assays also indicated that miR-145 over-
expression markedly suppressed the migratory and invasive
capabilities, which are characteristic metastatic behaviours, of
ovarian cancer cells. Bax and Bcl-2 are members of a family
of cytoplasmic proteins that regulate apoptosis. To investi-
gate the potential of miR-145 to induce apoptosis, the levels
of pro-apoptotic protein Bax and the anti-apoptotic protein
Bcl-2 were measured in miR-145-transfected or corresponding
control-transfected SKOV3 and ES-2 cells. Compared with
those cells transfected with miR-145 NC, the miR-145-trans-
fected cells exhibited a decrease in Bcl-2 expression and an
increase in Bax expression. These results suggested that
miR-145 promoted the apoptosis of SKOV3 and ES-2 cells
(Fig. 2E).

CCND?2 and E2F3 are targets of miR-145 in ovarian cancer
cells. CCND2 and E2F3 were identified as potential targets
of miR-145 using the bioinformatics software TargetScan.

To validate this prediction, luciferase candidate genes were
constructed with the 3'-UTR of each target downstream of the
reporter (Fig. 3A). The luciferase activity assays identified that
miR-145 mimics significantly inhibited luciferase activity when
cells were co-transfected with luciferase plasmid containing
the wild type (WT) but not the Mut 3'-UTR of CCND?2 or
E2F3 (Fig. 3B). RT-qPCR assays also demonstrated that the
relative mRNA expression levels of CCND2 and E2F2 were
downregulated following transfection with miR-145 in SKOV3
cells (Fig. 3C). Furthermore, CCND2 and E2F3 expression was
detected in ovarian cancer tissues. The results of the western
blot analysis indicated that the protein levels of CCND2 and
E2F3 were increased in ovarian cancer tissues compared with
the normal tissues (Fig. 3D). Additionally, in SKOV3 cells,
overexpression of miR-145 significantly suppressed CCND2
and E2F3 protein levels (Fig. 3E and F). Taken together, these
data verified a direct interaction between miR-145 and the two
target genes CCND2 and E2F3.

Restoration of CCND2 and E2F3 reverses the effects of
miR-145. CCND2 or E2F3, alone or together, were not
transfected into the ovarian cancer cell line in the absence of
miR-145 to clarify the role of CCND2 and E2F3 in tumori-
genesis, as it has been confirmed in a previous study (31).
Whether CCND2 and E2F3 were associated with the function
of miR-145 was additionally investigated. A total of 2 cell
lines were transfected with CCND2 and E2F3 overexpres-
sion plasmids, and expression patterns of the proteins were
examined by western blot analysis. The protein expression
levels of CCND2 and E2F3 were significantly increased in
the cells transfected with the target gene overexpression plas-
mids (Fig. 4A). Subsequently, the cells were co-transfected
with miR-145 mimics or NC vector and the target genes
overexpression plasmids. The effect of miR-145 and its target
genes on cell proliferation was examined using the CCK-8
assay (Fig. 4B). It was observed that cell viability gradually
increased over the indicated time points following transfection
with CCND2 or E2F3 overexpressed plasmids. The effects of
miR-145 and its target genes on cell cycle progression were also
determined using flow cytometry, which revealed the percent-
ages of ES-2 and SKOV3 cells in G1 phase to be increased
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Figure 2. miR-145 inhibits ovarian cancer cell proliferation, cell cycle, invasion and migration. (A) SKOV3 and ES-2 cells were transfected with miR-145
mimics or the control mimics, and the expression of miR-145 was determined by reverse transcription quantitative polymerase chain reaction. (B) Cell viability
in cells transfected with miR-145 mimics or NC was measured by Cell Counting Kit-8 assay at 4 time points (0, 24, 48, 72 and 96 h). UV-visible absorbance
was measured at 450 nm. "P<0.05 and “P<0.01 for mimic control and miR-145 mimic groups vs. mock group. (C) Wound healing assay was performed at 24 h
post-transfection (magnification, 200x). (C-a) SKOV3 cells at 0 h. Following 24 h, the migration ability of SKOV3 cells transfected with (C-b) miR-NC signifi-
cantly increased compared with (C-c) cells transfected with miR-145. The results indicated that overexpression of miR-145 inhibits cell migration. (D) Invasion
assays of ovarian cancer cells transfected with miR-145 or the control mimics. (E) The expression levels of Bcl-2 and Bax were detected in SKOV3 and ES-2
cells using western blot analysis. Experiments were performed in triplicate. "P<0.05 and “P<0.01. miR, microRNA; NC, negative control; FC, fold change.

following transfection with miR-145, compared with those
of the controls, providing evidence that upregulated miR-145
induced Gl cell cycle arrest in ovarian cancer cells. Similarly,
CCND2 and E2F3 significantly increased the populations of
SKOV3 and ES-2 cells in S phase, and therefore appeared to
promote entry into the S phase, thereby increasing prolifera-
tion (Fig. 4C and D). In addition, wound healing (Fig. 4E) and
invasion (Fig. 4F) assays demonstrated that restoration of
CCND2 or E2F3 significantly reversed the tumor suppressive
effects of miR-145. Overall, these data suggest that miR-145
functions as a tumor suppressor at least in part by targeting
CCND2 and E2F3.

Discussion

Increasing evidence has demonstrated that miRNAs are
significantly involved in the differentiation, proliferation and
apoptosis of various malignancies by interacting with the
3'-UTR of their target genes. miR-145 is located on chromo-
some 5 (5q32-33), an established fragile site in the human
genome (32). It targets numerous oncogenes, which regulate

cellular processes including the cell cycle, proliferation, apop-
tosis and invasion. Accordingly, decreased expression of
miR-145 has been revealed in a number of types of cancer.
However, limited studies have demonstrated the downregu-
lation of miR-145, as a tumor suppressor, in human ovarian
cancer, which has been suggested as a potential diagnostic
marker or as a target for sensitizing ovarian cancer cells to
chemotherapy (33,34). The results from the present study
suggested that miR-145 was downregulated in 3 different
pathological types of EOC, and furthermore that its expres-
sion was decreased in the ovarian cancer cell lines SKOV3
and ES-2. miR-145 mimics were subsequently transfected into
the cell lines, and the increased expression of miR-145 was
confirmed by qPCR. In the following experiments, it was iden-
tified that the percentage of cells in G1 phase increased, while
cell proliferation, migration and invasion were suppressed.
These results indicate that miR-145 may exert its inhibitory
effects on its target oncogenes and thereby mediate cell cycle
regulation in ovarian cancer cells.

At present, a number of oncogenes have been identified
as targets of miR-145. Previous studies have confirmed that
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detected by qPCR. (D) The expression levels of CCND2 and E2F3 were detected in ovarian cancer tissues and normal ovarian tissues using western blot
analysis. (E) The protein level of CCND2 and E2F3 were detected in SKOV3 cells transfected with miR-145 or the NC mimics. (F) Densitometric evaluation
of band intensities. Experiments were performed in triplicate. "P<0.05 and “P<0.01 vs. control. CCND2, cyclin D2; E2F3, E2F transcription factor 3; miR,
microRNA; WT, wild type, Mut, mutant; UTR, untranslated region; NC/ctrl, negative control; FC, fold change.

miR-145 may suppress cell proliferation by targeting growth
factor-associated genes including insulin receptor substrate 1,
insulin like growth factor receptor and epidermal growth factor
receptor (EGFR) (14,35,36). It may also inhibit DFF45, protein
phosphatase 3 catalytic subunit alpha, core-binding factor
subunit beta, clathrin interactor 1 and c-Myc, promoting cell
apoptosis and interrupting the cell cycle. In addition, certain
oncogenes that are involved in cell invasion and metastasis,
including neural precursor cell expressed, developmentally
down-regulated 9, fascin actin-bundling protein 1, MUCI,
cell surface associated and sex-determining region box 9, may
also be regulated by miR-145 (10,37-40). The identification of

an increasing number of target genes indicates that miR-145
may be involved in a complicated regulatory network. In the
present study, it was confirmed that CCND2 and E2F3 were
direct targets of miR-145 by a luciferase activity assay. D-type
cyclins (D1, D2 and D3) are considered to be potentially
oncogenic proteins, as they serve critical roles in regulating
cell cycle progression through the G1 phase to S phase. D-type
cyclins bind to and activate CDK4/CDK6, which induces
cell cycling (40,41). The cyclin D-CDK4/CDK6 complex
may inactivate Rb during early Gl phase by progressive
multi-phosphorylation, resulting in the upregulation of tran-
scription factor E2F. E2F may then target genes that promote
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Figure 4. Restoration of CCND2 and E2F3 expression reverses the effects of miR-145. (A) SKOV3 and ES-2 cells were transfected with CCND2 and E2F3
overexpression plasmids, and the expression was then examined by western blot analysis. The 2 cells lines were also cotransfected with miR-145 mimic +
CCND2 and E2F3 overexpression plasmids or the control vector. (B) Cell viability was measured by Cell Counting Kit-8 assay. (C) SKOV3 and ES-2 cells
were stained with propidium iodide and subjected to flow cytometry to determine the distribution of cells at each phase of the cell cycle, and were compared
with the NC group. The proportion of G1 phase decreased in the cells transfected with CCND2 and E2F3 overexpression plasmids. (D) Quantification of cell
cycle distribution results presented as the mean + standard error of the mean of 3 independent experiments. “P<0.05 and “"P<0.01. (E) Wound healing assay was
performed at 24 h post-transfection (magnification, 200x). (E-a) SKOV3 cells at 0 h. Following 24 h, the migration of SKOV3 cells transfected with (E-b) NC
was not significantly altered compared with cells transfected with (E-c) miR-145, E2F3 and CCND2. The results indicated that the effects of miR-145 were
reversed by CCND2 and E2F3. (F) Invasion assays were performed. Experiments were performed in triplicate. "P<0.05 and “P<0.01 vs. the control. CCND2,
cyclin D2; E2F3, E2F transcription factor 3; miR, microRNA; NC, negative control.
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cell cycle progression into the S phase (42), including cyclin
E, cyclin A, CDK2 and cell cycle division 25 (41,43). Certain
studies have demonstrated that CCND2 and E2F3 are associ-
ated with tumorigenesis (31). Chang er al (44) revealed that
CCND2 is involved in stimulating the proliferation, cell cycle
progression, migration and invasion of ovarian cancer cells. In
addition, E2F3 is critically involved in EGFR-mediated prolif-
eration in ovarian cancer and is clinically relevant in ovarian
cancer (45). Therefore, experiments to clarify the function of
CCND2 and E2F3 on cell growth, migration and invasion were
not repeated in the present study. The present study aimed to
clarify whether the participation of CCND2 and E2F3 in cell
growth, migration and invasion was mediated by miR-145.

The results indicated that the protein expression levels of
CCND2 and E2F3 were downregulated by transfection with
miR-145. Conversely, the restoration of CCND2 and E2F3 by
transfection with CCND2 and E2F3 overexpression plasmids
reversed the effects of miR-145. This restoration was observed
in cells transfected with separate CCND2 and E2F3 overex-
pressed plasmids; the co-transfection of the 2 genes together
additionally augmented the restoration. Collectively, the
data from the present study confirmed the effect of miR-145
in targeting upstream (CCND2) and downstream (E2F3)
molecules, which appeared to markedly affect the biological
behavior of ovarian cancer cells. It was also observed that the
effect of miR-145 was not only partially reversed, but abrogated
compared with the mock control, and it was hypothesized that
CCND2 and E2F3 may participate in other potential mecha-
nisms, which led to this result. In summary, the present study
demonstrated that miR-145 expression was decreased in serous
ovarian cancer and clear cell ovarian cancer tissues, and in
the corresponding ovarian cancer cell lines. Overexpression
of miR-145 was able to suppress ovarian cancer cell prolif-
eration, migration and invasion. Additionally, CCND2 and
E2F3 were confirmed as targets of miR-145 in ovarian cancer
cells, and restoration of these 2 genes partly reversed the
tumor-suppressive effect of miR-145. The results of the present
study suggested that miR-145 may function as a tumor-inhib-
iting factor by regulating the oncogenes CCND2 and E2F3 in
ovarian cancer. An in vivo study will be conducted in future to
verify these data. A mouse model of ovarian cancer has been
established (unpublished data), in order to confirm the effect
of miR-145 on the biological behavior of ovarian cancer by
local injection, intraperitoneal administration and intravenous
administration, and to examine the potential applications of
miR-145 in ovarian cancer therapeutics.
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