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Reduced miR-125a-5p expression is associated with
gastric carcinogenesis through the targeting of E2F3
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Abstract. Emerging evidence suggests that altered expression
of microRNAs (miRNAs) is involved in cancer progression.
However, the role of miR-125a-5p in gastric carcinogenesis
remains unknown. Quantitative real-time PCR analysis
revealed that the expression of miR-125a-5p was significantly
decreased in >80% of gastric cancer tissues compared with
their adjacent non-tumor tissues, and was markedly reduced
in ~95% of intestinal-type gastric cancer tissues. The down-
regulated miR-125a-5p was significantly associated with
gastric cancer metastasis. Ectopic expression of miR-125a-5p
substantially inhibited the proliferation, migration and inva-
sion activities of gastric cancer cells. Furthermore, forced
expression of miR-125a-5p repressed the activity of a lucif-
erase reporter carrying the 3'-untranslated (3'-UTR) region
of E2F3, which was eliminated by mutation of the predicted
miR-125a-binding site, indicating that E2F3 may be a poten-
tial target gene of miR-125a-5p. These data suggest that by
targeting E2F3, miR-125a-5p may be important as a potential
tumor suppressor gene in gastric carcinogenesis.

Introduction

MicroRNAs (miRNAs) are a class of single-stranded
non-coding RNAs that regulate target gene expression,
predominantly by base pairing to the 3'-untranslated (3'-UTR)
region of their target mRNAs (1). miRNAs have been
linked to carcinogenesis due to their apparent proximity to
chromosomal breakpoints and aberrant expression levels
in various malignancies. Furthermore, approximately half
of miRNA genes are located in cancer-correlated genomic
regions or fragile sites (2). A number of studies have provided
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evidence that miRNAs are associated with cancer develop-
ment and progression, including in gastric (3-5), lung (6),
breast (7,8) and hepatocellular carcinoma (9). miRNAs that
are upregulated or downregulated in various cancer types
are respectively referred to as oncogenic or tumor-suppressor
miRNAs (10-12).

MiRNAs have been identified to be associated with the
carcinogenesis of human gastric cancer, which ranks as the
fourth most common cancer and the second leading cause
of cancer-associated mortality worldwide (13,14). miRNAs
including miR-150, miR-27a, miR-21, miR-106b and miR-25
are upregulated in gastric cancer, and as oncogenes, they
promote proliferation and migration of gastric cancer
cells (15-18). Other miRNAs are downregulated in gastric
cancer, including miR-218, miR-9, miR-143 and miR-145, and
function as possible tumor-suppressor genes to inhibit cell
proliferation, migration and metastasis (19-21). However, a
number of studies have identified no further evidence for their
causative role in gastric carcinogenesis. The mechanisms and
functions of the majority of these miRNAs remains to be
elucidated.

Recently, we performed miRNA microarray profiling in
primary gastric cancer tissues and their adjacent non-tumor
tissues and identified a number of miRNAs that were
dysregulated in gastric cancer (22). The expression pattern
of 6 miRNAs (miR-663, miR-21, miR-25, miR-106a, miR-
106b and miR-375) in gastric cancer was consistent with
other independent studies (18,23-25). For example, we
identified that downregulated miR-375 in the majority of
gastric cancer tissues was able to suppress gastric cancer
cell proliferation and viability, which is confirmed by the
data from Moriyama et al (25). In this screening, we also
provide evidence that miR-125a-5p, a miRNA with unknown
function, appeared to be one of the most downregulated
miRNAs in gastric cancer tissues. In the present study, it
was confirmed that miR-125a-5p expression was reduced
in >80% of gastric cancer tissues and we demonstrated that
ectopic expression of miR-125a-5p inhibited the proliferation,
migration and invasion of gastric cancer cells, suggesting a
tumor-suppressive role of miR-125a-5p in gastric carcinogen-
esis. Furthermore, miR-125a-5p targets E2F3 via its 3-UTR
region, indicating that E2F3 may be a potential downstream
target of miR-125a-5p in gastric cancer progression.
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Materials and methods

Tissues and cell lines. The clinical characteristics of all
51 patients in our study are listed in Table I. Gastric tissues
were obtained from 51 gastric cancer patients undergoing
gastric resection at the Sir Run Run Shaw Hospital (Hangzhou,
Zhejiang, China). Written consent was obtained prior to
surgery, as described previously (22). The study was approved
by the Ethics Comittee of Zhejiang University School of
Medicine (Hangzhou, China). The tumor tissues and adjacent
non-tumor tissues were quickly separated into two sections
following resection. One was immediately frozen in liquid
nitrogen for RNA isolation and another was fixed in formalin
for pathological examination. Final pathological diagnosis was
independently made by at least two professional pathologists.

The source and culture conditions of 6 gastric cancer cell
lines (NCI-N87, AGS, MGC-803, HGC-27, SGC-7901 and
BGC-823 cells) and one non-malignant gastric epithelial cell
line (GES-1 cells) were previously described (22,26).

RNA extraction and quantitative real-time PCR. Total RNA,
including low molecular weight RNA from gastric tissue
samples and gastric epithelial cells, were isolated using the
MirVana™ miRNA Isolation kit (Ambion, Foster City, CA,
USA) according to the manufacturer's instructions. Expression
of miR-125a-5p was analyzed using a TagMan microRNA assay
kit (Applied Biosystems, Grand Island, NY, USA). Briefly, for
each sample, 10 ng total RNA was reversely transcribed using
a TagMan microRNA reverse transcript kit (PN: 4366597)
and a miR-125a-5p specific reverse transcript primer (Applied
Biosystems, Foster City, CA, USA). Quantitative real-time
PCR was then performed using TagMan 2X PCR master mix
(Applied Biosystems) on an Applied Biosystems 7500 system.
All of the miR-125a-5p threshold cycles (Ct values) were
normalized to snRNA U6 (RNU6B, Applied Biosystems) and
an endogenous control. The normalized values (ACt) from
gastric cancer tissues were subsequently compared with that
of their adjacent non-tumor tissues.

Cell proliferation assay. AGS and MGC-803 cells
(4,000 cells/well) were transfected with miR-125a-5p precursor
(pre-miR-125a-5p) or a negative control (Applied Biosystems)
in 96-well plates using siPORT™ NeoFX™ transfection agent
(Ambion) following the manufacturer's instructions. At 24,
48 and 72 h post-transfection, cells were imaged by phase
contrast microscopy (Olympus IX81, Olympus Corporation,
Tokyo, Japan) and counted manually using a hemocytometer.
MTT assays were performed as described previously (26).
Each group was conducted in triplicate and all experiments
were repeated at least three times independently.

Transwell migration analysis. AGS and MGC-803 cells
(80,000 cells/well) were transfected with pre-miR-125a-5p
or negative control using siPORT NeoFX transfection agent
in 24-well plates, following the manufacturer's instructions
Following transfection (24 h), the cells were placed in a serum-
free medium for another 12 h, chemotactic assays were then
conducted in 24-well Transwell inserts with 8 ym pore size
(Corning Costar Corp.). The cells (30,000) were suspended
in 100 pl corresponding culture medium without fetal bovine
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Table I. Clinical and pathological characteristics of included
patient samples and miR-125a-5p expression.

Expression of miR-125a-5p

Upregulated Downregulated P-value

Characteristic (n=9) (n=42)

Gender
Male 8 30 0.28
Female 1 12

Age (years)
<65 4 23 0.52
>65 5 19

Lauren's classification
Intestinal 1 21 0.06
Diffuse 4 7
Others 4 14

Differentiation
Well 1 14 0.23
Moderate 2 11
Low 6 17

Invasion depth
T1 0 4 0.26
T2 2 2
T3 7 35
T4 0 1

Lymph node metastasis
Absent 3 10 0.55
Present 6 32

Distant metastasis
MO 6 39 0.03*
Ml 3 3

UICC stage
1 1 5 0.82
11 1 6
111 4 23
v 3 8

“P<0.05. UICC, International Union Against Cancer.

serum (FBS) and loaded into the top chamber of Transwell
insert for the migration assay. The bottom chamber was
placed with 600 xl medium containing 20% FBS. Migration
of cells was allowed to proceed for 12 h at 37°C. The cells
that migrated into the bottom chamber were then fixed, stained
with 4',6-diamidino-2-phenylindole (DAPI) for 2 min, visual-
ized under phase contrast microscope and photographed. Total
number of migrated cells in nine randomly selected fields was
counted by IPP 6.0 (Image-Pro Plus 6.0) software (Media
Cybernetics, Inc. Rockville, MD, USA). All experiments were
independently repeated at least three times.

Scratch-wound healing assay. AGS and MGC-803 cells were
transfected as indicated and allowed to grow to confluence.
The cells were then cultured in the corresponding medium
without serum for 12 h and scratched with a pipette tip.
Wound areas were marked and photographed at O and 24 h
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Figure 1. miR-125a-5p is significantly downregulated in human gastric
cancer. (A) Relative expression of miR-125a-5p in 51 primary gastric
cancer tissues compared with their pair-matched adjacent non-tumor tis-
sues. (B) Relative expression of miR-125a-5p in 22 intestinal-type gastric
cancer tissues compared with their matched non-tumor tissues. qRT-PCR
was applied with specific primers for miR-125a-5p and snRNA U6. Data are
shown as -AACt values. P<0.01. qRT-PCR, quantitative real-time PCR.

using a phase-contrast microscope (Olympus IX81, Olympus
Corporation), respectively. The rate of cell migration was eval-
uated by photographing and quantifying the migrated distance
of cells moved from the wound edge toward the wound center
using IPP 6.0 software (Media Cybernetics, Inc.). All experi-
ments were repeated three times.

Matrigel invasion assay. For the Matrigel invasion assay,
each 24-well insert with 8 ym pore size was pre-coated
with 50 ul (1 ug/ul) Matrigel (BD Biosciences, Bedford,
MA, USA). AGS and MGC-803 cells were transfected with
miR-125a-5p precursor or negative control as previously
described. Following transfection (24 h), 50,000 cells were
plated in 100 ul serum-free medium in the upper Matrigel-
coated chamber. The bottom chamber was placed with 600 pl
medium containing 20% FBS. Following incubation for 12 h
at 37°C, the cells on the upper chamber were removed. Then,
the cells in the bottom chamber were fixed, stained with
DAPI for 2 min, visualized under phase contrast microscope
and photographed. The total number of invasive cells in nine
randomly selected fields was counted by IPP software. All
experiments were independently repeated at least three times.

Luciferase reporter assays. The E2F3 3'-UTR, containing
the predicted miR-125a-5p binding site, was amplified and
cloned into pMIR-REPORT vector (pMIR-E2F3) containing
Firefly luciferase (Applied Biosystems). The binding site
was also mutant and cloned into pMIR-REPORT vector
(pMIR-E2F3-mut). Cells were cotransfected with pMIR-E2F3
or pMIR-E2F3-mut together with miR-125a-5p precursor
or a negative control using siPORT amine transfection
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Figure 2. Expression of miR-125a-5p in gastric cancer cell lines. miR-
125a-5p expression was examined by TagMan RT-PCR using snRNA U6 as a
normalization control. The expression of miR-125a-5p in six different gastric
cancer cell lines compared with either (A) non-malignant gastric epithelial
cell line GES-1 or (B) a pool of three randomly chosen non-tumor gastric tis-
sues from surgery. Data are presented as log2 value of miR-125a-5p in gastric
cancer cell lines, normalized to GES-1 cells or non-tumor gastric tissues.
RT-PCR, real-time PCR.

agent (Ambion). The pRL-TK vector containing Renilla lucif-
erase was cotransfected as a reference control. Luciferase was
measured by using dual-luciferase reporter assay (Promega
Corporation, Madison, WI, USA).

Statistical analysis. Data are represented as the mean + stan-
dard error (SE) of at least three independent experiments.
Student's t-test was performed to determine statistical
significance. P<0.05 was considered to indicate a statistically
significant result.

Results

Downregulation of miR-125a-5p in primary gastric cancer
tissues and cell lines. To investigate the expression profile of
miRNAs in gastric cancer, an miRNA microarray was utilized
to analyze five primary gastric cancer tissues compared with
their matched non-tumor tissues. It was identified that miR-
125a-5p expression was markedly reduced in gastric cancer
tissue. qRT-PCR analysis confirmed that miR-125a-5p was
significantly downregulated in ~82% of gastric tumor tissues
(42 of 51 patients, P<0.01), with 2.3-fold reduction relative
to their adjacent non-tumor tissues (Fig. 1A). Of note, the
reduction of miR-125a-5p expression was demonstrated in
95.5% of intestinal-type gastric cancer (21 of 22 patients,
P<0.01) relative to their matched non-tumor tissues (Fig. 1B),
whereas there was no significant change in miR-125a-5p
expression in diffused-type and undetermined-type gastric
cancer (data not shown). To further evaluate the correlation
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Figure 3. Effects of miR-125a-5p on the proliferation of AGS and MGC-803 cells. (A, C and E) AGS and (B, D and F) MGC-803 cells transfected with
miR-125a-5p precursor, negative control or neither of the above were subjected to (A and B) phase-contrast microscopy, (C and D) cell count and (E and F) MTT
analysis at the indicated time points, respectively. Scale bars, 50 ym. Data are presented as the mean = SE from three independent experiments. “P<0.01,

compared with the negative control.. SE, standard error.

between miR-125a-5p expression and gastric cancer, we
detected the expression of miR-125a-5p in six gastric cancer
cell lines (AGS, BGC-823, HGC-27, MGC-803, NCI-N87 and
SGC-7901 cells). The data revealed that the expression level
of miR-125a-5p was significantly decreased in all cell lines
derived from gastric cancers with various differentiation
degrees, compared with the non-malignant gastric cell line
GES-1 (Fig. 2A) or non-tumor stomach tissue (Fig. 2B). Taken
together, these results indicate that miR-125a-5p is frequently
downregulated in gastric cancer and therefore may be associ-
ated with gastric cancer progression.

Reduction of miR-125a-5p expression in gastric cancer is
associated with distant metastasis. The correlation between
the expression level of miR-125a-5p and the clinicopathological
characteristics of gastric cancer are listed in Table I. A statisti-
cally significant association between miR-125a-5p expression
level and distant metastasis was observed (P<0.05). However,
no significant correlation was observed between miR-125a-5p
expression level and gender, age, Lauren's classification, differ-
entiation, node metastasis, invasion depth or stage. More clinical
gastric cancer samples were required to further evaluate the
correlation between miR-125a-5p expression and gastric cancer
clinicopathological characteristics.

Overexpression of miR-125a-5p inhibits gastric cancer cell
proliferation. To examine the potential role of miR-125a-5p in
malignant phenotypes of gastric cancer cells, first, the effect of

miR-125a-5p overexpression on the proliferation of AGS and
MGC-803 gastric cancer cells with low endogenous expression
of miR-125a-5p was investigated. All of the results from phase
contrast microscopy, direct cell count and MTT assays clearly
demonstrated that overexpression of miR-125a-5p significantly
inhibited the proliferation of AGS and MGC-803 cells (Fig. 3).
Therefore, these results indicate that miR-125a-5p may have an
important function in the proliferation of gastric cancer cells.

Overexpression of miR-125a-5p inhibits gastric cancer cell
migration. The ability of cell migration and invasion are
associated with cancer metastasis, so the role of miR-125a-5p
in the migration and invasion of gastric cancer cells was
investigated. The Transwell experiment demonstrated that
miR-125a-5p overexpression greatly inhibited the migration
of AGS (Fig. 4A and B) and MGC-803 cells (Fig. 4E and F).
Furthermore, scratch wound healing assays revealed that the
velocity of AGS (Fig. 4C and D) and MGC-803 (Fig. 4G and H)
cell migration toward the wound area was also significantly
reduced by overexpression of miR-125a-5p. Therefore, these
data imply that miR-125a-5p may be important in gastric cancer
cell migration.

Overexpression of miR-125a-5p inhibits gastric cancer cell
invasion. Cell invasion into the surrounding tissue is a crucial,
early step in gastric cancer development. Therefore, to deter-
mine whether miR-125a-5p affects the invasion ability of gastric
cancer cells, we employed a Matrigel invasion assay. It was iden-
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Figure 4. Overexpression of miR-125a-5p inhibits the migration of AGS and MGC-803 cells. (A-D) AGS and (E-H) MGC-803 cells transfected with
miR-125a-5p precursor, negative control or neither of the above for 24 h were subjected to (A, B, E and F) Transwell and (C, D, G and H) scratch-wound
healing analysis. (A and E) The cells that migrated to the bottom chamber were fixed and stained with DAPI. (B and F) Total number of migrated cells from
nine randomly chosen fields was counted by IPP 6.0 software. (C and G) The cell migration to the wounded area was photographed by microscopy at 0 and
24 h post-wounding. The dotted lines indicate the areas lacking cells. (D and H) The rate of migration was examined by measuring the distance of cells moved
from the wound edge toward the center following scratching. Data are presented as the mean + SE from at least three independent experiments. Bars, 50 ym.
“P<0.05 and “P<0.01. cp,[ared woth the negative control. DAPI, 4',6-diamidino-2-phenylindole; SE, standard error.

tified that miR-125a-5p overexpression significantly inhibited
the invasion ability of AGS and MGC-803 cells (Fig. 5). These
results indicate that downregulation of miR-125a-5p in gastric
cancer may be sufficient to promote gastric cancer invasion. In
the two cell lines, ectopic expression of miR-125a-5p did result
in a 2- to 4-fold decrease in cell migration or invasiveness.

miR-125a-5p regulates E2F3 through 3'-UTR. To assess the
mechanism of miR-125a-5p function in gastric cancer cell
proliferation, migration and invasion, by using prediction
tools including miRanda (mirSVR; http://www.microrna .org/
microrna/home.do), TargetScan and Pictar algorithms, the
potential targets of miR-125a-5p were screened. Among the
hundreds of targets that were predicted, E2F3 was further

studied as a potential target. E2F3 is regarded as an oncogene
because it is amplified in various human tumor types. To obtain
direct evidence that E2F3 is a potential target of miR-125a-5p, we
examined whether the predicted binding sites of miR-125a-5p in
the 3-UTR of E2F3 mRNA were responsible for its regulation.
The 3'-UTR of E2F3 downstream of a luciferase reporter gene
(pMIR-E2F3) was cloned, and this vector was co-transfected
with an miR-125a-5p precursor or its negative control into gastric
cancer cells. The luciferase activity of cells transfected with
miR-125a-5p precursor was significantly reduced compared
with the negative control (P<0.01; Fig. 6). Furthermore, muta-
tion of the putative binding site clearly abrogated the repression
of luciferase activity caused by miR-125a-5p overexpression.
These data suggest that miR-125a-5p may inhibit E2F3 expres-
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Figure 5. Overexpression of miR-125a-5p inhibits the invasion of AGS and
MGC-803 cells. (A and B) AGS and (C and D) MGC-803 cells transfected
with miR-125a-5p precursor, negative control or neither of the above were
subject to Matrigel invasion analysis. (A and C) Representative fields of
the cells on the bottom chamber at 12 h post-invasion were demonstrated.
Scale bars, 50 ym. (B and D) The total number of invasive cells from nine
randomly selected fields were counted by IPP 6.0. Data are represented as the
mean + SE from three independent experiments. “P<0.01, compared with the
negative control. SE, standard error.

sion through 3'-UTR at the post-transcriptional level. Further
investigations are required to examine the association between
the expression of miR-125a-5p and E2F3 in gastric cancer
tissues.

Discussion

Recent studies have established the presence of miRNA expres-
sion signatures in gastric cancer, but our understanding of the
function of aberrant miRNAS in gastric carcinoma progression
remains in its infancy. Our presented data demonstrate a poten-
tial role for miR-125a-5p in gastric cancer. In our previous study,
we aimed to examine the miRNA expression profile in gastric
cancer by using miRNA microarray techniques, and it was
identified that miR-125a-5p is one of the most downregulated

XU et al: ROLE OF miR-125a-5p IN GASTRIC CANCER

350

300} k%
250}
200}
150}

100}

Normalized FL/RL

s0r

ot
F —m

w\?«@ﬂ f &
? 60~
ped ‘3.1253.
o

uk
\R’quﬁ"“

L
a\-'-“e 8*‘?‘4\

\\\ega“\l

Figure 6. miR-125a-5p targeted E2F3 by binding to its 3'-UTR. Gastric
cancer cells were cotransfected with miR-125a-5p precursor and a luciferase
reporter containing a fragment of the 3'-UTR of E2F3 harboring either the
miR-125a-5p binding site (pMIR-E2F3) or a mutant site (pMIR-E2F3-mut).
The assay revealed that the luciferase activity in E2F3 group was signifi-
cantly decreased compared with the luciferase activities in the mutant and
negative control groups. ‘P<0.05. 3-UTR region, 3'-untranslated region.

miRNAs in gastric cancer. In the present study, it was revealed
that miR-125a-5p was significantly downregulated in >80% of
gastric cancer samples compared with their adjacent non-tumor
tissues obtained from patients undergoing gastric resection,
which was further confirmed by the data from gastric cancer
cell lines. Restoration of miR-125a-5p expression substantially
inhibited proliferation, migration and invasion activities of
gastric cancer cells. These results suggest a potential role of
miR-125a-5p in gastric carcinogenesis.

miR-125a-5p has been identified to be downregulated in a
number of malignancies, including lung, head and neck, gastric
and esophageal and hepatocellular carcinogenesis (27-31),
which are consistent with the results of our study. In vitro
assays revealed that HER?2 is a direct target of miR-125a-5p,
which potently suppresses the proliferation of gastric cancer
cells (28,31). Whereas, limited data is available identifying the
targets of miR-125a-5p involved in gastric cancer cells migra-
tion and invasion.

As part of our investigations into how the downregulation
of miR-125a-5p expression affects gastric cancer progres-
sion, a number of the prediction algorithms were employed,
including PicTar, TargetScan and miRanda (32-34), to search
putative targets of miR-125a-5p. Since the overexpression of
miR-125a-5p inhibits cell proliferation, migration and invasion,
it is possible to expect that the target genes of miR-125a-5p may
have oncogenic characteristics. Among the hundreds of targets
that were predicted, E2F3 is regarded as an oncogene because
it is amplified in various human tumor types, including lung,
bladder, prostate, colon and breast cancer, and is involved in
cancer cells apoptosis and proliferation (35-39). Furthermore,
E2F3 amplification and overexpression is demonstrated to be
associated with cell migration and invasion with comprehensive
mechanisms (40-42). For example, the data of Oeggerli's et al
study concluded that E2F3 was frequently amplified and over-
expressed in invasively growing bladder cancer, which indicated
an important role of E2F3 in cancer progression (42). In the
present study, using the Luciferase assay, direct evidence was
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obtained that E2F3 is potentially a direct target of miR-125a-5p.
These data demonstrated that miR-125a-5p significantly inhib-
ited the luciferase activity of pMIR-E2F3 which contained the
3'-UTR of E2F3 but had no effect on pMIR-E2F3-mut, which
accommodated the mutant 3'-UTR of E2F3. Together, it was
hypothesized that the downregulation of miR-125a-5p results
in overexpression of E2F3 which subsequently contributes to
gastric cancer progression.

Additionally, these data reveal that miR-125a-5p is signifi-
cantly downregulated in the majority of the intestinal-type
gastric cancer samples (21 of 22 patients; P<0.05), implying
a highly possible association between the expression level of
miR-125a-5p and the Lauren's classification of gastric cancer.
A statistically significant association between miR-125a-5p
expression level and distant metastasis was also observed
(P<0.05). However, no significant correlation was observed
between the expression level of miR-125a-5p and gender, age,
Lauren's classification, differentiation, node metastasis, invasion
depth or stage. To confirm the association between miR-125a-5p
expression and the clinicopathological characteristics of gastric
cancer, future studies should employ a larger sample, to further
analyze the association of miR-125a-5p expression and the
clinical outcomes of gastric cancer.

The identification of the expression levels and tumor-
suppressive function of miR-125a-5p in gastric cancer types,
provides a new window of therapeutic opportunity. The
development of modified miRNAs with longer half-time and
higher efficiency has produced favorable anticancer outcomes
in experimental models, including the locked nucleic acid-
modified oligonucleotides and the antisense oligonucleotides
termed 'antagomirs' (43-45). Therefore, enforced expression
of miR-125a-5p utilizing approaches such as transfection of
miR-125a-carrying viruses or synthetic miR-125a-5p oligonu-
cleotides, will be required for future study in gastric carcinoma
pathology.
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