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Background: The transcription factor, E2F transcription factor 3 (E2F3), has been proved to
modulate metastasis in multiple human cancers. The present study was aimed to expound the
function and specific mechanism of E2F3 in gastric cancer (GC) progression.

Materials and Methods: The expression of E2F3, microRNA-152 (miR-152) and PLK1
(polo-like kinase 1) in GC cell lines was detected by quantitative RT-PCR and Western blot.
The roles of E2F3 and miR-152 in GC metastasis were classified using gain-of-function and
loss-of-function assays. The miRNAs directly targeting E2F3 were identified by bioinfor-
matics analysis and luciferase reporter experiment. Chromatin immunoprecipitation was
carried out to reveal the correlation between E2F3 and PLK1.

Results: E2F3 expression was frequently up-regulated in GC tissues, and its high expression
might imply poor prognosis. Downregulation of E2F3 restrained GC migration and invasion
in vitro and in vivo. Interestingly, we proved that miR-152 was an upstream regulator of
E2F3. Moreover, miR-152 reduced E2F3 expression by directly targeting its 3’-UTR, and
then modulated GC metastasis via polo-like kinase 1 (PLK1) mediated protein kinase
B (AKT) and extracellular signal-regulated kinase (ERK) signals.

Conclusion: E2F3 plays a crucial role in GC progression and the newly discovered miR-
152/E2F3/PLK1 axis provides a new underlying target for therapy of metastasis in GC
patients.
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Introduction

Gastric cancer (GC) remains the third most frequent cancer and the fourth major
cause of tumor-associated death around the world."? The efficacy of GC treatment
has been improved by early detection and targeted therapy for decades.” However,
the prognoses of GC patients with metastasis remain very poor. Hence, it is
particularly vital to explore the underlying mechanisms of GC progression to
improve patient outcome and survival.

E2F transcription factor 3 (E2F3), as a crucial transcription factor (TF) of E2F
family, is found to be implicated in adjusting apoptosis, cell cycle and proliferation.>* It
has been widely recognized that E2F3 regulates various genes which play vital parts in
signal transduction and DNA synthesis.>** E2F3 is commonly dysregulated in numer-
ous cancers, and acts as an oncogenic role.* Overexpression of E2F3 has been indicated
in bladder, breast and prostate cancers.”’ Moreover, it has been reported that E2F3
takes part in the metastasis to lung and liver in thyroid carcinosis.® Another significant
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study’ showed that E2F3 deletion in tumor-associated
macrophages leads to reduced pulmonary metastasis through
conditional knockout approaches. Nevertheless, the specific
function of E2F3 in GC metastasis is still indistinct.

MicroRNAs (miRNAs) are non-coding RNAs of 18-25
nucleotides, which bind to the 3’-untranslated regions (3'-
UTR) of target genes, leading to mRNA degradation or protein
translation decrease.'®'' MiRNAs are an important manner to
modulate gene expression at post-transcriptional level.'®!
What’ more, mountains of evidence proves that miRNAs are
implicated in the regulation of GC progression.'>"
Therefore, we suppose that miRNAs targeting E2F3 might
be a major cause of E2F3’s dysregulation in GC metastasis.

Herein, it was observed that E2F3 was up-regulated in GC
tissues and closely correlated with GC patients’ survival. We
next demonstrated knockdown of E2F3 suppressed GC cell
migration and invasion. In addition, it was proved that miR-
152 modulated E2F3 expression by binding to its 3'-UTR. The
following results further showed the suppression of miR-152
promoted GC metastasis, while the up-regulation of miR-152
showed opposite effects. Finally, this study indicated the miR-
152/E2F3 axis regulated GC progression through polo-like
kinase 1 (PLK1) mediated protein kinase B (AKT) and extra-
cellular signal-regulated kinase (ERK) pathways.

Materials and Methods

Tissue Collection and Cell Culture

We collected GC tissues from GC patients who had under-
gone operation at Nanjing Drum Tower Hospital, China.
The clinicopathologic characteristics of these patients are
described in Supplemental Table 1. The present research

was ratified by Ethics Committee of Nanjing Drum Tower
Hospital, and all patient signed the informed consent.
HEK293T cell (originally purchased from ATCC) was
cultured in Dulbecco’s modified Eagle’s medium
(Thermo Scientific HyClone, Beijing, China). MKN28M,
MKN28NM, GC9811-P and GC9811 cell lines were
obtained from the State Key Laboratory of Cancer
Biology and Xijing Hospital of Digestive Diseases, and
cultured with RPMI-1640 medium (HyClone). The use of
all the cell lines was approved by Ethics Committee of
Nanjing Drum Tower Hospital.

RNA Extraction and Quantitative Real-Time
PCR

RNA extraction was conducted using Trizol reagent
(Invitrogen). Quantitative real-time PCR (qRT-PCR) was

performed as previously described.'> The reverse tran-
scription (RT) and PCR (polymerase chain reaction) pri-
mers for U6 and miR-152 were synthesized in RiBoBio
(Guangzhou, China). As shown in Supplemental Table 2,
PCR primers for E2F3, GAPDH (glyceraldehyde 3-phos-
phate dehydrogenase) and PLK1 were listed.

Western Blot

Western blot was carried out as shown before.'® Anti-
E2F3 (Abcam), B-actin (Sigma, St Louis, MO, USA), anti-
PLKI1 (Invitrogen), anti-ERK1/2 (Abcam), anti-p-ERK1/2
(Abcam), anti-AKT (Cell Signaling) and anti-p-AKT (Cell
Signaling) were used as primary antibodies, respectively.

Bioinformatic Analyses
Data on E2F3 expression in GC were collected from
Oncomine (https://www.oncomine.org/resource/login.html).

GC survival data were obtained from Kaplan Meier plotter
(http://www.kmplot.com/analysis/index.php?p=background).

Two efficient computational approaches were used for the
prediction of the regulatory miRNAs that target E2F3,
including TargetScan

(http://www.targetscan.org/) and

Pictar (https:/pictar.mdc-berlin.de). Targets were selected
for further confirmation from the group of miRNAs that
were common to the results generated from both approaches.

Lentivirus Infection and Oligonucleotide

Transfection

MiR-152 mimics and inhibitors, and negative control (NC)
oligonucleotides were obtained from RiboBio. E2F3
siRNAs and plasmids, and NC were purchased from
Genechem (Shanghai, China). Cell transfection was per-
formed with lipofectamine 2000 reagent (Invitrogen), fol-
lowing the manufacturer’s manual.

Migration and Invasion Assays

The migration and invasion assays were performed as pre-
viously described.'” The Boyden chambers were obtained
from Corning (MA, USA).

In vivo Metastasis Assays

The animal experiments were conducted as previously
described using GC9811-P cells infected with miR-152
or E2F3 siRNA lentivirus and NC."> The animal assays
were approved by the Nanjing Drum Tower Hospital
and all animal studies

Animal Care Committee,
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complied with Nanjing Drum Tower Hospital animal use
guidelines.

Luciferase Reporter Assays

The luciferase assays were carried out as previously
described.">'” Plasmids containing wild-type Luc-E2F3,
mutant Luc-E2F3-B3'-UTR, wild-type PLK1 promoter
and mutant PLK1 promoter were
GeneCopoeia (Rockville, MD, USA).

obtained from

Chromatin Immunoprecipitation (CHIP)
Assays

CHIP assays were performed as previously described
using an anti-E2F3 antibody.'” The non-specific antibody
(rabbit anti-IgG; BD Biosciences) was used as a negative
control. The precipitated DNAs were subjected to PCR in
an attempt to amplify the E2F3-binding sites using primers
that are specific for PLK1.

Statistical Analysis

For statistical analyses, SPSS 22.0 software (Chicago, IL,
USA) was used. The Student’s unpaired #-test was applied
for comparison between 2 groups. The correlation of E2F3
and miR-152 in GC tissues was examined applying the
Spearman correlation test. P<0.05 was considered statisti-
cally significant.

Results
Up-Regulated E2F3 Expression Is Related

with Progression and Poor Prognosis in
GC

We extracted data of Kaplan Meier plotter and Oncomine to
elucidate the expression and clinical value of E2F3 in GC.
The results of 4 independent cohorts indicated that E2F3
was more frequently expressed in GC than normal gastric
samples (Figure 1A). In addition, data from two cohorts
including 876 and 641 GC individuals showed patients with
higher expression of E2F3 exhibited decreased overall sur-
vival and progression-free survival (Figure 1B). In conse-
quence, these investigations prove E2F3 expression is
a crucial predictor of GC prognosis.

In order to classify E2F3’s function in GC metastasis,
qRT-PCR and Western blot assays were conducted to exam-
ine E2F3 expression in GC9811-P, GC9811, MKN28M and
MKN28NM, which are two pair of high and low invasive
cell sublines characterised previously.'®'? Results indicated
E2F3 expression was significantly down-regulated in

GC9811 and MKN28NM compared with their counterparts
(Figure 1C and D). Collectively, it can be suggestive that
up-regulated E2F3 is notably associated with raised GC
oncogenesis.

Up-Regulation of E2F3 Promotes GC

Invasion and Metastasis

Next, we observed whether up-regulation of E2F3 promotes
GC migration and invasion. For this purpose, GC9811-P
cells were transfected with lentiviral containing E2F3
siRNA (Figure 2A). Transwell experiments showed that
E2F3 knockdown markedly repressed the cell migration
and invasion (Figure 2C). On the contrary, up-regulation
of E2F3 facilitated GC cell migration and invasion
(Figure 2B and D). In vivo metastasis experiments demon-
strated that the silencing of E2F3 expression suppressed GC
metastasis (Figure 2E). Thus, the above observations reveal
that E2F3 serves as a carcinogenic role in the metastasis
of GC.

miR-152 Suppresses E2F3 Expression by
Directly Targeting Its 3'-UTR

Bioinformatic analyses were performed to search for
potential miRNAs targeting E2F3. According to the two
bioinformatics programs (Targetscan and Pictar), a miR-
152 binding sequence was predicted in the E2F3 3'-UTR.
To prove whether miR-152 suppressed E2F3 by directly
binding to its 3'-UTR, mutant or wildtype E2F3 3'-UTR
binding sites were, respectively, inserted into reporter
vectors, as shown in Figure 3A. The results from lucifer-
led to
a distinct reduction in luciferase activity when the wild-

ase reporter assays demonstrated miR-152
type E2F3 3'-UTR was present, whereas the luciferase
activity was not markedly altered in the mutant 3’-UTR
(Figure 3B). These data suggested that miR-152 could
3-UTR.

Furthermore, qRT-PCR and Western blot experiments

inhibit E2F3 expression via targeting its
indicated miR-152 silencing significantly raised E2F3
expression in GC9811 cells, while up-regulation of
miR-152 dramatically reduced E2F3 expression in
GC9811-P (Figure 3C and D). Collectively, it was indi-
cative that miR-152 inhibits E2F3 expression by directly
binding to the predicted site of its 3'-UTR.

To further assess the clinical relevance of miR-152/
E2F3 axis, we examined whether E2F3 expression was
associated with miR-152 in GC samples. qRT-PCR
experiments were performed to measure miR-152
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Figure | E2F3 is up-regulated in GC and associated with tumor metastasis. (A) The comparison of E2F3 expression between cancerous and normal gastric tissues from
Oncomine. Nor, normal gastric tissues; GC, gastric cancer. (B) The association of E2F3 with overall survival and progression-free survival in GC from Kaplan Meier plotter.
(C) The expression level of E2F3 mRNA in two pairs of low and high metastatic GC cell lines was measured using qRT-PCR. GAPDH was used as an internal control and the
fold change was calculated by 2 22", (D) The expression of E2F3 in two pairs of GC cell lines was examined through Western blot analysis. B-actin was used as an internal

control. *P<0.05.

expression in GC from 20 patients. It was found (Figure 3E). The following statistical analysis suggested
that miR-152 expression in GC samples was down- miR-152 expression was inversely correlated with E2F3

regulated, in contrast to the match non-tumor specimens in GC tissues (Figure 3F).
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miR-152 Is Involved in the Modulation of
GC Metastasis

MiR-152 and inhibitor were, respectively, transfected into
GC9811-P and GCI9811 cells, to perform gain-of-function
and loss-of-function tests. Transwell experiments revealed
miR-152 up-regulation dramatically inhibited migration
and invasion in GC9811-P cells (Figure 4A), whereas
down-regulation of miR-152 enhanced migration and inva-
sion in GCI9811 cells (Figure 4B). Animal experiments
further proved miR-152 up-regulation restrained GC
metastasis (Figure 4C). Therefore, these investigations
manifest that miR-152 plays a negative role on the GC
invasion and metastasis.

miR-152/E2F3 Axis Regulates PLK
Mediated AKT and ERK Pathways in GC

Progression

Next, we inspected the downstream mechanism of miR-
152/E2F3 axis in GC progression. In a previous study,” the
expression pattern after E2F3 downregulation in bladder
cancer was identified using cDNA microarray. Among the
differentially expressed genes, PLK1 had been proved to
be implicated in tumor metastasis and act as an
oncogene.”™™ The data from Oncomine and Kaplan
Meier plotter indicated that PLK1 was over-expressed in
GC samples and high PLK1 expression predicted inferior
prognosis in GC patients (Supplemental Figure 1). In

consequence, we speculated that E2F3 adjusted GC pro-
gression through PLK1. In order to observe whether PLK1
expression was altered after E2F3 changed, qRT-PCR and
Western blot experiments were carried out. The results
demonstrated that knockdown of E2F3 expression in
GC9811-P cells gave rise to increased expression of
PLK1 (Figure 5A and D). Subsequently, luciferase assays
were carried out to determine whether E2F3 was able to
directly upregulate PLK1. HEK293T cells were co-
transfected with 0.5pg PLK1 reporters together with
0.5png, lpg or 2pg E2F3 expression vectors. It was
shown that PLK1 promoter was evidently activated by
E2F3 (Figure 5B). The analyses of CHIP indicated that
E2F3 could specifically bind to the promoter of PLK1 in
GC9811-P cells, proving that E2F3 could directly modu-
late PLK1 (Figure 5C).

A large number of studies indicate that AKT and ERK
signaling mediated by PLKI1 play a crucial role in GC
metastasis.”* 2> Thus, we detected expression changes of
primary molecules in AKT and ERK signal to next elucidate

the downstream mechanism of miR-152/E2F3. Western blot
assay showed that down-regulation of E2F3 or up-regulation
of miR-152 notably improved PLK1 activity, and enhanced
p-AKT (phospho-AKT) and p-ERK1/2 (phospho-ERK1/2)
expressions (Figure 5D). Finally, these observations indi-
cated that miR-152/E2F3 might modulate GC invasion and
metastasis through accelerating PLK1 activity and subse-
quently enabling AKT and ERK signals (Figure SE).

Discussion

Quite a few molecules and pathways are implicated in the
process of cancer metastasis, and such complicated
courses are fulfilled via modulation of metastasis-related
genes by TFs, including serum response factor (SRF),
nuclear factor kappa B (NF-xB), and activator protein 1
(AP1)."7**2* However, the TF expression pattern related
to GC metastasis has not been completely classified.
Recent studies have shown that E2F3, a TF, contributes
to tumor progression, including liver, prostate, lung and
bladder cancer.’ 7> Therefore, we are exploring the exact
function and mechanism of E2F3 in GC invasion and
metastasis, which is undefined as yet.

As a TF, E2F3 is widely reported to be a key regulator
of cell cycle, leading to cell proliferation or apoptosis.**
Up-regulation of E2F3 is a common oncogenic factor
during human carcinogenesis.* E2F3 is frequently over-
expressed in quite a few cancers and its decrease may
block tumor progression.”?® E2F3 has been found to be
implicated in thyroid cancer metastasis to lung and liver,
but the specific mechanism remained undetermined.® The
results from this study indicated that E2F3 was over-
expressed in GC samples, and high level of E2F3 expres-
in GC folks.
Furthermore, E2F3 was also closely correlated with metas-
tasis of GC, and E2F3 knockdown could weaken the
ability of GC invasion.

sion might tend to poor prognosis

Over the past decade, growing evidence has proved
miRNAs are closely related to human carcinogenesis,
and play an oncogenetic or tumor suppressive role depend-
ing on the target genes.?” It has been distinct that miRNAs
are implicated in metastasis of most tumors. miRNAs,
including miR-7, miR-302¢, miR-483, miR-371a-3p and
miR-218, have been indicated to be involved in the GC
progression.'*?**73% Our previous study demonstrated
that miR-146a/b could markedly inhibit invasion and
metastasis of GC cells.'”” MiR-146a/b down-regulating
UHRF1 (ubiquitin-like, containing PHD and RING finger
domains 1) resulted in the activation of several tumor
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suppressor genes.'> Herein, miR-152 was recognized to
play a significant part by directly targeting E2F3 3’-UTR
in GC metastasis.

E2F3 accomplished its multipurpose achievements by tar-
geting the promoter of downstream genes. Libertini et al’'
have shown that E2F3 could bind to the promoter of

Interleukin 6 receptor in prostate cancer. It was also found
that Aurora-A was transcriptionally targeted by E2F3 in ovar-
jan cancer®> A previous study’ using ¢cDNA microarray
showed PLK1 may be one of the E2F3 downstream mole-
cules, and it motivated us to pay close attention to association
between E2F3 and PLK1 in GC metastasis. PLK1 is a key
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Figure 5 miR-152/E2F3 axis regulates GC progression through PLK| mediated AKT and ERK signaling. (A) The mRNA expression of PLK| in GC981 |-P was examined by
qRT-PCR after transfection with E2F3 siRNA or negative control (NC). GAPDH was used as an internal control. (B) Relative luciferase activities were measured after co-
transfection of promoter construct with increasing amounts (0.5, |, and 2ug) of E2F3 expression plasmid. (C) CHIP assay was performed in GC981 |-P cells using anti-E2F3
and normal rabbit IgG. Input of sheared chromatin was prepared prior to immunoprecipitation. (D) Western blotting of ERK1/2, AKT, their phosphorylated forms, and PLK |
in GC98I |-P cells after transfection with E2F3 siRNA or miR-152 mimic. B-actin was used as an internal control. (E) A schematic representation of miR-152/E2F3 axis as

a progression regulator in GC. *P<0.05. **P<0.01.

regulator of cell cycle,*® and highly overexpressed in various
cancer cells, including gastric cancer, breast cancer, and liver,
and is categorized as an oncogene.’***>® In the subsequent
research, we aimed to classify the specific mechanism of E2F3
regulating PLK1. CHIP and luciferase assays indicated that
E2F3 directly targeted PLK1 to increase its activity.
Numerous studies showed that PLK1 regulates multiple sig-
nals, which are involved in tumor proliferation, metastasis and
drug-resistance.”” As is demonstrated, AKT and ERK path-
ways are activated by PLK1, and their activation stimulated
EMT (epithelial-to-mesenchymal transition) in breast and
prostate cancers.'>?! Moreover, Cai et al found that PLK1
accelerated the GC metastasis and EMT through regulating
the AKT pathway.*® Consistent with these reports, our data
further proved that miR-152/PLK1 axis could modulate GC

invasion and metastasis by enhancing PLK1 activity and sub-
sequent acceleration of AKT and ERK signals.

From the above, we come to a conclusion that high
expression of E2F3 in GC progression might result from
decreased level of miR-152, which could markedly pro-
mote GC invasion and metastasis. Moreover, miR-152/
E2F3 link might modulate GC progression through AKT
and ERK signaling mediated by PLK1. The novel identi-
fied miR-152/E2F3/PLK1 axis provides a new underlying
target for early warning and therapy of metastasis in GC
patients.
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