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6 inhibitor sensitizes chemo-
resistant gastric cancer cells to chemotherapy by
upregulating ING4

Jun-bao Liu, †a Dan Chen,†b Hai-xia Liu,†c Huan-huan Sha,†bd Dan Song,†e

Ting-ting Bao,†f Jian-wei Lu*g and Chen Yu*f

Objective MicroRNA (miRNA) is an important factor in the regulation of gene transcription. This study was

aimed at investigating the role of miR-4516 in the chemoresistance of gastric cancer cells. Methods miR-

4516 expression levels were measured in gastric cancer cell line SGC7901 and in 5-fluorouracil (5-FU)-

resistant SGC7901 cells (SGC7901/5-FU) via microarray analysis and RT-PCR. A miR-4516 inhibitor and

negative controls were transfected into SGC7901/5-FU cells. A miR-4516 mimic and negative controls

were transfected into SGC7901 cells. CCK8 and flow-cytometric assays were performed to evaluate the

sensitivity of SGC7901/5-FU cells to 5-FU. Western blot experiments detected the expression of Bcl-2,

Bax, Caspase-3, P-gp and ING4 protein. Results Additionally, ING4 was demonstrated to be

downregulated in SGC7901/5-FU cells and inversely correlated with miR-4516 expression. Rescue

experiments revealed that overexpression of ING4 attenuated the inhibitory effects of miR-4516 on the

proliferation of gastric cancer cells. ING4 was predicted to be a potential target of miR-4516. Synergism

of the inhibitory effects correlated with a reduction in the expression of the anti-apoptotic protein Bcl-2

and the drug resistance-related protein P-gp as well as strong expression of apoptosis-related proteins

(Bax, Caspase-3). Thus, a miR-4516 inhibitor sensitized gastric cancer SGC7901/5-FU cells to 5-FU by

enhancing apoptosis. We then corroborated these results with in vivo experiments. Conclusion We

found that miR-4516 might be a potential therapeutic target in chemo-resistant gastric cancer.
Introduction

Gastric cancer is one of the major causes of death in the
world.1,2 Its incidence correlates with several risk factors, such
as age, race, gender, and location. For example, gastric cancer is
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more common in such countries as Korea and Japan. Surgical
resection remains the primary treatment of this cancer;3 on the
other hand, the resistance of gastric cancer cells oen leads to
chemotherapy failure, which is a key problem affecting the long-
term survival of patients with gastric cancer. An effective way to
improve the efficacy of gastric cancer treatment in patients is to
explore the mechanism of gastric cancer resistance and to nd
molecular markers for reversing the drug resistance of gastric
cancer. These patients, in particular, require aggressive treat-
ment involving radiation and/or chemotherapy. For example,
antimetabolic drugs such as 5-uorouracil (5-FU) have been
widely used to treat gastric cancer. Numerous attempts have
been made to improve the response of these patients to
chemotherapy. Specically, resistance to chemotherapeutic
drugs can hinder the prolongation of survival time in patients
with gastric cancer.4 Thus, nding a way to re-sensitize chemo-
resistant gastric cancer cells and to overcome this drug resis-
tance should have a signicant clinical impact.

MicroRNA (miRNA) is an endogenous noncoding small RNA
molecule that regulates the translation or degradation of target
mRNAs.5,6 This protein noncoding RNA family is widespread in
the biological world. It has been found that miRNA regulates
expression of one-third mRNA. Because the relation between
miRNA and cancer is gradually revealed, there is evidence that
RSC Adv., 2018, 8, 37795–37803 | 37795
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the sensitivity of cells to antitumor drugs is affected by miRNA.7

Some experiments have shown that certain miRNAs, including
miR-25, miR-20a, and miR-623 are associated with a poor
prognosis of cancer and have been reported to be signicantly
upregulated in recurrent gastric carcinoma.8–12 Therefore, we
hypothesized that gastric cancer resistance may be related to
abnormal expression of miRNAs. In addition, a lot of evidence
has revealed that miRNA is involved in gastric cancer initiation
and progression, including MDR.13–15 We thus speculated that
dysregulation of the miRNA that regulates ING4 expression
might be the main cause of drug resistance.

In the present study, we demonstrated that miR-4516, which
is overexpressed in multidrug-resistant gastric cancer cell line
SGC7901/5-FU, suppresses ING4 expression by targeting the 30-
untranslated region (UTR) of its mRNA. Additionally, we found
that a miR-4516 inhibitor suppressed gastric cancer MDR,
whereas upregulation of miR-4516 had the opposite effects. We
showed that ING4 was overexpressed in chemo-sensitive gastric
cancer cells compared with chemo-resistant ones. Decreased
expression of ING4 predicted poor survival. Besides, we found
that upregulation of ING4 enhanced chemosensitivity to 5-FU in
SGC7901/5-FU cells. Moreover, we propose that the miR-4516–
ING4 axis regulates gastric cancer MDR through apoptosis-
related molecules (Bcl-2, Bax, caspase 3).

Materials and methods
Cell culture and drugs

Human gastric cancer cell line SGC7901 was kindly provided by
the First Affiliated Hospital of Nanjing Medical University
(Nanjing, China). Humanmultidrug-resistant gastric cancer cell
line SGC7901/5-FU was purchased from Sai qi Biological Engi-
neering Co., Ltd. (Shanghai, China). The cells were propagated
in the RPMI 1640 medium (Gibco BRL, Carlsbad, CA, USA)
supplemented with 10% of fetal of bovine serum, streptomycin
(100 mg mL�1), and penicillin (100 U mL�1) in a humidied
atmosphere containing 5% of CO2. For the SGC7901/5-FU cell
line, the medium was supplemented with 1 mg mL�1 5-FU (5-
FU; Sigma-Aldrich, St. Louis, MO, USA). The dilutions for all the
reagents were freshly prepared before each experiment.

Drug sensitivity assa in vitro

Drug sensitivity was assessed. Briey, 5 � 103 cells were seeded
in 96-well plates, the cells were mixed and cultured in an
incubator for 4 to 6 hours. Aer the cells were attached, the
medium was replaced by the serum-containing medium. The
various concentrations of 5-FU or miR-4516 inhibitor was added
to each well. Aer 24 hours of incubation, the CCK-8 (Beyotime
Institute of Biotechnology, Haimen, China) assay was per-
formed. Inhibition rates and IC50 values were calculated. All
experiments were conducted in triplicate.

Flow cytometric analysis of cell apoptosis

A total of 5 � 105 cells were seeded in 6-well plates and cultured
at 37 �C and 5% CO2. Aer 48 hours of transfection, the cells
were further cultured with a miR-4516 inhibitor (100 nmol L�1)
37796 | RSC Adv., 2018, 8, 37795–37803
for 24 h. The cells were harvested, washed with ice-cold
phosphate-buffered saline (PBS), and collected into a 1.5 mL
tube. Apoptosis was then detected using the Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences). In brief, 300 mL of
1� binding buffer was added to a 1.5 mL tube, gently mixed
with the cells, and 5 mL of annexin V and 5 mL of propidium
iodide (PI) were added. The cells were incubated at room
temperature in the dark for 15 min, and apoptosis was analyzed
on a ow cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Each assay was performed in triplicate.

Cell transfection and treatment

A suitable volume of serum-free medium was added into
a transfection tube. Next, a plasmid expressing miR-4516,
a miR-4516 inhibitor, or their corresponding control was
transfected into gastric cancer cells using Lipofectamine 2000
(Invitrogen). In some experiments, the miR-4516 inhibitor was
co-transfected with a plasmid expressing ING4-specic small
interfering RNA (siING4), and then the tube was shaken aer
addition of the appropriate volume of the transfection reagent.
The cultivation of the cells was continued. The overexpression
and knockdown efficiency rates were determined by RT-PCR
and/or western blot analysis.

A luciferase reporter assay

The 30-UTR of human ING4 cDNA containing the putative target
site for mature miR-4516 was inserted into the multiple cloning
site of the pmirGLO Luciferase vector (Promega). Amutant ING4
30-UTR lacking the binding site for miR-4516 was likewise
cloned into the pmirGLO Luciferase vector (Promega). The wild-
type (Wt) or mutant construct was transfected into SGC7901/5-
FU cells (6� 104 cells per well), which were incubated in 24-well
plates, and either a miR-4516 mimic or control mimic (Gene-
Pharma, Suzhou, China) was transfected into the cells by means
of Lipofectamine 2000 (Invitrogen). At 48 h aer transfection,
the cells were assayed for relative luciferase activity using the
Dual-Luciferase Reporter Assay System (Promega) to compare
with a no-load control.

Quantitative RT-PCR

A TRIzol Kit (Bioline) was employed to prepare total RNA from
SGC7901 or SGC7901/5-FU cells. The cycling conditions of PCR
amplication were as follows: 94 �C for 10 min; 40 cycles of
94 �C for 15 s, 60 �C for 1 min, 72 �C for 1 min; then 72 �C for
5 min. RT-PCR was performed in triplicate on an ABI Step One
Plus Real-Time PCR system (Applied Biosystems) with 2 mg of
each cDNA sample and the SYBR® Select Master Mix (Applied
Biosystems). Expression levels were normalized to an internal
standard. The PCR primers are presented in Fig. 1A. Relative
gene expression was analyzed by the 2�DDCt method, and the
results are expressed as a change relative to control values.

Western blot assay

Cells were lysed with the mammalian protein extraction reagent
RIPA (Beyotime, Beijing, China). Proteins in �50 mg of a protein
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 miR-4516 is downregulated in GC tissues and cell lines (A) bioinformatic analysis based on TargetScan software revealed that the 30-UTR
of ING4mRNA harbored a putative site complementary to the seed sequence of miR-4516. (B) Hierarchical clustering analysis of the differentially
expressed miRNAs in SGC7901/5-FU compared with SGC7901/5-FU without intervention. Each row represents the expression of miRNA and
each column represents a sample: red color for upregulation, green for downregulation. (C) The consensus target genes of each differentially
expressed miRNA. The target genes of the miR-4516 were predicted with three online tools (miRDB, Targetscan and mirDIP). (D) RT-qPCR were
applied to measure the mRNA expression levels of miRNA-4516 in SGC7901/5-FU cells and SGC7901 cells, respectively. *P < 0.05 compared
with normal tissues. (E) The proliferation of SGC7901/5-FU cells were determined through CCK-8 assay following transfection with miR-4516
inhibitor or miR-NC. **P < 0.01 compared with miR-NC. (F) The proliferation of SGC-7901 cells was determined through CCK-8 assay following
transfection with miR-4516 mimic or miR-NC. **P < 0.01 compared with miR-NC.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37795–37803 | 37797
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Fig. 2 miR-4516 inhibits the proliferation and enhances the chemo-
sensitivity of SGC-7901/5-FU cells to 5-FU (A) cell inhibition ratios at
increasing concentrations of 5-FU in SGC7901/5-FU cells or SGC7901
cells. The cell inhibition ratio was determined by the CCK-8 assay. (B)
SGC7901/5-FU cells were transfected with miR-4516 inhibitor or miR-
NC and incubated 48 h after transfection. Cell apoptosis was analyzed
through flow cytometry to examine the cell apoptosis rate. *P < 0.05

37798 | RSC Adv., 2018, 8, 37795–37803
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extract were separated by SDS-PAGE in a 10% gel, transferred to
a 0.22 mm nitrocellulose membrane (Sigma), and incubated
with specic antibodies. Different groups of proteins were
subjected to electrophoresis, transferred, and exposed. Autora-
diograms were quantied by densitometry in the Quantity One
soware (Bio-Rad, Carlsbad, CA, USA). An anti-b-actin antibody
served as a control, and rabbit anti-ING4, anti-Bcl-2, anti-Bax,
anti-caspase 3, and anti-P-gp antibodies were provided by Cell
Signaling Technology (Danvers, MA, USA).
Animal experiments

SGC7901/5-FU cells stably expressing the miR-4516 inhibitor
combined with 5-FU (20 mg kg�1), or 5-FU (20 mg kg�1) alone
were injected subcutaneously into 5 week-oldmale nudemice (n
¼ 6; 3 � 106 cells per mouse). Aer�2 weeks, the subcutaneous
xenogra of nude mice became noticeable. The mice were
housed in a specic pathogen-free (SPF) room with laminar
ow. Tumor size was measured every 3 days. At 15 days aer cell
injection, the mice were euthanized, and xenogra tumors were
excised and weighed. The animal experiments were performed
according to the institutional guidelines.
Statistical analysis

All measurement data are expressed as the mean � SD. The
signicance of differences in clinical data regarding ING4
expression was determined by Student's t test. All experimental
data were analyzed in the SPSS 16.0 statistical soware (SPSS
Inc., Chicago, IL, USA) for Windows. The signicance level was
set to P < 0.05. Each experiment was repeated three times.
Ethical statement

This study was performed in strict accordance with the Good
Clinical Practice (GCP promulgated on 2017.01.18) by State
Administration of Food and Drug Administration, and was
approved by the centralab and ethics committee of Jiangsu
Cancer Hospital.
Results
MiR-4516 activation is involved in chemoresistance of gastric
cancer cells

Dysfunction of miRNAs can be detected in 5-FU-resistant cells.
Many experiments have revealed that miRNA is associated with
acquired drug resistance in gastric cancer cells. Therefore, we
used miRNA microarray detection to analyze the expression
level of miRNA in drug-resistant gastric cancer cells and sensi-
tive cell lines. We compared the normal proportions and
difference multiplier of miRNA microarray hybridization
signals in two cell lines and constructed a heatmap by
compared with miR-NC. (C) Western blotting of P-gp, Bax, Bcl-2,
Caspase-3 and ING4 in SGC7901/5-FU cells after transfection with
miR-4516 inhibitor. b-Actin was used as an internal control. Schematic
representation of the miR-4516/ING4 axis as multidrug resistance
(MDR) regulator in GC. *P < 0.05 compared with miR-NC.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 miR-4516 directly targets ING4 mRNA 30-UTR in gastric cancer (A) western blot was performed to determine the protein levels of P-gp,
Bax, Bcl-2 Caspase-3 and ING4 in SGC-7901/5-FU cells transfected with pcDNA3.1–ING4 or pcDNA3.1. *P < 0.05 compared with ING4 plasmid.
(B) Wt or Mut of the ING4 mRNA 30-UTR sequences targeted by miR-4516 through Luciferase Reporter Assay. ***P < 0.01 compared with the
miR-Ctrl group. (C) The proliferation of SGC-7901/5-FU cells were determined through CCK-8 assay following transfection with pcDNA3.1–
ING4 or pcDNA3.1. ***P < 0.001 compared with pcDNA3.1. (D) SGC7901/5-FU cells were transfected with pc-DNA–ING4 or pc-DNA3.1 and
incubated 48 h after transfection. Cell apoptosis was analyzed through flow cytometry to examine the cell apoptosis rate. ***P < 0.001 compared
with pc-DNA3.1.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37795–37803 | 37799
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Fig. 4 ING4 overexpression in GC tissues is inversely correlated with
miR-4516 level. (A) RT-qPCR were applied to measure the mRNA
expression levels of ING4 in GC tissues and adjacent normal gastric
tissues (n ¼ 408), respectively. *P < 0.05 compared with normal
tissues. (B) Expression level of ING4 mRNA in chemo-sensitive and
chemo-resistant GC tissues was measured using quantitative RT-PCR
from oncomine database in compendia cell line. GAPDH was used as
an internal control and the fold change was calculated by 2�DDCt. *P <
0.05. (C) Association of ING4 with overall survival and Progression free
survival in GC patients from Kaplan–Meier plotter. (D) Level of ING4
mRNA was significantly decreased from 5-fluorouracil sensitive to 5-
fluorouracil resistance in the probes (218234_at) in dataset. (E) The cell
inhibition ratio was determined by the CCK-8 assay. Cell inhibition
ratios at IC50 values for 5-FU were observed after ING4 expression

37800 | RSC Adv., 2018, 8, 37795–37803
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clustering miRNA. As depicted in Fig. 1B, some miRNAs were
differentially expressed between cell lines SGC7901 and
SGC7901/5-FU, and we found that 47 miRNAs were upregulated,
while 55 miRNAs were downregulated. As shown in Fig. 1D,
miR-4516 expression was 6.29-fold higher in SGC7901/5-FU
cells than SGC7901 cells. According to our previous results,
miR-4516 is most differentially expressed in drug-resistant cells.
Accordingly, for this follow-up study, we selected miR-4516 as
a target, and we conrmed that miR-4516 was downregulated by
52.84% in drug-resistant cells aer treatment with miR-4516
inhibitor (Fig. 1E).
MiR-4516 inhibitor decreased cell proliferation and enhanced
sensitivity to 5-FU

We performed a CCK-8 assay to determine the effect of 5-FU on
the viability 5-FU-resistant and -sensitive cells. The two gastric
cancer cell lines (SGC7901/5-FU and SGC7901) were treated with
50, 100, 200, 300, or 400 mg mL�1 5-FU for 48 h. SGC7901/5-FU
cells showed resistance to chemotherapy relative to SGC7901
cells (Fig. 2A). To verify the effect of miR-4516 on the drug
resistance of gastric cancer cells, we transfected an miR-4516
mimic (50 nmol L�1) into SGC7901 cells and an miR-4516
inhibitor (100 nmol L�1) into SGC7901/5-FU cells. We thus
carried out gain-of-function and loss-of-function experiments.
Remarkably, upregulation of miR-4516 in SGC7901 cells
decreased the apoptosis rate and upregulated the IC50 values
(Fig. 2B). In contrast, silencing of miR-4516 increased the
apoptosis rate and additionally decreased the IC50 values
(Fig. 2B and 1E). Compared with control groups, the effect of the
miR-4516 inhibitor on the apoptotic rate was greater in
SGC7901/5-FU cells than in control cells (23.08% vs. 3.82%)
(Fig. 2B). Downregulation of miR-4516 in SGC7901/5-FU cells
sensitized the drug-resistant cells to 5-FU by increasing the level
of the apoptosis-related proteins Bax and Caspase-3 (Fig. 2C).
MiR-4516 downregulates ING4 expression by binding to its
mRNA 30-UTR

When exploring the mechanism by which miR-4516 exerts its
biological function, we identied ING4 as a potential target gene
for miR-4516 by searching three public databases (miRDB,
mirDIP, TargetScan) (Fig. 1C). As shown in Fig. 2C, the miR-
4516 inhibitor increased ING4 expression. Furthermore, we
constructed luciferase reporter vectors containing the Wt or
mutant ING4 30-UTR sequences (Fig. 3B). When SGC7901/5-FU
cells were transfected with the Wt ING4 30-UTR, co-
transfection with miR-4516 signicantly inhibited the lucif-
erase activity. In contrast, the inhibitory action was abrogated in
cells co-transfected with the mutant ING4 30-UTR. These
was upregulated by miR-4516 inhibitor in SGC7901/5-FU cells. ING4
up-regulation partially reversed the miR-4516 mediated inhibition of
cell proliferation. (F) SGC7901/5-FU cells were transfected with ING4
plasmid or ING4-NC and incubated with miR-4516 inhibitor 48 h after
transfection. Cell apoptosis was analyzed through flow cytometry to
examine the cell apoptosis rate. *P < 0.05 compared with ING4-NC.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 miR-4516 inhibits tumor growth in GC xenografts in nudemice. SGC7901/5-FU cells stably overexpressingmiR-4516 inhibitors combined
with 5-fluorouracil group or negative control were subcutaneously injected into right flank of each nude mouse (n ¼ 6). (A and B) Photograph of
tumors (C) volumes of all tumors were detected every 3 days (D) body weights of all tumors were detected every 3 days (E) tumor weights of were
detected after the dissection. Data are presented as mean � S.D; **P < 0.01 compared with the Lenti-vector group, Student's t-test.
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ndings suggested that ING4 is a direct target gene of miR-4516
in gastric cancer cells.
Upregulation of ING4 enhances chemosensitivity of gastric
cancer cells

Next, we investigated whether upregulation of ING4 increased
sensitivity to chemotherapeutic agents in SGC7901/5-FU cells. To
this end, SGC7901/5-FU cells were transfected with an ING4-
expressing vector or negative control (NC). Western blot
conrmed that ING4 expression was markedly upregulated aer
the transfection of SGC7901/5-FU cells with the ING4-expressing
vector (Fig. 3A). We observed decreased IC50 values for 5-FU aer
transfection of SGC7901/5-FU cells with the ING4-expressing
vector (Fig. 3C). Moreover, the function of ING4 in multidrug-
This journal is © The Royal Society of Chemistry 2018
resistant gastric cancer cells was veried by the increase in the
apoptosis rate under the action of 5-FU in SGC7901/5-FU cells
aer upregulation of ING4 (Fig. 3D). Taken together, these results
suggested that ING4 correlated with MDR of gastric cancer cells,
and upregulation of ING4 increased the sensitivity to 5-FU.
Downregulation of ING4 is associated with a poor prognosis
and chemoresistance in gastric cancer patients and cell lines

To clarify the clinical signicance of ING4 in gastric cancer, we
analyzed the data from Kaplan Meier Plotter and Oncomine. We
found that ING4 was signicantly downregulated in 5-FU-
resistant groups compared to 5-FU-sensitive groups in inde-
pendent cohorts (Fig. 4A and B). Furthermore, lower ING4
expression was associated with relatively shorter overall survival
RSC Adv., 2018, 8, 37795–37803 | 37801

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06419a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 8

/1
4/

20
25

 6
:1

4:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in a cohort of 578 patients with gastric cancer and shorter
progression free survival in a cohort of 426 patients with gastric
cancer (Fig. 4C). These ndings indicated that ING4might serve
as a biomarker of gastric cancer and that lower expression of
ING4 is associated with a poor prognosis. To study the role of
ING4 in gastric cancer MDR, the expression of ING4 in samples
manifesting different chemosensitivity rates was examined
next. To further characterize the function of ING4 in gastric
cancer chemoresistance, RT-PCR analyses conrmed that ING4
expression wasmarkedly lower in SGC7901/5-FU cells compared
with SGC7901 cells in compendia of cell lines from the Onco-
mine database (Fig. 4D). Thus, these ndings conrmed that
low expression of ING4 correlates with gastric cancer MDR.

ING4 is involved in miR-4516-mediated tumor suppression

Previous research indicates that miR-4516 has a negative effect
on gastric cancer chemosensitivity. Because ING4 can inhibit
cancer cell chemo-resistance and miR-4516 can regulate the
expression of ING4, we hypothesized that miR-4516-mediated
upregulation of ING4 would directly reverse gastric cancer
chemoresistance. To test this hypothesis, SGC7901/5-FU cells
were co-transfected with the miR-4516 inhibitor or miR-Ctrl and
either ING4/pcDNA3 plasmid or empty pcDNA3 plasmid as
a control. The ING4 expression level was decreased by miR-4516
expression, whereas transfection of the ING4-carrying plasmid
restored ING4 expression in SGC7901/5-FU cells in miR-4516
groups. ING4 upregulation reversed the miR-4516-mediated
activation of cell proliferation (Fig. 4E and F). These results
supported the idea that miR-4516 mediates SGC7901/5-FU
tumor progression by inhibiting ING4 expression.

The miR-4516–ING4 axis regulates gastric cancer MDR by
regulating apoptosis-associated proteins

Using western blot assays, we analyzed the expression of anti-
apoptotic proteins (Caspase-3, Bcl-2) and pro-apoptotic
protein Bax in SGC7901/5-FU cells aer transfection with the
miR-4516 inhibitor or the ING4-expressing plasmid for 48 h
(Fig. 2C and 3A). ING4 is capable of interacting with apoptosis-
related proteins (Bax, Bcl-2, and Caspase-3). Thus, we specu-
lated that ING4 suppresses drug resistance of gastric cancer
cells through apoptosis-related proteins. Western blotting was
performed to determine whether expression of apoptosis-
related proteins changed aer miR-4516 was downregulated.
In addition, Bcl-2 and P-gp expression levels were found to be
remarkably increased aer the ING4 knockdown or miR-4516
upregulation. By contrast, Bax and Caspase-3 showed the
opposite results. In summary, these results indicated that the
miR-4516–ING4 axis might regulate gastric cancer cell MDR
primarily by increasing apoptosis activity and secondarily by
increasing activities of apoptosis-related signaling pathways.

The tumor-promoting activity of miR-4516 in vivo mouse
model of a subcutaneous xenogra tumor

SGC7901/5-FU control group or administration of 5-FU or
administration of 5-FU combinated with miR-4516 inhibitor-
transfected SGC7901/5-FU cells were subcutaneously injected
37802 | RSC Adv., 2018, 8, 37795–37803
into nude mice, and xenogra tumor growth was monitored.
The tumors from administration of 5-FU (20 mg kg�1) or
SGC7901/5-FU control group grew signicantly faster than
administration of 5-FU (20 mg kg�1) combinated with miR-4516
inhibitor-transfected SGC7901/5-FU cells from 3 days aer cell
implantation. At 15 days aer cell injection, the nude mice were
euthanized, and the xenogra tumors were extracted, as
depicted in Fig. 5A and B. Next, the tumors were weighed and
their volumes were measured. We found that the tumor weight
and volume of 5-FU combinated with miR-4516 inhibitor were
lower than those in the control groups (Fig. 5C–E). Taken
together, these results indicated that miR-4516 plays an onco-
genic role in gastric cancer resistance.

Discussion

Chemotherapeutic drugs, especially 5-FU, are used widely in the
treatment of gastric cancer. Nonetheless, this treatment has been
hindered by the development of cancer cell resistance to 5-FU.
Therefore, the factors affecting sensitivity of gastric cancer cells
to chemotherapy have become promising therapeutic targets.
Extensive studies have indicated that a miR-4516 inhibitor could
become a novel therapeutic tool. In this study, our research
focused on the potential usefulness of miR-4516 inhibition for re-
sensitizing gastric cancer cells manifesting drug resistance.

To study the molecular mechanism underlying the resis-
tance of SGC7901/5-FU cells to 5-FU, numerous studies have
been carried out. Yan et al. have reported upregulation of nine
miRNAs and downregulation of 18 miRNAs in the SGC7901/5-
FU cell line compared with its parental cells.17 In contrast, our
experiments yielded different results. Our experimental data
revealed that the expression levels of 47 miRNAs in SGC7901/5-
FU cells were notably higher compared with those of SGC7901
cells. Moreover, 55 miRNAs were found to be downregulated. In
2013, Song et al. identied additional putative targets of miR-
4516 in multiple pathways rstly, including apoptosis and cell
cycle regulation. MiR-4516 and miR-601 appear to correlate and
target components of both STAT3 and NF-kB pathways, which
are critical regulators of inammatory responses in cancer.14

Several studies suggest that both miR-4516 and miR-601 are
involved in the clinical response to rescue radiotherapy aer
a prostatectomy.15 Accordingly, we made a novel nding that
miR-4516 expression is increased in gastric cancer cells. Aer
treatment of the cells with the miRNA-4516 inhibitor, the
expression of miR-4516 decreased. According to these data,
combined with the results of our RT-PCR, we chose miR-4516
for further analysis. We then found that SGC7901/5-FU cells
that were transfected with the miR-4516 inhibitor showed
reduced resistance to 5-FU. These results suggest that miR-4516
is closely related to the sensitivity of gastric cancer cells to 5-FU.

Moreover, we validated that miR-4516 suppresses ING4
expression. Some reported that the expression of ING4 has been
identied as an indicator of docetaxel sensitivity in human lung
adenocarcinoma cells.17 Another study states that ING4 mRNA
is a direct target of miR-423-5p and miR-650.16 Nonetheless,
there are no reports regarding the relation between ING4 and 5-
FU resistance. Notably, we conrmed that ING4 plays a critical
This journal is © The Royal Society of Chemistry 2018
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role in the regulation of apoptosis in gastric cancer cells.
Strikingly, reintroduction of ING4 enhanced the sensitivity of
our gastric cancer cells to 5-FU. By contrast, transfection of
these gastric cancer cells with mutant ING4 without a miR-4516-
binding site did not change 5-FU resistance, suggesting that
ING4 plays a critical role in miR-4516-mediated 5-FU sensitivity.
Altogether, our ndings provide an insight into the molecular
basis for 5-FU resistance.

To the best of our knowledge, we are the rst group to study
the molecular mechanisms of action of miR-4516 in SGC7901/5-
FU cells with respect to its participation in 5-FU resistance.
Overall, the sequential validation experiments suggest that miR-
4516 may suppress ING4 expression through a direct interaction
with the 30-UTR of itsmRNA in gastric cancer SGC7901/5-FU cells.
These ndings point to a miR-4516-mediated regulatory mecha-
nism of 5-FU chemosensitivity in the SGC7901/5-FU gastric
cancer cell line. Our results clearly show that aer the down-
regulation ofmiR-4516, the sensitivity of SGC7901/5-FU cells to 5-
FU increased because of the upregulation of the target gene ING4
in these gastric cancer cells. Therefore, the interaction between
miR-4516 and ING4 may become a target for reversing 5-FU
resistance in gastric cancer. Additionally, miR-4516 may serve as
a predictive marker of the response of patients to chemotherapy
and as a potential biomarker of gastric cancer.

In summary, our study describes a potential mechanism for
dysregulation of ING4 by miR-4516 in gastric cancer. Taken
together, downregulation of miR-4516 and activation of ING4
could be a promising approach to improving the treatment of
gastric cancer.
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