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Introduction
Gastric cancer (GC) is a very heterogeneous tumor with a quite complex

genotype. The drug resistance mechanism of GC is quite complex due to the
microenvironment.'> Chemotherapy plays an important role in GC treatment,
especially in the treatment of patients with advanced GC, and can often prolong
the survival of patients by inhibiting the spread and metastasis.* However, drug
resistance in chemotherapy has always been a difficult problem in clinical
practice and is also an important cause of treatment failure and patient
deaths.* The mechanism of chemotherapy resistance is complex, which is mostly
related to the increase of drug efflux of cancer cells mediated by ABC trans-
porter protein, the abnormality of cell apoptosis mechanism, and the change of
some enzyme activity in cancer cells, reducing the sensitivity of cancer cells to
chemotherapy drugs.”’ Given that chemotherapy resistance is a key factor that
affects the prognosis of advanced GC, the mechanism of drug resistance must be
further studied.
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Cisplatin (DDP) is a common platinum drug used in
the treatment of gastric, colorectal, and pancreatic cancers.
When DDP enters the cell, it binds to nucleophiles (mainly
DNA but also RNA and proteins).® As a DNA crosslinking
agent, DDP can target DNA. Platinum atoms covalently
bind to guanine (G) on DNA strands to form intra- and
inter-strand crosslinks that interfere with DNA replication
and transcription.” However, intrinsic or acquired resis-
tance to DDP can still counteract its killing effect.
Therefore, elucidating the mechanism of DDP resistance
and determining effective and targeted strategies to reverse
resistance are necessary.

MicroRNAs (miRNAs) are non-coding RNAs that can
regulate the expression level of target genes after tran-
scription and participate in the occurrence and develop-
ment of tumors as oncogenes or tumor suppressor genes. '’
In malignant metastatic tumors, the expression of miRNAs
is generally downregulated, which increases the expres-
sion and function of chemokines, receptors, and other
proteins related to tumor cell metastasis and invasion and
promotes the occurrence and development of tumors.'"'?

High-throughput gene chips and new generation of
sequencing technology provide conditions for exploring
the molecular typing of cancer, which is helpful to sea
for biomarkers with excellent prediction effect and pe
form research on the clinical individualized t

normal, GC, and chemoresistant GC
0" used in this study were down-
Wdatabase. Among which, 34 healthy
volunteers (normal), 90 pre-treatment gastric cancer sam-
ples (GC), and 8 post-treatment samples (chemoresistant
GC) were included. The differentially expressed miRNA
of miR-424-3p was used for further analysis. TargetScan,
miRDB, and miRWalk databases were used to analyze the
target mRNAs of miR-424-3p, and the intersected mRNAs
predicted by the three databases were considered to be the
targets of miR-424-3p.

Cell Culture and Transfection

The human gastric mucosal cell GES-1, human GC cell
line SGC-7901, and chemoresistant GC cell line SGC-
7901/DDP were obtained from the American Type
Culture Collection. These cells were cultured in RPMI-
1640 medium (Hyclone, USA) with 10% fetal bovine
serum (Hyclone, USA) at 37°C in 5% CO, atmosphere.
The 1 pg/mL of DDP (J&K, China) was added to the
corresponding cell group. The plasmids of pGL3-ABCC2-
wt, pGL3-ABCC2-mut, pcDNA3.1-ABCC2, shRNA-
ABCC2, miR-424-3p mimics, miR-4 inhibitor, and
control

vectors were

ific primers. The expression levels were
22T method, with B-actin as the

trol. The reverse primer of RT-PCR was provided

AGCAGCAAUUCAUGUUUUGAA -3', ABCC2: 5"-TG
AAAAACAGAATGGGACCGA —3'. The reverse primer of
gqPCR was provided in the SYBR RT-PCR Kit.

Luciferase Reporter Assay

The luciferase reporter plasmids of pGL3-ABCC2-wt and
pGL3-ABCC2-mut contained the 3-UTR genes of “5'-
UAUAAAAUGUACGUUUUA —3" and “5'- UAUAAAA
UGUCCCAACAA —3" separately. After the transfection
of the reporter gene plasmids and the miR-424-3p mimics
into the tumor cells of SGC-7901 and SGC-7901/DDP, the
cells were cultured for another 48 h. Luciferase activities
were detected using the Dual-Luciferase Assay System
(Promega) and measured using the Luminoskan Ascent
Reader System (Thermo Scientific, USA).

Western Blot Analysis

The total proteins in the cultured cells or xenograft tumors
were isolated using the RIPA lysate buffer (KeyGen,
China). Western blot analysis was performed using the
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primary antibodies ABCC2 and GAPDH (Abcam, UN),
followed by secondary antibody (Affinity, USA). Blots
were detected using the enhanced chemiluminescence
detection kit (Millipore, USA). Densitometric analysis
was performed using the ImageJ software. Each experi-
ment was repeated in triplicate, and the mean values (mean
+ s.d.) were presented.

Cell Proliferation

The different treated cells were seeded into a 24-well plate
at 5 x 10° cells per well. The cells were dispersed in
trypsin and resuspended in phosphate buffer every 24
h for 4 days. Then, they were counted using a light micro-
scope (Olympus, Japan). Each experiment was repeated in
three duplicates, and the mean values (mean =+ s.d.) were
presented.

Matrigel Invasion Assay
The different treated cells were seeded into the Transwell
cell culture inserts (Corning, USA) coated with Matrigel
(BD, USA). The invasion was allowed for 48 h. The
passed cells were fixed in 4% paraformaldehyde, stained
with crystal violet solution, and then counted using a light
microscope (Nikon, Japan). Each experiment was r&@S
in triplicate, and the mean values (mean *+ s.d.)
presented.

Wound Healing Assay

The different treated cells were s

ip was usc®to scratch
medium for 48

(Nikon, Japan). E
and the mea;

¢ nu/nu mice (aged 5—6 weeks) were ran-
to five groups. The different treated SGC-
ere subcutaneously injected into the
flank of every mouse at a density of 5 x 10° cells/mouse.
When the xenograft tumors grew to grain size after 8 days,
the tumor size was measured every 2 days for another 18
days. The mice were orally treated with 5 mg/kg/day DDP
every 2 days after the tumor cells were injected. On the
last day, all the mice were sacrificed, and xenografts and
lung tissues were collected. Lung tissues were used for
histologic examination to measure the extent of metastasis.

Hematoxylin and Eosin (H&E) Staining
The lung tissues from mice were fixed with 4% parafor-
maldehyde, embedded in paraffin, cut into 4-pm-thick
slices, and then placed on slides. The slides were depar-
affinized with xylene and rehydrated with decreasing etha-
nol concentrations. The slides were then stained with
H&E. The extent of metastasis in the lung was analyzed
using a light microscope (Olympus, Japan).

Statistical Analysis

All data were presented as meg

After testing for
ps, intergroup
ests analysis.
ee times. P <

Resul
Selecfon andiddte miRNA in

ting G hemoresistance
xpression profile data downloaded from the

, and chemoresistant GC tissues were quite
pnt (Figure 1A). The volcano plots further described
the differentially expressed genes (DEGs) between GC and
normal gastric tissues (Figure 1B), or chemoresistant GC
and wild GC tissues (Figure 1C). Using Venn analysis, we
identified that the expression of has-miR-424 was gradu-
ally decreased with the malignant progression of GC
(Figure 1D). To further analyze the expression trends, we
selected three cell lines of normal gastric cell, wild type,
and chemoresistant gastric cell to detect the background
expression levels of miRNA-424. The qRT-PCR results
showed that the miR-424-3p content was gradually
remarkably decreased (Figure 1E).

ABCC2 is Negatively Regulated by miR-
424-3p by Binding to the Conserved
Motifs in the 3'-UTR Regions

To further understand the molecular mechanism of miR-
424-3p in regulating the malignant progression and che-
moresistance of GC, we screened the potential targets of
miR-424-3p by using the TargetScan, miRDB, and miRWalk
databases (Table S1). ABCC2 is considered as a putative
target mMRNA of miR-424-3p. Thus, we constructed the
wild-type and mutated ABCC2 luciferase reporter vectors
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(Figure 2A). We co-transfected the luciferase reporter vector
along with miR-424-3p in SGC-7901 or SGC-7901/DDP
cells, and the luciferase activity detection results showed
a considerable reduction in the ABCC2 reporter in both
cells, whereas the mutated ABCC2 reporter had no effect
on the regulation of miR-424-3p (Figure 2B). When miR-
424-3p inhibitor was added in SGC-7901 cells, the mRNA
content of ABCC2 was significantly increased compared

n green plots indicate upregulated and downregulated genes, respectively. (D) Venn analysis for identifying the key miRNA in
ance and mallgnant progression. (E) The relative expression of miR-424-3p in GES-1, SGC-7901, and SGC-7901/DDP cells (mean * s.d;; n = 3 in

with the control group (Figure 2C). The SGC-7901/DDP
cells were transfected with miR-424-3p mimics, and the
mRNA content of ABCC2 was significantly inhibited by
miR-424-3p (Figure 2D). Western blot analysis results
further demonstrated that miR-424-3p inhibitor significantly
upregulated the protein expression of ABCC2 (Figure 2E),
and the miR-424-3p mimics significantly downregulated its
expression (Figure 2F).
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Figure 2 miR- negatively regulates the expression of ABCC2 by binding to the conserved motifs. (A) The inhibitor of expression in the ABCC2 3'-UTR and
a schematic of the r r construct showed the mutated ABCC2 3'-UTR sequence. (B) The direct targeting of the ABCC2 3'-UTR by miR-424-3p was validated using the
luciferase reporter assaf? SGC-7901 and SGC-7901/DDP cells were co-transfected with wt/mut ABCC2 luciferase reporter vector and negative control miR-Ctrl or miR-
424-3p. wt, wild type; mut, mutated. (C) gRT-PCR analysis showed the mRNA expression levels of ABCC2 regulated by miR-424-3p in SGC-7901 cells (D) or SGC-7901/
DDP cells. (E) Western blot analysis showed the protein expression levels of ABCC2 regulated by miR-424-3p in SGC-7901 cells (F) or SGC-7901/DDP cells (mean * s.d.;
n = 3 in triplicate; **P < 0.01).

behavior. The SGC-7901 and SGC-7901/DDP cells were
separately treated with miR-424-3p inhibitor or miR-424-

miR-424-3p Regulates Cell Proliferation,
Invasion, and Migration in GC

Given that miR-424-3p may play an important role in the
malignant progression and chemoresistance in GC, we
then explored the effect of miR-424-3p on GC cell

3p mimics incubated with DDP. The proliferation results
showed that the downregulation of miR-424-3p could
increase the resistance of SGC-7901 to DDP toxicity,
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whereas the upregulation of miR-424-3p caused the inhi-
bition of proliferation to SGC-7901/DDP (Figure 3A).
Adding DDP could significantly inhibit the invasion abil-
ity of SGC-7901, and miR-424-3p inhibitor could offset

transfected into SGC-7901/DDP cells, the invasion ability
significantly decreased the tolerance to DDP (Figure 3B).
Similar to the effects on cell invasion, miR-424-3p also
exhibited significant differences in wound healing speed in

the toxic effect. When miR-424-3p mimics were the transfected cells in these two cell models. Thus, the
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Figure 3 miR-424-3p regulates cell proliferation, invasion, and migration in GC. (A) The downregulation of miR-424-3p promoted the anti-toxic activity and proliferation of
SGC-7901 cells, whereas its upregulation inhibited the chemoresistance and proliferation of SGC-7901/DDP. (B) miR-424-3p inhibitor could offset the toxic effect of DDP
to SGC-7901 cells and promote the invasion ability. The upregulation of miR-424-3p decreased the transfected SGC-7901/DDP cells. (C) miR-424-3p inhibitor could offset
the toxic effect of DDP to SGC-7901 cells and promote the migration ability. The upregulation of miR-424-3p decreased the wound healing speed of SGC-7901/DDP cells

(mean * s.d;; n = 3 in triplicate; **P < 0.01).
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miR-424-3p inhibitor could increase the migration ability
even with the addition of DDP, whereas miR-424-3p
mimics almost completely caused SGC-7901/DDP cells
to lose the migration ability under the DDP environment
(Figure 3C).

miR-424-3p Relies on ABCC2 to
Promote Chemoresistance and Further

Malignant Progression
Considering the regulation of miR-424-3p on ABCC2, we
further investigated the effect of miR-424-3p/ABCC2 on
GC chemoresistance, proliferation, invasion, and migra-
tion in vitro by using the downregulated and upregulated
cell models in SGCC-7901 and SGC-7901/DDP, respec-
tively. Western blot analysis results showed the significant
upregulation of ABCC2 by adding miR-424-3p inhibitor
or the overexpression of ABCC2, whereas the transfection
of miR-424-3p mimics or the knockdown of ABCC2 sig-
nificantly decreased ABCC2 content (Figure 4A). The
proliferation ability significantly increased when miR-
424-3p inhibitor and ABCC2 were upregulated, either
alone or both. However, the proliferation ability of SGC-
7901 cells significantly decreased when ABCQC >
knocked down even with the addition of the miR-4Y
inhibitor. The proliferation ability was al
the control group when miR-424-3p 3
both upregulated in SGC-7901/DDP

that the migration

424-3p inhih
transfectjg i
the contr8 vel when ABCC2 was knocked down and

miR-424-3p in SGC-7901cells.
Migration was s®hnificantly enhanced when the expression
of ABCC2 and miR-424-3p in SGC-7901/DDP cells was
upregulated than when miR-424-3p, shABCC2 plasmid, or
both were transfected (Figure 4D).

The in vivo SGC-7901/DDP xenograft model experi-
ments were then conducted using the BALB/c nu/nu mice.
When miR-424-3p mimics and shABCC2 were individu-
ally or both upregulated, tumor growth and lung metastasis
significantly decreased. When ABCC2 was

ibitor was added

were

even though the miR-424-3p content

increased, the tumor proliferation and lung metastasis abil-

upregulated

ities were significantly restored (Figure 5A and B). We
analyzed the survival rate of all mice. After the overex-
pression of miR-424-3p and ABCC2, the mortality
increased. By contrast, the overexpression of miR-424-
3p, shABCC2, or both protected the mice from death
from xenograft tumors (Figure 5C). Consistent with these
results, the ABCC2 content detection results showed
a significant decrease of ABCC2 when miR-424-3p,
shABCC2, or both were upregulas

pregulating miR-

5D).

ostly asymptomatic or only
. When the clinical symptoms are

ter chemotherapy, leading to treatment failure
en death.

Although many factors leading to drug resistance have
been clarified, the detailed mechanism must be further
elucidated. Many non-coding miRNAs have been studied,
and their expression is dysregulated in many diseases and
cancers. Dysregulated miRNAs affect the characteristics of
most cancers.'® Therefore, a comprehensive understanding
of how miRNAs affect cancer-related biological processes
is of great reference value for the diagnosis, treatment, and
prognosis of cancer. miR-424-3p is a member of the miR-
16 family, and its genes are located on chromosome
Xq26.3, which is closely related to the formation and
development of various tumors.'>?® In the present study,
the results showed that the expression of miR-424-3p
gradually decreased as the malignant progression and che-
moresistance of GC. miR-424-3p was reported to mediate
the chemoresistance by targeting YAPI, galectin-3, or
PI3K pathway in tumors like lung cancer, ovarian cancer,
and prostate cancer,”' >* but how miR-424-3p regulate the
chemoresistance in GC requires further -clarification.
Further analysis revealed that miR-424-3p relied on

24 to

ABCC2, a chemoresistance-related receptor protein,
regulate the chemoresistance, proliferation, invasion, and

migration of GC cells both in vitro and in vivo (Figure 6).
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Figure 4 miR-424-3p relies on ABCC2 to regulate GC cell proliferation, invasion, and migration. (A) Western blot used to analyze the relative protein expressions of
ABCC2 under different treated SGC-7901 and SGC-7901/DDP cells. (B) Proliferation detection showed a significant difference in proliferation among different treated
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-3p. (C) Statistical analysis of survival rate in different groups. (D) Analysis of the protein expression of ABCC2 in xenograft tumors (mean % s.d;
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Although some research had demonstrated that ABCC2
mediated the chemoresistance to cisplatin in gastric
cancer,”” but how ABCC2 was regulated in GC cisplatin
resistance was unclear. Therefore, the clarification of the
regulation of miR-424-3p to ABCC2 in GC will benefit
the diagnosis and prognosis of GC.

Chemotherapy is the standard treatment for non-
radical advanced GC. However, the mechanism of cispla-
tin in drug resistance of esophageal cancer and GC,
mainly involving the transcriptional regulation of some
important miRNA, has rarely been studied. This study
reveals the molecular mechanism of cisplatin resistance,
which is necessary to avoid and improve this phenom-
enon and optimize the treatment regimen. The drug resis-
tance mechanism of GC is very complex, involving
multiple signaling cell pathways, and multiple intersec-
tions exist between many signaling pathways.?
Therefore, current studies are not comprehensive enough
to reflect the partial mechanism of cisplatin in the resis-
tance process of GC. Besides, miR-424-3p might have
multi-targets in regulating chemoresistance, but my work
only clarified one target, and further experimental verifi-
cation is necessary. If the mechanism of cisplatin resis-
tance in the digestive system can be
comprehensively, the clinical application and therapeuti
effect of cisplatin on GC can be greatly imprg
fitting many patients.

In summary, the mechanism of dru
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