
ONCOLOGY LETTERS  21:  211,  2021

Abstract. The dysregulation of long non‑coding RNAs 
(lncRNAs) serves a pivotal role in the pathogenesis and devel‑
opment of multiple types of human cancer, including gastric 
cancer  (GC). MCM3AP‑antisense  1 (MCM3AP‑AS1) has 
been reported to function as a tumor promoter in various types 
of cancer. However, the biological function of MCM3AP‑AS1 
in the resistance of GC cells to cisplatin (CDDP) remains to be 
elucidated. The present study aimed to elucidate the mecha‑
nisms of MCM3AP‑AS1 in the resistance of GC cells to CDDP. 
The expression levels of MCM3AP‑AS1, miR‑138 and FOXC1 
were measured via reverse transcription‑quantitative PCR. In 
addition, cell viability, migration and invasion were assessed via 
the Cell Counting Kit‑8, wound healing and transwell assays, 
respectively. The interaction between genes was confirmed via 
the dual‑luciferase reporter and pull‑down assays. Western blot 
analysis was performed to detect FOXC1 protein expression. 
In the present study, it was demonstrated that MCM3AP‑AS1 
expression was upregulated in CDDP‑resistant GC cells and 
that MCM3AP‑AS1‑knockdown suppressed CDDP resistance 
in GC  cells. Moreover, the examination of the molecular 
mechanism indicated that MCM3AP‑AS1 upregulated FOXC1 
expression by sponging microRNA (miR)‑138. Additionally, 
it was identified that the overexpression of FOXC1 abolished 
MCM3AP‑AS1‑knockdown‑ or miR‑138 mimic‑mediated 
inhibitory effects on CDDP resistance in GC cells. In conclu‑
sion, the present findings suggested that MCM3AP‑AS1 
enhanced CDDP resistance by sponging miR‑138 to upregu‑
late FOXC1 expression, indicating that MCM3AP‑AS1 may be 
a novel promising biomarker for the diagnosis and treatment 
of patients with GC.

Introduction

Gastric cancer (GC) is the third leading cause of cancer‑asso‑
ciated mortality and the fifth most frequent type of cancer 
worldwide. According to the latest statistics, there were 
more than 1,000,000  new cases of GC and an estimated 
783,000 deaths from GC worldwide in 2018 (1‑3). Risk factors, 
including smoking and atrophic gastritis, have been identified 
to contribute to the incidence of GC (4). Despite improvements 
in the diagnosis and treatment of GC, the 5‑year survival rate for 
patients with GC remains unsatisfactory (5). Chemotherapeutic 
cisplatin (CDDP) is one of the main options for the treatment 
of patients with various types of cancer (6). However, CDDP 
treatment often results in the development of chemoresistance, 
leading to therapeutic failure (7). Therefore, it is important to 
understand the molecular regulatory mechanism underlying 
chemoresistance and to identify effective tumor biomarkers to 
improve the prognosis of patients with GC.

Long non‑coding RNAs (lncRNAs) are a type of transcript, 
with a length of >200 nucleotides, that lack protein‑coding 
ability (8,9). Previous studies have reported that lncRNAs are 
involved in the regulation of human cancer by acting as onco‑
genes or tumor suppressor genes. For example, Wu et al (10) 
revealed that lncRNA MEG3 inhibited the progression of 
prostate cancer via binding to microRNA (miRNA/miR)‑9‑5p 
and regulating quaking  I‑5  protein expression. Moreover, 
Gao  et al  (11) indicated that lncRNA NORAD facilitated 
the progression of non‑small cell lung cancer by enhancing 
cell proliferation and glycolysis. Additionally, Xu et al (12) 
demonstrated that lncRNA ROR1‑antisense RNA 1  (AS1) 
sponged miR‑375 to aggravate lung adenocarcinoma 
metastasis and to enhance epithelial‑mesenchymal transi‑
tion, while Zhang  et  al  (13) reported that the lncRNA 
FOXD2‑AS1/miR‑25‑3p/Sema4c axis increased colorectal 
cancer cell migration and invasion.

lncRNAs are reported to be involved in the regula‑
tion of CDDP resistance in GC. For instance, lncRNA 
MALAT1 enhances autophagy‑associated CDDP resistance 
in GC by sponging miR‑20b and by upregulating autophagy 
protein  5  (14). Furthermore, prostate cancer‑associated 
ncRNA transcripts 1 promotes CDDP resistance in GC by 
regulating the miR‑128/zinc‑finger E‑box binding homeobox 1 
axis  (15), while OIP5‑AS1 suppression increases CDDP 
sensitivity by targeting the miR‑377‑3p/fos‑like antigen 2 axis 
in osteosarcoma (16). MCM3AP‑AS1 has been reported to 
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promote tumorigenesis and progression in various types of 
cancer, such as pancreatic cancer, hepatocellular carcinoma 
and breast cancer (17‑19). However, the regulatory effects of 
lncRNA MCM3AP‑AS1 on CDDP resistance in GC remain to 
be determined.

The present study aimed to investigate the role of 
MCM3AP‑AS1 and the regulatory mechanisms associated 
with this lncRNA in CDDP‑resistant GC cells, which may 
provide a novel biomarker for the diagnosis and treatment of 
GC.

Materials and methods

Cell lines and cell culture. GC cell lines (AGS, MKN45, 
NCI‑N87 and SNU638), the normal gastric mucosa epithelial 
GES‑1 cell line and 293T cells were obtained from The Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences. Cells were incubated in RPMI‑1640 medium supple‑
mented with 10% FBS (both purchased from Thermo Fisher 
Scientific, Inc.) and 1% penicillin‑streptomycin (Thermo Fisher 
Scientific, Inc.). CDDP‑resistant GC cell lines (NCI‑N87/CDDP 
and AGS/CDDP) were induced in RPMI‑1640 medium with 
increasing concentrations (0‑10 µg/ml) of CDDP at 37˚C for 
more than 6 months. Cell incubation conditions included a 
humidified environment with 5% CO2 at 37˚C.

Cell transfection. Specific short hairpin RNAs (shRNAs) 
against MCM3AP‑AS1 (shMCM3AP‑AS1#1; 5'‑GGG​AGU​
AAG​UGA​AAG​UAA​U‑3' and shMCM3AP‑AS1#2; 5'‑GCU​
UCG​AUG​UGU​UAC​UUA​A‑3') were used to knock down 
MCM3AP‑AS1 expression. A sh‑negative control (shNC; 
10  nM; 5'‑UUC​UCC​GAA​CGU​GUC​ACG​U‑3') was used 
as the NC. shRNAs were used for stable transfection. The 
pcDNA3.1 plasmids targeting FOXC1 or MCM3AP‑AS1 were 
used to overexpress FOXC1 or MCM3AP‑AS1, respectively, 
with empty pcDNA3.1 as the NC. miR‑138 mimics (5'‑AGC​
UGG​UGU​UGU​GAA​UCA​GGC​CG‑3') and miR‑138 inhibitor 
(5'‑CGG​CCU​GAU​UCA​CAA​CAC​CAG​CU‑3') were utilized to 
overexpress and knock down miR‑138 expression, respectively. 
NC mimics (NC miR‑mimics; 10 nM; 5'‑ACU​CUA​UCU​GCA​
CGC​UGA​CUU‑3') and NC inhibitor (NC miR‑inhibitor; 
10 nM; 5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3') served as 
scrambled NCs. The aforementioned vectors were provided by 
Shanghai GenePharma Co., Ltd.. Transfection was conducted 
using Lipofectamine®  2000 for 48  h at 37˚C (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were subjected to subse‑
quent experimentation 48 h following transfection.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from NCI‑N87 and AGS cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
A PrimeScript  RT reagent kit (cat.  no.  RR047A; Takara 
Biotechnology Co., Ltd.) or a TaqMan™ Advanced miRNA 
cDNA Synthesis kit (cat.  no.  4366596; Thermo  Fisher 
Scientific, Inc.) were used to reverse transcribe RNAs into 
cDNA according to the manufacturer's protocol. RT‑qPCR 
was performed on the ABI  7500 real‑time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
a SYBR‑Green PCR Master Mix kit (Takara Biotechnology 
Co., Ltd.). The following thermocycling conditions were used: 

Pre‑denaturation at 95˚C for 15 sec, denaturation at 94˚C for 
30 sec, annealing at 60˚C for 20 sec, and extension at 72˚C 
for 40 sec for 40 cycles. The expression levels of genes were 
calculated utilizing the 2‑ΔΔCq method (20), with GAPDH or 
U6 as the internal controls The primer (Shanghai GeneChem) 
sequences used in the present study were as follows: 
MCM3AP‑AS1 forward, 5'‑CCT​ATC​CCT​TTC​TCT​AAG​
A‑3', reverse, 5'‑ACT​TCT​GCA​AAA​ACG​TGC​TG‑3'; miR‑138 
forward, 5'‑GTT​AGG​GCA​GGT​GGG​ATG‑3', reverse, 5'‑TGT​
ATG​CGG​CTG​GTA​AGT​AG‑3'; FOXC1 forward, 5'‑AAC​ATC​
GCC​TGC​GTT​ATC​CTC‑3', reverse, 5'‑ACG​TCC​CGG​ATG​
ATC​CCA​A‑3'; U6 forward, 5'‑TTA​TGG​GTC​CTA​GCC​TGA​
C‑3', reverse, 5'‑CAC​TAT​TGC​GGG​TCT​GC‑3'; and GAPDH 
forward, 5'‑CCA​CAT​CGC​TCA​GAC​ACC​AT‑3' and reverse, 
5'‑ACC​AGG​CGC​CCA​ATA​CG‑3'.

Cell viability and drug‑sensitivity assay. The viability 
of NCI‑N87/CDDP and AGS/CDDP cells was assessed 
using a Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc.) assay. Cells (1x104  cells/well) were 
seeded into 96‑well plates. Following incubation at 37˚C for 
0, 24, 48 and 72 h, each well was supplemented with 10 µl 
CCK‑8 reagent and the cells were incubated for 4 h at room 
temperature to examine cell viability. Finally, cell viability 
was represented by absorbance values at 450  nm, which 
were measured using the MRX II microplate reader (Dynex 
Technologies).

To determine the IC50, NCI‑N87/CDDP and AGS/CDDP 
cells were treated with varying concentrations (0, 1, 2, 4, 8, 16 
and 32 µg/ml) of CDDP for 48 h.

RNA pull‑down. An RNA pull‑down assay was conducted 
using the Pierce Magnetic RNA‑Protein Pull‑Down kit 
(cat.  no.  20164; Pierce; Thermo  Fisher Scientific, Inc.) 
according to the manufacturer's protocol. GC cells were 
transfected with 50  µM biotinylated‑MCM3AP‑AS1 
(Biotin‑MCM3AP‑AS1) and biotinylated NC. Cells were 
collected 48  h after transfection and subsequently lysed 
in RNase‑free cell lysis solution (1 mM HEPES, 200 mM 
NaCl, 1% Triton X‑100, 10 mM MgCl2, 200 U/ml RNase 
Inhibitor) at 4˚C. Cell lysates were incubated with M‑280 
streptavidin magnetic beads (Invitrogen; Thermo  Fisher 
Scientific, Inc.) overnight at 4˚C, according to the manu‑
facturer's protocol. Next, the beads were washed with high 
salt buffer (1% Triton X‑100; 0.1% SDS; 20 mM Tris‑HCl, 
pH 8.0; 2 mM EDTA; 500 mM NaCl). After washing and 
centrifugation (1,500 x g; 10 min, 4˚C), the pellet was lysed 
with TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), the binding of miR‑138 to MCM3AP‑AS1 was assessed 
via RT‑qPCR, as aforementioned.

Wound healing assay. NCI‑N87 and AGS cells (5x104 cells) 
were plated in 6‑well plates and incubated with RPMI‑1640 
medium without serum for 24 h at 37˚C. When cells reached 
100% confluence,they were used forthe wound healing assay. 
A 200‑µl pipette tip was used to generate scratches. The wound 
width at 0 and 24 h was observed under an light microscope 
(magnification, x200; Olympus Corporation) and measured 
using ImageJ software version  1.8 (National Institutes of 
Health).
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Transwell assay. NCI‑N87 and AGS cells (1x104  cells) 
suspended in serum‑free medium were added into the upper 
chambers, which were precoated with Matrigel® at 37˚C for 
1 h. The lower chamber was filled with RPMI‑1640 medium 
(600 µl) containing 10% FBS. After 48 h of incubation at 
37˚C, invasive cells were fixed with methanol for 20 min at 
room temperature and stained with 0.1% crystal violet for 
20 min at room temperature. The number of invasive cells 
was counted under a light microscope (magnification, x200; 
Olympus Corporation).

Luciferase reporter assay. The starBase 2.0 database (http://star‑
base.sysu.edu.cn/) was used to predict the potential target 
genes of MCM3AP‑AS1. The pmirGLO vectors (Shanghai 
GenePharma Co., Ltd.) of MCM3AP‑AS1‑wild‑type (Wt) or 
MCM3AP‑AS1‑mutant (Mut) reporters were co‑transfected 
with NC mimics, miR‑138 mimics, NC inhibitor or miR‑138 
inhibitor into 293T cells using Lipofectamine  2000. In 
addition, pmirGLO‑FOXC1‑Wt or pmirGLO‑FOXC1‑Mut 
reporters were co‑transfected with NC mimics, miR‑138 
mimics, NC inhibitor or miR‑138 inhibitor into 293T cells 
using Lipofectamine 2000. After 48 h, the relative luciferase 
activity was measured using a Dual Luciferase Reporter assay 
system (Promega Corporation) and normalized to Renilla 
luciferase activity.

Western blot analysis. The proteins from transfected 
AGS/CDDP cells were isolated using RIPA lysis buffer 
(Beyotime Institute of Biotechnology) and then quanti‑
fied using a BCA Protein Assay kit (Pierce; Thermo Fisher 
Scientific, Inc.). After separating via 10% SDS‑PAGE (Bio‑Rad 
Laboratories, Inc.), a total of 30 µg proteins were transferred 
onto PVDF membranes (Invitrogen; Thermo Fisher Scientific, 
Inc.). After blocking with 5% skimmed milk for 2 h at room 
temperature, membranes were incubated with primary anti‑
bodies against FOXC1 (1:1,000; cat. no. ab227977; Abcam) 
and GAPDH (1:1,000; cat.  no.  ab9485; Abcam) overnight 
at 4˚C. Subsequently, HRP‑conjugated goat anti‑rabbit IgG 
secondary antibodies (1:1,000; cat. no.  ab205718; Abcam) 
were incubated with the membranes for 2 h at room tempera‑
ture. The blots were visualized using an ECL detection system 
(Thermo Fisher Scientific, Inc.).

Nuclear/cytoplasmic RNA fractionation. Nuclear and cyto‑
plasmic fractions were acquired from NCI‑N87/CDDP and 
AGS/CDDP cells using nucleoplasmic fractionation buffer 
(140 mmol/l NaCl, 1.5 mmol/l MgCl2, 10 mmol/l Tris‑HCl 
pH  8.5, 0.5%  NP‑40). First, cell pellet was resuspended 
through nucleoplasmic fractionation buffer and incubated 
for 5 min on ice. After centrifugation, the supernatant and 
pellet were collected as the cytoplasmic and nuclear fractions, 
respectively. RNA was isolated from nuclear/cytoplasmic 
fractions, and RT‑qPCR was then used to assess the levels 
of MCM3AP‑AS1, GAPDH and U6. GAPDH served as the 
cytoplasmic endogenous control, and U6 served as the nuclear 
endogenous control.

Statistical analysis. Data are presented as the mean ± SD, 
and were analyzed using SPSS 20.0 Software (IBM Corp.). 
Each experiment was repeated ≥3 times. A one‑way ANOVA 

followed by Tukey's post hoc test and unpaired Student's t‑test 
were used to compare the differences among >2 and 2 groups, 
respectively. P<0.05 was considered to indicate a statistically 
significant difference.

Results

MCM3AP‑AS1‑knockdown weakens CDDP resistance in 
GC cells. To examine the biological role of MCM3AP‑AS1 in 
the CDDP resistance of GC cells, CDDP‑resistant NCI‑N87 
cells (NCI‑N87/CDDP) and AGS cells (AGS/CDDP) were 
established. As presented in Fig. 1A, the IC50 of CDDP was 
significantly increased in NCI‑N87/CDDP and AGS/CDDP 
cells compared with in their parental cell lines. Moreover, 
MCM3AP‑AS1 expression was upregulated in CDDP‑resistant 
GC cells compared with in their parental cell lines (Fig. 1B). 
Subsequently, NCI‑N87/CDDP and AGS/CDDP cells were 
transfected with shMCM3AP‑AS1#1/2. The transfection effi‑
ciency was confirmed via RT‑qPCR (Fig. 1C). Wound healing, 
Transwell and CCK‑8 assay results indicated that the knock‑
down of MCM3AP‑AS1 significantly inhibited the migration, 
invasion and proliferation of NCI‑N87/CDDP and AGS/CDDP 
cells (Fig. 1D‑F). In addition, it was found that the IC50 in 
NCI‑N87/CDDP and AGS/CDDP cells was significantly 
decreased following MCM3AP‑AS1‑knockdown (Fig. 1G). 
These findings indicated that MCM3AP‑AS1‑knockdown 
potentiated the CDDP sensitivity of GC cells.

MCM3AP‑AS1 overexpression enhances CDDP resistance in 
GC cells. The overexpression efficiency of MCM3AP‑AS1 was 
verified via RT‑qPCR analysis (Fig. 2A). Wound healing and 
Transwell assay results demonstrated that the overexpression 
of MCM3AP‑AS1 significantly enhanced the migratory and 
invasive abilities of NCI‑N87/CDDP and AGS/CDDP cells 
(Fig. 2B and C). Moreover, CCK‑8 assay results identified that 
the proliferative ability of NCI‑N87/CDDP and AGS/CDDP 
cells was increased after MCM3AP‑AS1 overexpression 
(Fig. 2D). It was found that the IC50 was significantly enhanced 
in NCI‑N87/CDDP and AGS/CDDP cells after MCM3AP‑AS1 
overexpression (Fig. 2E). Thus, MCM3AP‑AS1 overexpression 
decreased the CDDP sensitivity of GC cells.

MCM3AP‑AS1 facilitates CDDP resistance in GC cells via 
targeting miR‑138. Accumulating evidence has revealed that 
lncRNAs function as competitive endogenous  (ce)RNAs 
in the regulation of multiple types of human cancer by 
sponging miRNAs (21,22). Therefore, it was hypothesized that 
MCM3AP‑AS1 may be involved in the regulation of CDDP 
resistance in GC via the ceRNA network. First, the LncLocator 
program (http://www.csbio.sjtu.edu.cn/bioinf/LncLocator/) 
predicted that MCM3AP‑AS1 was mainly expressed in the 
cytoplasm (Fig.  3A). Subsequently, nuclear‑cytoplasmic 
fractionation assay results suggested that the majority of 
MCM3AP‑AS1 was distributed in the cytoplasm of GC cells 
(Fig. 3B). Using the starBase v2.0 database, the potential 
binding sites between MCM3AP‑AS1 and miR‑138 were 
predicted (Fig. 3C). A luciferase reporter assay demonstrated 
that the luciferase activity of pmirGLO‑MCM3AP‑AS1‑Wt 
reporters was significantly decreased in the miR‑138 mimics 
group, but was enhanced in the miR‑138 inhibitor group; 
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moreover, no significant differences were identified in 
pmirGLO‑MCM3AP‑AS1‑Mut reporters (Fig. 3D).

RT‑qPCR revealed that miR‑138 expression was upregu‑
lated in NCI‑N87/CDDP and AGS/CDDP cells transfected 

with miR‑138 mimics, and downregulated in NCI‑N87/CDDP 
and AGS/CDDP cells transfected with miR‑138 inhibitor 
(Fig. 3E and F). RNA‑pull down assay results indicated that 
biotinylated‑MCM3AP‑AS1 (Biotin‑MCM3AP‑AS1‑WT) 

Figure 1. MCM3AP‑AS1‑knockdown weakens CDDP resistance in GC cells. (A) The IC50 was tested in NCI‑N87, NCI‑N87/CDDP, AGS and AGS/CDDP. 
(B) MCM3AP‑AS1 expression in GC cells and CDDP‑resistant GC cells was measured by RT‑qPCR. (C) The knockdown efficiency of MCM3AP‑AS1 in 
NCI‑N87/CDDP and AGS/CDDP cells was assessed by RT‑qPCR. (D) Migratory (magnification, x200) and (E) invasive abilities (magnification, x200) 
of CDDP‑resistant GC cells were detected after repressing MCM3AP‑AS1 by wound healing and Transwell assays, respectively. (F) Cell viability of 
NCI‑N87/CDDP and AGS/CDDP cells was measured after repressing MCM3AP‑AS1 by Cell Counting Kit‑8 assay. (G) The IC50 of NCI‑N87/CDDP and 
AGS/CDDP was tested after repressing MCM3AP‑AS1 by drug‑sensitivity assay. *P<0.05 vs. AGS, NCI‑N87 or shNC. MCM3AP‑AS1, MCM3AP antisense 
RNA 1; CDDP, cisplatin; GC, gastric cancer; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin RNA; NC, negative control; OD, optical 
density.
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was able to directly precipitate miR‑138, while bioti‑
nylated‑MCM3AP‑AS1 with predicted mutant binding sites 
(Biotin‑MCM3AP‑AS1‑Mut) could not precipitate miR‑138 
(Fig. 3G). In addition, miR‑138 expression was significantly 
increased by knocking down MCM3AP‑AS1, but this effect 
was abrogated by the miR‑138 inhibitor (Fig. 3H). Additionally, 
MCM3AP‑AS1‑knockdown inhibited the migration, invasion 
and proliferation of CDDP‑resistant GC cells, which was then 
reversed by miR‑138 silencing (Fig. 3I‑K). Additionally, the 
miR‑138 inhibitor partially abolished the inhibitory effect of 
MCM3AP‑AS1‑knockdown on the IC50 in NCI‑N87/CDDP 
and AGS/CDDP cells (Fig. 3L). Therefore, it was suggested 
that MCM3AP‑AS1 increased the CDDP resistance of 
CDDP‑resistant GC cells via sponging miR‑138.

MCM3AP‑AS1 serves as a ceRNA for miR‑138 to upregulate 
FOXC1 expression. Upregulated FOXC1 has been reported to 
be associated with a poor prognosis in patients with GC (23). 
The starBase database was used to predict the binding sites 
between miR‑138 and FOXC1 (Fig.  4A). As presented in 

Fig. 4B, the luciferase activity of the FOXC1‑WT reporters 
was significantly decreased by overexpressing miR‑138, 
while it was enhanced by inhibiting miR‑138. Additionally, 
no significant change was observed in the FOXC1‑Mut group 
(Fig. 4B). Furthermore, FOXC1 mRNA and protein expression 
was decreased by MCM3AP‑AS1‑knockdown, but this effect 
was counteracted by the miR‑138 inhibitor in AGS/CDDP 
cells (Fig. 4C and D). Overall, these findings demonstrated 
that MCM3AP‑AS1 positively regulated FOXC1 expression 
by directly sponging miR‑138.

MCM3AP‑AS1/miR‑138 axis increases the resistance 
of GC  cells to CDDP by regulating FOXC1. RT‑qPCR 
revealed that transfection of the FOXC1 overexpression 
plasmid significantly increased FOXC1 expression in 
AGS/CDDP cells (Fig. 5A). As illustrated in Fig. 5B and C, 
FOXC1 expression was decreased in AGS/CDDP cells 
transfected with shMCM3AP‑AS1#1 or miR‑138 mimics, 
but this effect was counteracted by overexpressing FOXC1. 
Rescue assays were performed to examine whether the 

Figure 2. MCM3AP‑AS1 overexpression enhances CDDP resistance in GC cells. (A) The overexpression efficiency of MCM3AP‑AS1 in NCI‑N87/CDDP and 
AGS/CDDP cells was assessed by reverse transcription‑quantitative PCR. (B) Migratory (magnification, x200) and (C) invasive abilities (magnification, x200) 
of CDDP‑resistant GC cells was detected after overexpressing MCM3AP‑AS1 by wound healing and Transwell assays, respectively. (D) Cell viability of 
NCI‑N87/CDDP and AGS/CDDP cells was measured after overexpressing MCM3AP‑AS1 by Cell Counting Kit‑8 assay. (E) The IC50 of NCI‑N87/CDDP 
and AGS/CDDP cells was tested after overexpressing MCM3AP‑AS1 by drug‑sensitivity assay. *P<0.05 vs. pcDNA3.1. MCM3AP‑AS1, MCM3AP antisense 
RNA 1; CDDP, cisplatin; GC, gastric cancer; OD, optical density.
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Figure 3. MCM3AP‑AS1 facilitates CDDP resistance of GC cells by targeting miR‑138. (A) LncLocator program predicted the subcellular localization of 
MCM3AP‑AS1. (B) MCM3AP‑AS1 expression in the cytoplasmic and nuclear fractions was measured in NCI‑N87/CDDP and AGS/CDDP cells by subcellular 
fraction assay. (C) The binding site between MCM3AP‑AS1 and miR‑138 was predicted using the starBase website. (D) The binding ability of MCM3AP‑AS1 
for miR‑138 was detected in 293T cells by luciferase reporter assay. miR‑138 expression in NCI‑N87/CDDP and AGS/CDDP cells transfected with (E) NC 
mimics and miR‑138 mimics, and (F) NC inhibitor and miR‑138 inhibitor. (G) The binding capacity between MCM3AP‑AS1 and miR‑138 was verified by 
RNA pull‑down assay. (H) miR‑138 expression was assessed in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+miR‑138 inhibitor groups by reverse 
transcription‑quantitative PCR. (I) Migratory (magnification, x200) and (J) invasive abilities (magnification, x200) of NCI‑N87/CDDP and AGS/CDDP cells 
were detected in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+miR‑138 inhibitor groups by wound healing and Transwell assay, respectively. (K) Cell 
viability of NCI‑N87/CDDP and AGS/CDDP cells was measured in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+miR‑138 inhibitor groups by Cell 
Counting Kit‑8 assay. (L) The IC50 values of CDDP‑resistant GC cells was tested in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+miR‑138 inhibitor 
groups by drug‑sensitivity assay. *P<0.05. miR, microRNA; MCM3AP‑AS1, MCM3AP antisense RNA 1; CDDP, cisplatin; GC, gastric cancer; sh, short 
hairpin RNA; NC, negative control; OD, optical density; WT, wild‑type; Mut, mutant; Bio, biotinylated.
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MCM3AP‑AS1/miR‑138/FOXC1 axis affected the resistance 
of GC cells to CDDP. Subsequently, wound healing, Transwell 
and CCK‑8 assay results identified that the overexpression of 
FOXC1 could reverse the decrease in cellular migration, inva‑
sion and proliferation caused by MCM3AP‑AS1‑knockdown 
or miR‑138 mimics in AGS/CDDP cells (Fig. 5D‑F). In addi‑
tion, FOXC1 overexpression partially abrogated the inhibitory 
effect of MCM3AP‑AS1‑knockdown or miR‑138 overexpres‑
sion on the IC50 in AGS/CDDP cells (Fig. 5G). Therefore, it 
was indicated that the MCM3AP‑AS1/miR‑138 axis regulated 
CDDP resistance of GC cells via FOXC1.

Discussion

Chemoresistance is considered a major obstacle for cancer 
therapy in the clinic (24). lncRNAs are reported to be closely 
associated with chemoresistance in human cancer. For 
example, lncRNA HOXD‑AS1 contributes to CDDP resistance 
in GC by epigenetically suppressing programmed cell death 4 
expression by recruiting enhancer of zeste homolog 2 (25). 
Moreover, lncRNA NEAT1 enhances paclitaxel resistance 
of ovarian cancer via the miR‑194/ZEB1 axis (26). Although 
MCM3AP‑AS1 has been reported to act as an oncogene 
in various types of cancer, the biological role of lncRNA 
MCM3AP‑AS1 in the resistance of GC cells to CDDP remains 
unknown. The present study demonstrated that MCM3AP‑AS1 
expression was upregulated in CDDP‑resistant GC cells. In 

addition, MCM3AP‑AS1‑knockdown inhibited the migra‑
tion, invasion and proliferation of CDDP‑resistant GC cells, 
suggesting that MCM3AP‑AS1 enhanced CDDP resistance in 
GC cells.

miRNAs are a class of endogenous non‑coding RNAs 
with a length of 22‑25 nucleotides  (27,28) and they serve 
vital roles in various types of cancer, including GC. For 
example, Hu  et  al  (29) reported that miR‑4317 inhibited 
the proliferation of GC cells by targeting zinc finger 322, 
while He and Zou (30) revealed that miR‑96 promoted the 
proliferation of GC cells by inhibiting FOXO3 expression. 
miR‑138 has been shown to function as a tumor suppressor in 
various types of cancer, such as breast, ovarian and non‑small 
cell lung cancer  (31‑33). In addition, several studies have 
indicated that miR‑138 is involved in the drug resistance of 
multiple types of human cancer. For instance, Tang et al (34) 
reported that miR‑138 inhibited gefitinib resistance in 
non‑small cell lung. Furthermore, Li et al (35) observed that 
LINC00174‑knockdown decreased chemoresistance in glioma 
cells by downregulating miR‑138 expression. The present 
study identified that miR‑138 was a downstream target of 
MCM3AP‑AS1, and that a miR‑138 inhibitor could abolish the 
inhibitory effect of MCM3AP‑AS1‑knockdown on the CDDP 
resistance of GC cells.

Previous studies have reported that lncRNAs may act 
as ceRNAs by sponging miRNAs to release downstream 
mRNAs (36‑38). FOXC1, a member of the FOX transcription 

Figure 4. MCM3AP‑AS1 serves as a competitive endogenous RNA for miR‑138 to upregulate FOXC1 expression. (A) The binding site between FOXC1 and 
miR‑138 was obtained from the starBase website. (B) The binding ability of MCM3AP‑AS1 for miR‑138 was detected by luciferase reporter assay in 293T 
cells. FOXC1 expression was measured in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+miR‑138 inhibitor groups by (C) reverse transcription‑quan‑
titative PCR and (D) western blot assays. *P<0.05. miR, microRNA; MCM3AP‑AS1, MCM3AP antisense RNA 1; CDDP, cisplatin; sh, short hairpin RNA; 
NC, negative control; WT, wild‑type; Mut, mutant.
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Figure 5. MCM3AP‑AS1/miR‑138 increases gastric cancer cell resistance to CDDP via regulating FOXC1. (A) FOXC1 expression in AGS/CDDP cells trans‑
fected with pcDNA3.1 and pcDNA3.1‑FOXC1. (B) FOXC1 expression was assessed in AGS/CDDP cells transfected with shNC, shMCM3AP‑AS1#1 and 
shMCM3AP‑AS1#1+FOXC1 groups by RT‑qPCR and western blot assays. (C) FOXC1 expression was assessed in AGS/CDDP cells transfected with NC 
mimics, miR‑138 mimics and miR‑138 mimics+FOXC1 groups by RT‑qPCR and western blot assays. (D) Migratory (magnification, x200) and (E) inva‑
sive abilities (magnification, x200) of AGS/CDDP cells were detected in different groups by wound healing and Transwell assays, respectively. (F) Cell 
viability of AGS/CDDP cells was measured in shNC, shMCM3AP‑AS1#1 and shMCM3AP‑AS1#1+FOXC1 groups, as well as NC, mimics, miR‑138 
mimics and miR‑138 mimics+FOXC1 groups by Cell Counting Kit‑8 assay. (G) The IC50 of AGS/CDDP cells was tested in shNC, shMCM3AP‑AS1#1 
and shMCM3AP‑AS1#1+FOXC1 groups, as well as NC, mimics, miR‑138 mimics and miR‑138 mimics+FOXC1 groups by drug‑sensitivity assay. *P<0.05. 
miR, microRNA; MCM3AP‑AS1, MCM3AP antisense RNA 1; CDDP, cisplatin; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin RNA; 
NC, negative control; OD, optical density.
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factor family, serves a vital role in numerous types of cancer, such 
as colorectal, non‑small cell lung and prostate cancer (39‑41). 
With regards to GC, Xu et al (23) found that FOXC1 overex‑
pression contributed to poor prognosis in patients with GC. 
The present results indicated that MCM3AP‑AS1‑knockdown 
inhibited FOXC1 expression by targeting miR‑138 in GC. In 
addition, it was identified that the overexpression of FOXC1 
abolished the inhibitory effects of MCM3AP‑AS1‑knockdown 
(or miR‑138 mimics) on CDDP resistance in GC.

In conclusion, to the best of our knowledge, the present 
study was the first to investigate the role and potential 
mechanism of MCM3AP‑AS1 in the resistance of GC cells to 
CDDP. The current findings demonstrated that MCM3AP‑AS1 
promoted CDDP resistance in GC by sponging miR‑138 to 
upregulate FOXC1 expression, which may provide a novel 
promising therapeutic approach for GC treatment. However, 
in vivo studies and associated clinical trials are required to 
verify and elucidate this molecular mechanism.
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