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Abstract. The efficacy of chemotherapy for colon cancer is 
limited due to the development of chemoresistance. MicroRNA 
(miR)‑188‑5p is downregulated in various types of cancer. The 
aim of the present study was to explore the molecular role of 
miR‑188 in oxaliplatin (OXA) resistance. An OXA‑resistant 
colon cancer cell line, SW480/OXA, was used to examine 
the effects of miR‑188‑5p on the sensitivity of colon cancer 
cells to OXA. The target of miR‑188‑5p was identified using 
a luciferase assay. Cell cycle distribution was also assessed 
using flow cytometry. The measurement of p21 protein expres‑
sion, Hoechst 33342 staining and Annexin V/propidium iodide 
staining was used to evaluate apoptosis. The expression of 
miR‑188‑5p significantly increased in SW480/OXA compared 
with wild‑type SW480 cells. The luciferase assay demon‑
strated that miR‑188‑5p inhibited Ras GTPase‑activating 
protein 1 (RASA1; also known as p120/RasGAP) luciferase 
activity by binding to the 3'‑untranslated region of RASA1 
mRNA, suggesting that miR‑188‑5p could target RASA1. 
In addition, miR‑188‑5p downregulation or RASA1 over
expression promoted the chemosensitivity of SW480/OXA, as 
evidenced by increased apoptosis and G1/S cell cycle arrest. 
Moreover, RASA1 silencing abrogated the increase in cell 
apoptosis induced by the miR‑188‑5p inhibitor. The findings 
of the present study suggested that miR‑188‑5p could enhance 
colon cancer cell chemosensitivity by promoting the expres‑
sion of RASA1.

Introduction

Colon cancer is the third most frequently diagnosed cancer 
and the second leading cause of cancer death in the United 
States (1). In the United States, 104,610 new cases of colon 
cancer were reported in 2020  (1). Among them, approxi‑
mately 53,200 mortalities were reported annually in the 
United States (1). Overall, the incidence and death rates for 
colon cancer are on the decline (2). However, this trend is not 
observed in younger individuals from 15‑35 years old (1‑3). The 
two major causes of colon cancer are chromosomal instability 
and serrated neoplasia (3). Treatment options for colon cancer 
include endoscopic and surgical local excision, preoperative 
radiotherapy and chemotherapy (3). However, chemoresistance 
remains an obstacle to the treatment of colon cancer (4,5).

MicroRNA (miRNA/miR) plays a significant role in 
complex physiological and pathological processes through 
the regulation of target gene expression via binding to their 
3'‑untranslated region (UTR) (6). Usually, each miRNA has 
multiple target mRNA transcripts, resulting in various effects, 
such as cell proliferation, apoptosis, migration and invasion (7). 
Previous studies have highlighted the link between miRNA and 
the chemoresistant phenotype of different tumor types, which 
is mediated by abnormal regulation of apoptosis (8), cell cycle 
distribution (9) and activity of drug efflux transporters (10). 
Modulating the expression of miRNA using specific mimics or 
inhibitors normalizes gene regulatory networks and signaling 
pathways, thus sensitizing cancerous cells to chemotherapy (11). 
Therefore, miRNA‑based gene therapy may represent an attrac‑
tive approach for cancer therapy (11,12).

In various types of cancer, such as cervical cancer (13), 
non‑small cell lung cancer (14), gastric cancer (15), glioma (16), 
colorectal cancer (CRC)  (17), oral squamous cell carci‑
noma (18), hepatocellular carcinoma (19), prostate cancer (20), 
acute myeloid leukemia (21) and rectal cancer (22), miR‑188‑5p 
is downregulated. Moreover, transfection of miR‑188‑5p 
mimics reduces proliferation and migration while promoting 
apoptosis in A549 and H2126 cells (14). In in vivo xenograft 
models, miR‑188‑5p inhibits tumor growth of non‑small 
cell lung cancer (14). Additionally, miR‑188‑3p regulates the 
expression of myeloid/lymphoid or mixed‑lineage leukemia 4 
(MLLT4) and promotes the migration of HCT116 and HRT18 
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cancer cells (17); it has also been proposed as a novel inde‑
pendent prognostic factor in patients with CRC (17). In locally 
advanced rectal cancer, miR‑188‑5p is associated with a 
complete pathological response to the neoadjuvant chemora‑
diotherapy (22). However, the role of miR‑188 in drug‑resistant 
cancer cells has yet to be examined.

Ras GTPase‑activating protein 1 (RASA1; also known 
as p120/RasGAP) was the first identified RasGAP protein. 
RASA1 has been implicated in a number of biological 
processes, including actin filament polymerization, cell apop‑
tosis and migration (23). RASA1 acts as a cancer suppressor 
gene in several types of tumor (24‑32). RASA1 suppresses 
the effect of Ras proteins by enhancing their weak intrinsic 
GTPase activity, leading to an increase in the levels of the 
inactive, GDP‑bound form of Ras  (33). This causes aber‑
rant intracellular signaling through the Ras‑RAF‑ERK 
pathway (33). A previous study has demonstrated that RASA1 
protein levels are significantly decreased in colon cancer 
cells and that RASA1 is a target of miR‑21, which promotes 
the malignancy of colon cancer cells (34). The upregulation 
of RASA1 inhibits cell proliferation and inhibits the RAS 
signaling pathway (34). Moreover, the expression levels of 
miR‑223 and RASA1 are inversely correlated in tumor tissue 
from patients with CRC (35). RASA1 is also a validated target 
of miR‑335, which is downregulated in CRC (36). Several 
studies have also indicated that onco‑miR molecules, such as 
miR‑21 and miR‑182, promote tumor angiogenesis and lymph 
node metastasis by targeting RASA1 (37,38).

The present study aimed to explore the molecular role of 
miR‑188‑5p in oxaliplatin (OXA) resistance. miR‑188‑5p may 
enhance colon cancer cell chemosensitivity by promoting the 
expression of RASA1, providing a new insight into treatment 
options for OXA‑resistant colon cancer.

Materials and methods

Cell culture and treatment. The human SW480 colon 
cancer cell line was purchased from American Type Culture 
Collection. To induce OXA resistance in SW480 cells 
(SW480/OXA), SW480 cells were seeded into a 24‑well plate 
at a density of 1x105 cells/well and cultured in the presence of 
0.5 mM OXA (Sigma‑Aldrich; Merck KGaA; cat. no. O9512) 
for 24  h. Subsequently, the medium was replaced with 
OXA‑free medium, and the cells were cultured for three days. 
From day 4, the drug concentration increase started. This 
procedure was continued for 6 months with a drug concentra‑
tion increase at 0.4 µM/month, (0.5‑2.5 mM) and the medium 
was changed at every other day. After appropriately increasing 
the concentration of OXA over a period of 6 months, a stable 
drug‑resistant cell line SW480/OXA was obtained. Cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Sigma‑Aldrich; Merck KGaA) with 10% Fetal Bovine Serum 
(FBS; Gibco; Thermo Fisher Scientific Inc.) and 1% peni‑
cillin/streptomycin solution at 37˚C with 5% CO2 saturated 
humidity.

Hoechst 33342 staining. SW480 and SW480/OXA cells 
(2x105/well) were seeded into a fibronectin‑coated 12‑well 
plate. After cell transfection, 5 µg/ml Hoechst 33342 staining 
solution (Beijing Solarbio Science & Technology Co., Ltd.; 

cat. no. C0031) was added to the cells, which were incubated 
for 20 min at room temperature. The cells were then washed 
three times with PBS. Coverslips were sealed and visualized 
under a confocal microscope (T1‑SAM microscope; Nikon 
Corporation).

Reverse transcription‑quantitative (RT‑q) PCR. Total 
RNA was isolated from SW480 and SW480/OXA cells 
(5x105 cells/well in a 6‑well plate) using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.; cat. no. 15596026) according to 
the manufacturer's instructions. First‑strand cDNA was synthe‑
sized using the High‑Capacity cDNA Reverse Transcription 
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.; 
cat. no. 4368814) according to the manufacturer's protocol. 
SYBR Green PCR Master mix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.; cat. no. A25741) was used to perform 
RT‑qPCR. The qPCR thermocycling conditions were as 
follows: Initial denaturation at 94˚C for 5 min, followed by 
40 cycles of denaturation at 94˚C for 15 sec, annealing at 60˚C 
for 25 sec and extension at 72˚C for 30 sec. U6 and GAPDH 
were used as internal references for normalization. The 2‑ΔΔCq 
method was applied to calculate relative mRNA levels (36). 
The primer sequences used in the study were: i) GAPDH 
forward, 5'‑TGT​TCG​TCA​TGG​GTG​TGA​AC‑3' and reverse, 
5'‑ATG​GCA​TGG​ACT​GTG​GTC​AT‑3'; ii) RASA1 forward, 
5'‑CAG​TGG​ACG​AAG​GTG​ACT​CT‑3' and reverse, 5'‑AGG​
CGT​TCT​TCT​GCT​ATC​GT‑3'; iii) U6 forward, 5'‑CTC​GCT​
TCG​GCA​GCA​CA‑3' and reverse, 5'‑AAC​GCT​TCA​CGA​
ATT​TGC​GT‑3'; and iv) miR‑188‑5p forward, 5'‑CTC​AAC​
TGG​TGT​CGT​GGA​GT  CGG​CAA​TTC​AGT​TGA​GCC​CTC​
CAC‑3' and reverse, 5'‑ACA​CTC​CAG​CTG​GGC​ATC​CCT​
TGC​ATG​GTG​G‑3'.

Cell transfection. The miR‑188‑5p inhibitor (5'‑CCC​UCC​ACC​
AUG​CAA​GGG​AUG‑3'; 2'‑OMe‑modified), negative control 
(NC) NC inhibitor (5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'), 
miR‑188‑5p mimics (sense, 5'‑CAU​CCC​UUG​CAU​GGU​GGA​
GGG‑3'; antisense, 5'‑CUC​CAC​CAU​GCA​AGG​GAU​GUU‑3'), 
NC mimics (sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; 
antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'). The 
mimic and inhibitor NCs were scrambled sequences. RASA1 
small interfering (si)RNA (5'‑CAGT​TTA​TGA​TGG​GAG​GCC​
GGT​ATT‑3'), siRNA negative control (siNC, 5'‑TTC​TCC​
GAA​CGT​TTC​ACG​TTT‑3'), RASA1 overexpression plasmid 
(pcDNA3.1‑RASA1) and empty vector control (pcDNA3.1) 
were purchased from Shanghai GenePharma Co. Ltd. Cells 
were seeded in a 12‑well plate (4x104 cells/well) and incubated 
overnight at 37˚C with 5% CO2. At 70% confluency, cells were 
transfected with 100 pmol miR‑188‑5p mimics or NC mimics 
at room temperature for 48 h using Lipofectamine® 2000 
(cat. no. 11668‑500; Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. SW480 and 
SW480/OXA cells were transfected with 50 pmol si‑RASA1 
or co‑transfected with 50 pmol miR‑188‑5p inhibitor and 
si‑RASA1. After 48 h, cells were collected for subsequent 
experiments.

Bioinformatics analysis. For the determination of potential 
target genes of miR‑188‑5p, various bioinformatics tools, 
including TargetScan (http://www.targetscan.org), miRDB 
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(http://www.mirdb.org/) and PITA (http://genie.weizmann.
ac.il/pubs/mir07/mir07_data.html) databases were used. 
TargetScan was used to predict the binding mRNAs 
(218 mRNAs), similarly, 340 mRNAs and 229 mRNAs were 
predicted in miRDB and PITA databases, respectively. When 
the common mRNAs from the three databases were assessed, 
6 mRNAs were obtained. RASA1 was one of the predicted 
target genes of miR‑188‑5p.

Luciferase activity assay. Luciferase reporter constructs 
were obtained by ligating the wild‑type (WT) or mutant 
(MUT) version of the RASA1 3'‑untranslated region (UTR) 
to the psiECHECK‑2 vector containing a luciferase reporter 
gene (Promega Corporation; cat.  no.  C8021). SW480 and 
SW480/OXA cells (5x105/well) were seeded into 6‑well 
plates and co‑transfected with RASA1 WT or MUT and with 
miR‑188‑5p mimics or NC mimics using Lipofectamine 2000® 
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. 11668‑500). 
A Luciferase Reporter Gene Detection kit (Sigma‑Aldrich; 
Merck KGaA; LUC1‑1KT) was used to detect luciferase 
activity 48 h after transfection. Luciferase activity was normal‑
ized to the Renilla luciferase activity. Experiments were set up 
in triplicate and performed independently three times.

Western blot analysis. SW480 and SW480/OXA cells 
(1x106 cells/6‑cm dish) were collected and lysed in lysis 
buffer containing phosphorylase inhibitor cocktail (Roche; 
Diagnostics; cat.  no.  04693124001) and phenylmethane‑
sulfonyl f luoride. Protein concentration was measured 
using the bicinchoninic acid (BCA) Protein Concentration 
Determination kit (Beyotime Institute of Biotechnology) 
following the manufacturer's instructions. An equal amount 
(30 µg) of each protein sample was resolved by SDS‑PAGE 
on 8‑12% gels, then transferred to PVDF membranes. 
Subsequently, the membranes were blocked using 5% 
skimmed milk powder for 1 h at room temperature, then incu‑
bated with primary antibodies at 4˚C overnight. The primary 
antibodies were specific for p21 (Abcam; cat. no. ab227443; 
1:1,000), RASA1 (Abcam; cat. no. ab2922; 1:1,000), Rs‑GTP 
(Abcam; cat. no. ab69747; 1:2,000) and GAPDH (Abcam; 
cat. no. ab9485; 1:5,000). Goat anti‑rabbit (Sigma‑Aldrich; 
Merck KGaA; cat. no. 1:5,000) or goat anti‑mouse IgG‑HRP 
(Sigma‑Aldrich; Merck KGaA; cat. no. AP‑308P; 1:5,000) 
secondary antibodies were then added at room temperature 
for 1 h. The expression of the target proteins was normalized 
to the GAPDH internal control. The protein bands were visu‑
alized using an enhanced chemiluminescence kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions and quantified using the Gel‑Pro‑Analyzer v.4.0 
software (Media Cybernetics, Inc.)

Immunofluorescence assay. SW480 and SW480/OXA cells 
(2x105/well) were seeded on a fibronectin‑coated 12‑well plate. 
After transfection with indicated mimics or inhibitors, the 
cells were fixed in 4% paraformaldehyde at room temperature 
for 10 min, then blocked with 1% BSA in PBS. The slides were 
incubated with a RASA1‑specific primary antibody (1:1,000; 
Abcam; cat. no. ab2922) at room temperature for 1 h, then 
washed three times with PBS. An Alexa Fluor 555‑conju‑
gated goat anti‑mouse secondary antibody (1:2,000; Abcam; 

cat. no. ab150114) was then added at room temperature for 
40 min. The slides were washed with PBS three times and 
then stained with DAPI at room temperature for 10 min. For 
fluorescence visualisation, the Nikon C1 confocal microscope 
was used (Nikon Corporation; magnification, x100).

Apoptosis assay. SW480 and SW480/OXA cells (2x105/well) 
were seeded onto a 6‑well plate and transfected with siRNA or 
plasmid as indicated. After 48 h, the Annexin V‑FITC apop‑
tosis detection kit (BD Biosciences; cat. no. 556547) was used 
to detect apoptotic cells with Annexin V‑FITC and propidium 
iodide (PI) double staining according to the manufacturer's 
instructions. Gated Annexin V+/PI+ cells as late stage apop‑
tosis and Annexin V+/PI‑ cells as early stage apoptosis were 
assessed. The analysis was performed using a BD FACScan® II 
flow cytometer (BD Biosciences), and the data were analyzed 
using CellQuest Pro software version 5.1 (Becton, Dickinson 
and Company).

Cell cycle analysis. Cells (2x105 cells/well) were seeded onto a 
6‑well plate and transfected 12 h later. The cells were harvested 
48 h after transfection, fixed in ice‑cold 70% ethanol for at 4˚C 
for 12 h, washed with PBS, then stained with 5 mg/ml prop‑
idium iodide (Sigma‑Aldrich; Merck KGaA, cat. no. P4170) 
or isotype control antibody IgG2A (10  µl/106  cells; R&D 
Systems; cat. no. IC003A) in PBS supplemented with RNase 
A (Roche Diagnostics; cat. no. 10154105103) for 30 min at 
room temperature. The flow cytometry data were acquired 
using a FACSCalibur® (BD Biosciences) flow cytometer. Flow 
cytometry data were analyzed using Summit v.5.3 (DAT/EM 
Systems International). A histogram was plotted according to 
the distribution of nuclear DNA content and the frequency of 
cells in each phase of the cell cycle was determined based on 
their DNA ploidy profile.

Statistical analysis. The data are presented as the mean ± SD 
and were analyzed using SPSS 15.0 (SPSS, Inc.) All results are 
representative of at least three independent experiments unless 
stated otherwise. Unpaired two‑tailed Student's t‑test was 
used for comparisons between two groups. For multi‑group 
comparisons, one‑way ANOVA followed by Tukey's post hoc 
test was used. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Inhibition of miR‑188‑5p upregulates RASA1 expression. 
RT‑qPCR was performed using SW480 and SW480/OXA cells 
to determine the expression levels of miR‑188‑5p. As shown in 
Fig. 1A, the expression of miR‑188‑5p was significantly upreg‑
ulated in SW480/OXA cells compared with that in SW480 
cells (P<0.001), suggesting that the expression of miR‑188‑5p 
may be associated with drug resistance in colon cancer cells. 
Bioinformatics analysis predicted that miR‑188‑5p potentially 
bound to RASA1 mRNA. There was a targeted binding asso‑
ciation between miR‑188‑5p and RASA1. Moreover, mRNA 
expression levels of RASA1 were decreased in SW480/OXA 
cells compared with those in SW480 cells (Fig. 1B; P<0.001). 
To confirm whether RASA1 was a direct target of miR‑188‑5p, 
a luciferase assay was performed. Co‑transfection with 
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miR‑188‑5p mimics significantly reduced the luciferase 
activity of WT RASA1, but not MUT RASA1, compared with 
NC mimics (Fig. 1C; P<0.001). These results indicated that 
RASA1 was a target of miR‑188‑5p.

SW480 or SW480/OXA cells were transfected with 
miR‑188‑5p mimics or inhibitor to examine the regulatory 
effects of miR‑188‑5p on RASA1 expression. Transfection 
with miR‑188‑5p mimics significantly increased miR‑188‑5p 

Figure 1. Downregulation of miR‑188‑5p upregulates RASA1 expression in colon cancer. (A and B) mRNA expression of (A) miR‑188‑5p and (B) and RASA1 
in SW480 or SW480/OXA cells. ***P<0.001 vs. SW480. (C) Luciferase activity in SW480 cells co‑transfected with indicated plasmids and miR‑188‑5p or 
NC mimics. ***P<0.001 vs. NC mimics. (D and E) mRNA expression of (D) miR‑188‑5p and (E) RASA1 in SW480 or SW480/OXA cells transfected with 
miR‑188‑5p mimics or inhibitor. ***P<0.001 vs. NC mimics; ###P<0.001 vs. NC inhibitor. (F) RASA1 expression in SW480 or SW480/OXA cells transfected 
with miR‑188‑5p mimics or inhibitor. Scale bar, 20 µm. miR, microRNA; oxa, oxaliplatin; RASA1, Ras GTPase‑activating protein 1; WT, wild‑type; MUT, 
mutant; NC, negative control. 
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expression and reduced RASA1 expression, compared with the 
respective negative controls. By contrast, miR‑188‑5p inhibitor 
transfection reduced miR‑188‑5p expression and increased 
RASA1 expression (Fig. 1D and E; all P<0.001). Moreover, immu‑
nofluorescence was used to detect the expression of RASA1, and 
the results suggested that transfection with miR‑188‑5p mimics 
decreased the expression of RASA1 at the protein level (Fig. 1F). 
Thus, inhibition of miR‑188‑5p increased the expression of its 
target gene, RASA1, both in SW480 and in SW480/OXA cells.

Targeting miR‑188‑5p promotes apoptosis in SW480/OXA 
cells. Transfections with miR‑188‑5p mimics or inhibitor were 
performed in SW480 or SW480/OXA cells to further examine 
the role of miR‑188‑5p on the apoptosis of colon cancer cells. 
The miR‑188‑5p mimics significantly decreased the protein 
expression levels of RASA1, compared with NC mimics; 
whereas miR‑188‑5p inhibitor significantly increased the 
expression of RASA1, compared with NC inhibitor (P<0.001; 
Figs. 2A and S1A). In addition, the expression of p21 decreased 

Figure 2. Downregulation of miR‑188‑5p induces cell apoptosis in SW480/OXA cells. (A) Protein expression levels of RASA1, p21, and Ras‑GTP in SW480 or 
SW480/OXA cells transfected with miR‑188‑5p mimics or inhibitors. (B) Hoechst 33342 staining of SW480 or SW480/OXA cells transfected with miR‑188‑5p 
mimics or inhibitor. Scale bar, 100 µm. (C) Apoptosis of SW480 or SW480/OXA cells transfected with miR‑188‑5p mimics or inhibitor. ***P<0.001 vs. NC 
mimics; ###P<0.001 vs. NC inhibitor. (D) Cell cycle distribution was analyzed by flow cytometry. ***P<0.001 vs. NC mimics, ###P<0.001 vs. NC inhibitor. miR, 
microRNA; oxa, oxaliplatin; RASA1, Ras GTPase‑activating protein 1; PI, propidium iodide; FITC, fluorescein isothiocyanate; NC, negative control.
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in miR‑188‑5p mimic‑transfected cells and increased in 
miR‑188‑5p inhibitor‑transfected cells, compared with that 
in NC mimics and NC inhibitor, respectively (Fig.  2A). 
Moreover, the expression of p21 was lower in miR‑188‑5p 
mimic‑transfected SW480/OXA cells compared with that 

in mimic‑transfected SW480 cells (Figs. 2A and S2A). As 
RASA1 suppresses the function of Ras and enhances the weak 
intrinsic GTPase activity of Ras proteins  (34), the protein 
expression levels of Ras‑GTP were then examined. The results 
demonstrated that miR‑188‑5p mimics significantly promoted 

Figure 3. Overexpression of RASA1 accelerates apoptosis and inhibits the cell cycle. (A) Relative mRNA expression of RASA1 in SW480 or SW480/OXA 
cells transfected with RASA1 overexpression plasmid or RASA1 siRNA. ***P<0.001 vs. vector, ###P<0.001 vs. siNC group. (B) RASA1, p21, and Ras‑GTP 
protein expression in SW480 or SW480/OXA cells transfected with RASA1 plasmid or RASA1 siRNA. (C) Hoechst 33342 staining in SW480 or SW480/OXA 
cells transfected with RASA1 plasmid or RASA1 siRNA. Scale bar, 100 µm. (D) Apoptosis rate in SW480 or SW480/OXA cells following transfection with 
RASA1 plasmid or RASA1 siRNA. ***P<0.001 vs. vector, ###P<0.001 vs. siNC group. (E) Cell cycle distribution was analyzed by flow cytometry. ***P<0.001 vs. 
vector; ##P<0.01, ###P<0.001 vs. siNC. Oxa, oxaliplatin; RASA1, Ras GTPase‑activating protein 1; siNC, siRNA negative control; PI, propidium iodide; FITC, 
fluorescein isothiocyanate.
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the protein expression levels of Ras‑GTP compared with NC 
mimics; whereas miR‑188‑5p inhibitor significantly decreased 
the expression of Ras‑GTP compared with NC inhibitor 
(P<0.001 and P<0.01, respectively; Figs. 2A and S1A).The 
expression of Ras‑GTP changed following miR‑188‑5p mimic 
or inhibitor transfection (Figs. 2A and S2A).

Moreover, in the Hoechst 33342 staining and Annexin V/PI 
assays, transfection with miR‑188‑5p mimics inhibited cell 
apoptosis compared with transfection with NC mimics, whereas 
miR‑188‑5p inhibitor promoted cell apoptosis compared with 
NC inhibitor in SW480 and SW480/OXA cells (P<0.01 and 
P<0.001, respectively; Figs. 2B and C and S2A). These data 
suggested that targeting miR‑188‑5p promoted apoptosis in 
both SW480 and SW480/OXA cells.

The effect of miR‑188‑5p on cell cycle progression was 
also determined. Transfection with miR‑188‑5p mimics 
reduced the G0G1‑phase cell population and increased the 
proportion of cells in the S phase, while miR‑188‑5p inhibitor 
arrested cells at the G1 phase (Fig. 2D; all P<0.001). These 
data suggested that targeting miR‑188‑5p delays the cell cycle.

S1B), compared with the respective negative controls. In addi‑
tion, the overexpression of RASA1 decreased the expression 
of Ras‑GTP, whereas siRASA1 transfection increased it, 
both in SW480 and SW480/OXA cells (Figs. 3B and S2B). 
and significantly Conversely, the expression of p21 decreased 
(Figs. 3B and S1B) following RASA1 silencing increased 
in RASA1‑overexpressing SW480 and SW480/OXA cells 
(P<0.01and P<0.001, respectively; Figs. 3B and S1B).

Furthermore, apoptosis was decreased following RASA1 
silencing (Figs.  3C  and  D  and  S2B; P<0.005). However, 
RASA1 overexpression promoted apoptosis, both in SW480 
and SW480/OXA cells (Figs. 3C and D and S2B; P<0.001). In 
addition, SW480 and SW480/OXA cells accumulated in the 
G0G1 phase of the cell cycle following RASA1 overexpres‑
sion, and the frequency of S‑phase cells was reduced (Fig. 3E; 
P<0.001). By contrast, the frequency of G0G1 cells decreased, 
whereas the frequency of S‑phase cells increased following 
RASA1 silencing (Fig. 3E; P<0.001). These findings further 
confirmed that RASA1 induced the cell apoptosis of colon 
cancer cells.

Figure 4. Downregulation of miR‑188‑5p promotes SW480/OXA cell apoptosis by increasing RASA1 expression. (A) RASA1, p21, and Ras‑GTP protein 
expression in SW480 or SW480/OXA cells following co‑transfection with RASA1 plasmid or RASA1 siRNA and with miR‑188‑5p or inhibitor. (B) Hoechst 
33342 staining in the different transfection groups. Scale bar, 100 µm. (C) Apoptosis rate in the different transfection groups. (D) Cell cycle distribution was 
analyzed by flow cytometry. ***P<0.001 vs. mimics + vector group; ###P<0.001 vs. inhibitor + siNC group. miR, microRNA; oxa, oxaliplatin; RASA1, Ras 
GTPase‑activating protein 1; NC, negative control siNC, siRNA negative control; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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Suppression of miR‑188‑5p promotes SW480/OXA cell 
apoptosis by increasing RASA1 expression. Co‑transfection 
experiments were performed to determine whether the increase 
in apoptosis induced by the miR‑188‑5p inhibitor was depen‑
dent on RASA1. As shown in Figs. 4A and S1C RASA1 and p21 
were upregulated following miR‑188‑5p mimic transfection, 
while the transfection with miR‑188‑5p inhibitor inhibited the 
expression of RASA1 and p21, compared with cells transfected 
with the mimics and empty vector control (P<0.001).

Hoechst 33342 staining and Annexin V assays showed that 
overexpression of RASA1 enhanced apoptosis in miR‑188‑5p 
mimic‑treated SW480 cells, compared with cells transfected 
with the mimics and empty vector control, whereas RASA1 
silencing combined with miR‑188‑5p inhibitor transfection 
reduced the apoptosis rate (Figs. S2C, 4B and C; P<0.001). 
Moreover, RASA1 overexpression increased the frequency of 
cells in the G0G1 phase while decreasing the frequency of cells 
in the S phase of the cell cycle in miR‑188‑5p mimic‑trans‑
fected SW480 cells (Fig.  4D). By contrast, siRASA1 and 
miR‑188‑5p inhibitor transfection resulted in the opposite 
effect (Fig. 4D; P<0.001). These results indicated that the 
inhibition of miR‑188‑5p induced SW480/OXA cell apoptosis 
by enhancing RASA1 expression.

Discussion

miR‑188‑5p was significantly upregulated in both SW480 and 
SW480/OXA cells. Transfection with miR‑188‑5p resulted 
in significant inhibition of SW480 and OXA‑induced cell 
apoptosis, whereas both SW480 and SW480/OXA apoptosis 
significantly increased following miR‑188‑5p inhibition. 
Moreover, miR‑188‑5p transfection downregulated RASA1 
expression. Moreover, the overexpression of miR‑188‑5p 
conferred OXA resistance, while downregulation of 
miR‑188‑5p sensitized resistant cells to OXA, which was 
blocked by inhibition of RASA1. In summary, the present 
study suggested that miR‑188‑5p could enhance colon 
cancer cell chemosensitivity by promoting the expression of 
RASA1.

Accumulating evidence has demonstrated the role of 
miR‑188‑5p in cancer development. However, the expres‑
sion of miR‑188‑5p in OXA‑resistant colon cancer cells has 
not been characterized. In the present study, the expression 
of miR‑188‑5p significantly increased in OXA‑resistant 
colon cancer cells. A previous miRNA sequencing study 
by Zhao  et  al  (14) involving 228 patients, six miRNA 
candidates, including miR‑188‑3p, were identified as strong 
predictors of patient survival. In addition, miR‑188‑3p 
promotes CRC cell migration both in vitro and in vivo partly 
by regulating MLLT4 expression, and high miR‑188‑3p 
expression is considered an independent prognostic factor 
of colon cancer (17). Moreover, a previous study reported 
the role of miR‑188‑5p in rectal cancer and response to 
neoadjuvant radio‑ and chemotherapy (22). The results of the 
present study were partly consistent with previous studies 
showing that miR‑188‑5p promoted colon cancer progres‑
sion (22,39,40). In the present study, miR‑188‑5p inhibition 
promoted apoptosis, whereas the upregulation of miR‑188‑5p 
inhibited apoptosis in SW480/OXA cells, suggesting that 
targeting miR‑188‑5p promoted apoptosis in both SW480 and 

SW480/OXA cells. Moreover, cell cycle arrest in the G0G1 
phase was induced, while apoptosis was increased following 
miR‑188‑5p inhibition. These results were consistent with 
previous studies showing that miR‑188‑5p controlled cell 
cycle progression via downregulation of multiple cyclins 
and cyclin‑dependent kinase complexes involved in the G1/S 
transition (20,41). Although previous studies have indicated 
that miR‑188‑5p serves as a tumor suppressor and is down‑
regulated in multiple types of cancer  (15,42), miR‑188‑5p 
was upregulated in OXA‑resistant colon cancer and RASA1 
silencing abrogated the increase in cell apoptosis induced 
by the miR‑188‑5p inhibitor in the present study. Hence, 
miR‑188‑5p may enhance colon cancer cell chemosensitivity 
by promoting the expression of RASA1.

Of the several potential target genes for miR‑188‑5p 
predicted by TargetScan, PITA and miRDB Human data‑
base, RASA1 was selected for the present study. RASA1 
acts as a suppressor of Ras function and enhances the weak 
intrinsic GTPase activity of Ras proteins, resulting in the 
inactive GDP‑bound form of Ras (23). Previous studies have 
suggested that RASA1 acts as a tumor suppressor in hepato‑
cellular carcinoma (42), human bronchial epithelial cells (43), 
breast cancer (44) and melanoma (45). In colon cancer cells, 
RASA1 is significantly downregulated, and has been identi‑
fied as a target gene of miR‑21, miR‑223 and miR‑335 (34,36). 
Moreover, onco‑miRNA molecules, such as microRNA‑21 
and microRNA‑182 promote tumor angiogenesis or lymph 
node metastasis by targeting RASA1 (37,38). p21 is a tumor 
suppresser gene that acts as negative regulator of the G1/S 
transition (46). Downregulation of p21 is observed in various 
human cancer types, including melanoma, gastric, ovarian 
and colon cancers (47). In the present study, the expression 
of miR‑188‑5p was negatively associated with that of RASA1 
in OXA‑resistant colon cancer cells. The overexpression of 
RASA1 promoted apoptosis, induced the expression of p21 
and delayed cell cycle progression. Moreover, apoptosis 
in SW480 cells was reduced following miR‑188‑5p mimic 
transfection, while overexpression of RASA1 enhanced 
cell apoptosis in miR‑188‑5p mimic‑transfected SW480 
cells. By contrast, suppression of RASA1 abrogated cell 
apoptosis in miR‑188‑5p inhibitor‑transfected SW480/OXA 
cells. These results suggested that miR‑188‑5p inhibition 
induced SW480/OXA cell apoptosis by enhancing RASA1 
expression.

In conclusion, the present findings suggest that targeting 
miR‑188‑5p promoted apoptosis in SW480/OXA cells and 
suppression of miR‑188‑5p promoted SW480/OXA cell 
apoptosis by increasing RASA1 expression, thus providing 
new insight into treatment options for OXA‑resistant colon 
cancer. 
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