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Abstract. Colorectal cancer (CRC) is a malignant tumor of 
the gastrointestinal tract and a leading cause of cancer‑asso‑
ciated mortality worldwide. Mex‑3 RNA binding family 
member A (MEX3A) promotes the progression of multiple 
types of cancer, including ovarian and cervical cancer. 
However, to the best of our knowledge, the role of MEX3A 
in CRC is not completely understood. Therefore, the present 
study aimed to investigate the function of MEX3A in CRC. 
The mRNA and protein expression levels of MEX3A in CRC 
cells were analyzed using reverse transcription‑quantitative 
PCR and western blotting, respectively. Cell Counting Kit‑8 
assays were used to measure cell viability. Cell apoptosis and 
cell cycle distribution were detected via flow cytometry, and 
CRC cell invasion was analyzed by performing Transwell 
assays. Moreover, the mitochondrial membrane potential in 
CRC cells was measured via JC‑1 staining. The results of the 
present study revealed that the expression levels of MEX3A 
were upregulated in CRC tissues compared with adjacent 
healthy tissues. MEX3A knockdown notably inhibited CRC 
cell viability, and induced apoptosis and mitochondrial injury. 
In addition, MEX3A knockdown markedly induced G1 phase 
cell cycle arrest in CRC cells via downregulating CDK2 
expression. In conclusion, the findings of the present study 
suggested that MEX3A knockdown may inhibit the tumorigen‑
esis of CRC cells by regulating CDK2 expression. Therefore, 
MEX3A may serve as a novel target for CRC treatment.

Introduction

Colorectal cancer (CRC) is a malignant tumor of the gastro‑
intestinal tract and was a leading cause of cancer‑associated 
mortality worldwide in 2019 (1). Patients with CRC who are 
diagnosed at an early stage typically have a favorable prog‑
nosis, with a 5‑year survival rate of 70‑90% (2). However, the 
majority of patients with CRC are diagnosed at advanced or 
metastatic stages, displaying an unfavorable 5‑year survival 
rate at <30% (3). Therefore, identifying novel targets and 
developing appropriate treatment strategies for preventing the 
progression of CRC is important.

Mex‑3 RNA binding family member A  (MEX3A) was 
initially identified as a translational regulator in Caenorhabditis 
elegans, and is typically distributed in early embryos (4). In 
addition, MEX3A has been characterized as a phosphoprotein 
that can bind with RNA (5). MEX3A can also regulate target 
protein ubiquitination via its ring finger domain, which results 
in the regulation of the target protein subcellular localization 
and stability (6‑8). As a member of the MEX3 family, MEX3A 
was also reported to serve a role in the modulation of mRNA 
expression, which resulted in regulation of the progression of 
numerous types of disease, including malignant tumors (9,10). 
To date, MEX3A has been reported to participate in the 
progression of gastric cancer and nephroblastoma  (10,11). 
However, to the best of our knowledge, the role of MEX3A 
in CRC is not completely understood. Therefore, the present 
study aimed to investigate the function of MEX3A in CRC to 
identify novel targets for CRC treatment. On the other hand, 
it has been reported that MEX3A could regulate the cell cycle 
distribution in multiple types of cancer, including liver and 
cervical cancer (7,11). In addition, CDK4, CDK6 and CDK2 
are known to be important mediators of the G1 phase of the 
cell cycle (12,13). However, the association between MEX3A 
and the CDK family in CRC is not completely understood. 
Therefore, the present study also aimed to investigate the func‑
tion of MEX3A in these three proteins.

Materials and methods

Cell lines and culture. Human normal intestinal epithelial cells 
(HIEC‑6) and CRC cell lines (SW480, HCT116 and HT29) 
were purchased from American Type Culture Collection. Cells 
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were cultured in RPMI‑1640 (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.), 1% penicillin (Thermo Fisher Scientific, Inc.) 
and 10% streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2.

Bioinformatics analysis. The expression levels of MEX3A 
in CRC and adjacent healthy tissues were obtained from 
The Cancer Genome Atlas (TCGA). Data from TCGA were 
analyzed using the Gene Expression Profiling Interactive 
Analysis database (GEPIA; http://gepia.cancer‑pku.cn/), as 
previously described (14).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from CRC cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was 
reverse transcribed into cDNA using PrimeScript RT Reagent 
Kit [ELK (Wuhan) Biotechnology Co., Ltd.] according to the 
manufacturer's protocol. Subsequently, qPCR was performed 
on an ABI 7500 Real‑Time PCR Detection system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) using SYBR‑Green 
(Beyotime Institute of Biotechnology). The following thermo‑
cycling conditions were used for qPCR: Initial denaturation 
for 2 min at 94˚C; followed by 35 cycles for 30 sec at 94˚C and 
45  sec at 55˚C. The following primers were designed by 
Shanghai GenePharma Co., Ltd. and used for qPCR: MEX3A 
forward, 5'‑AGCAGTGTAAGGGAGTTGGAGTC‑3' and 
reverse, 5'‑GGAGGGAAAGGAAAGAGTTGAG‑3'; and 
β‑actin forward, 5'‑GTCCACCGCAAATGCTTCTA‑3' and 
reverse, 5'‑TGCTGTCACCTTCACCGTTC‑3'. mRNA expres‑
sion levels were quantified using the 2‑∆∆Cq method (15) and 
normalized to the internal reference gene β‑actin.

Cell transfection. Small interfering RNAs (siRNAs/sis) 
ta rgeting MEX3A (si‑MEX3A‑1, si‑MEX3A‑2 and 
si‑MEX3A‑3; 10  nM) and a negative control siRNA 
(siRNA‑ctrl; 10  nM) were purchased from Guangzhou 
RiboBio Co., Ltd. The CDK2 overexpression plasmid 
(pcDNA3.1‑CDK2; 1 µg/μl) and empty vector (pcDNA3.1; 
1 µg/μl) were obtained from Shanghai GenePharma Co., Ltd. 
The sequences for the siRNAs were as follows: siRNA‑ctrl, 
5'‑ GCAGAATTGGTACCGCCAA‑3';  si‑MEX3A‑1, 
5'‑CAAGATCCTCGAGTACAACAATGAA‑3'; 
si‑MEX3A‑2, 
5 '‑ CAGCAGCA A ACCA ACACATACAT TA‑3';  and 
si‑MEX3A‑3, 5'‑GCCTAGTCTAGTGGTATCTGGA 
ATA‑3'. CRC cells (5x103 cells/well) were transfected with 
siRNAs or plasmids using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C. At 48 h post‑transfec‑
tion, subsequent experiments were performed. Blank refers 
to cells without transfection.

Cell Counting Kit‑8 (CCK‑8) assay. HCT‑116 or SW480 
cells were plated (5x103 cells/well) into 96‑well plates 
and transfected with siRNA‑ctrl or si‑MEX3A‑1 for 48 h. 
Subsequently, 10 µl CCK‑8 reagent (Beyotime Institute of 
Biotechnology) was added to each well and incubated for 
a further 2 h at 37˚C. The absorbance was measured at a 
wavelength of 450 nm using a microplate reader (Thermo 
Fisher Scientific, Inc.).

Western blotting. Total protein was extracted from CRC 
cells using RIPA lysis buffer (Beyotime Institute of 
Biotechnology) and quantified using a BCA protein assay 
kit (Beyotime Institute of Biotechnology). Proteins (40 µg 
per lane) were separated via 10% SDS‑PAGE, transferred 
onto PVDF membranes (Bio‑Rad Laboratories, Inc.) and 
blocked with 5% skimmed milk at room temperature for 1 h. 
The membranes were then incubated at 4˚C overnight with 
the following primary antibodies: Anti‑CDK2 (1:1,000; cat. 
no. ab32147; Abcam), anti‑CDK4 (1:1,000; cat. no. ab32147; 
Abcam), anti‑CDK6 (1:1,000; cat. no. ab124821; Abcam) and 
anti‑β‑actin (1:1,000; cat. no. ab8226; Abcam). Following the 
primary antibody incubation, the membranes were incubated 
with a HRP‑conjugated goat anti‑rabbit IgG secondary anti‑
body (1:5,000; cat. no. ab7090; Abcam) at room temperature 
for 1  h. Protein bands were visualized using an ECL kit 
(Thermo Fisher Scientific, Inc.). β‑actin was used as the 
loading control. ImageJ software (version  6.0; National 
Institutes of Health) was used for densitometry.

Flow cytometric analysis of apoptosis. HCT116 or SW480 
cells were trypsinized, washed with PBS and resuspended in 
Annexin V binding buffer (BD Biosciences). Subsequently, 
cells were stained with 5 µl Annexin V‑FITC (20 µg/ml) and 
5 µl propidium (PI; 50 µg/ml) in 100 µl Annexin V binding 
buffer for 15 min at 4˚C in the dark. The stained cells were 
analyzed using a BD  flow cytometer (BD  Biosciences). 
The proportions of apoptotic cells (Annexin  V+/PI‑ and 
Annexin V+/PI+) were estimated using Fluorescence‑activated 
Cell Sorting (FACSLyric™; BD Biosciences) and FlowJo soft‑
ware (version 10.6.2; BD Biosciences).

Measurement of mitochondrial membrane potential (MMP). 
CRC cell loss of MMP was measured using the MitoProbe 
assay (Molecular Probes; Thermo Fisher Scientific, Inc.). 
Cells transfected with siRNA‑ctrl or si‑MEX3A‑1 were 
seeded (2x104) into a 6‑well plate. Subsequently, JC‑1 dye 
(5 µM) was added for 20 min at 37˚C. Cells were washed 
with PBS for three times. Moreover, following fixing with 
4% formaldehyde for 10 min at room temperature, cells were 
stained with Hoechst 33258 at 4˚C for 2 h to stain living 
cells. Subsequently, cells were immediately analyzed using 
a Zeiss 4.4.0 Axiovert 200 inverted fluorescence microscope 
with a 100 W mercury lamp under the following conditions: 
330‑385 nm excitation filter (excf), 400 nm dichroic mirror 
(dm) and 420 nm barrier filter (bf) for Hoechst 33258; and 
450‑480 nm excf, 500 nm dm and 515 nm bf for JC‑1. Red 
fluorescence represents the polymer, and green fluorescence 
represents the monomer.

Transwell assay. The upper chambers of Transwell plates 
were pretreated with 50 µl Matrigel (BD Biosciences) for 4 h 
at 37˚C. Subsequently, CRC cells (1x106 cells/ml) were seeded 
into the upper chamber with serum‑free medium. The lower 
chamber was filled with RPMI‑1640 supplemented with 1% 
FBS. Following incubation for 24 h at 37˚C, cells in the lower 
chamber were fixed with 95% alcohol for 10 min at room 
temperature and stained with 0.1% crystal violet for 5 min at 
room temperature. Invasive cells were observed under a light 
microscope (magnification, x400).
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Cell cycle distribution analysis. CRC cells (5x105) were fixed 
with 75% ethanol on ice for 20 min, permeabilized with 0.25% 
Triton X‑100 and stained with PI/RNase (BD Pharmingen; 
BD Biosciences). Following incubation at 4˚C for 15 min, cells 
were analyzed using a flow cytometer (BD FACSAria III; 
BD Biosciences) and ModFit (version 3.0; Verity Software 
House, Inc.). The data were quantified using FlowJo software 
(version 3.0; FlowJo, LLC).

Statistical analysis. All experiments were performed in 
triplicate. Data are presented as the mean ± SD. Comparisons 
between two groups were analyzed using a paired 
Student's t‑test, whereas one‑way ANOVA followed by Tukey's 
post hoc test was used to analyze comparisons among multiple 
groups (using GraphPad Prism 7; GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

MEX3A knockdown suppresses CRC cell viability. To investi‑
gate the role of MEX3A in CRC, TCGA database was used. As 
shown in Fig. 1A, MEX3A expression levels were significantly 
upregulated in CRC tissues compared with those in adjacent 
healthy tissues. Similarly, the expression levels of MEX3A in 
SW480 or HCT116 cells were also significantly upregulated 
compared with those in HIEC‑6 cells (Fig. 1B). Conversely, 
MEX3A expression levels were significantly downregulated 
in CRC cells transfected with si‑MEX3As, compared with the 
Blank (Fig. 1C and D). As the expression levels of MEX3A 
were downregulated to the greatest extent in SW480 and 
HCT116 cells following transfection with si‑MEX3A‑1 
compared with the two other siRNAs, si‑MEX3A‑1 was 

selected for use in subsequent experiments (further labelled 
as si‑MEX3A). MEX3A knockdown significantly inhibited 
CRC cell viability (Fig. 1E and F). These results suggested that 
MEX3A knockdown may decrease CRC cell viability.

MEX3A knockdown induces the apoptosis and suppresses the 
invasion of CRC cells. To investigate the effect of si‑MEX3A 
on cell apoptosis, flow cytometry was performed. As shown 
in Fig. 2A and B, si‑MEX3A significantly induced CRC cell 
apoptosis, compared with the Blank. In addition, the invasive 
ability of CRC cells was significantly suppressed following 
transfection with si‑MEX3A, compared with the Blank 
(Fig. 2C and D). These findings suggested that MEX3A knock‑
down may induce the apoptosis and decrease the invasion of 
CRC cells.

MEX3A knockdown suppresses CRC cell proliferation by 
inducing mitochondrial injury. To further verify the function 
of MEX3A in CRC, JC‑1 staining was performed. As shown 
in Fig. 3A and B, the ratio of polymer/monomer fluorescence 
was significantly decreased in CRC cells following transfec‑
tion with si‑MEX3A, compared with the Blank. In addition, 
si‑MEX3A significantly induced G1 cell cycle arrest in CRC 
cells, compared with the Blank (Fig. 3C and D). These results 
indicated that MEX3A knockdown may suppress CRC cell 
proliferation by inducing mitochondrial injury.

MEX3A knockdown suppresses the cycle progression of CRC 
cells via inactivation of CDK2. To investigate the mecha‑
nism underlying MEX3A‑mediated tumorigenesis of CRC, 
western blotting was performed. CDK2 expression levels were 
significantly downregulated in CRC cells following MEX3A 
knockdown, compared with the Blank  (Fig.  4A  and  B). 

Figure 1. MEX3A knockdown significantly inhibits CRC cell viability. (A) Expression levels of MEX3A in CRC and adjacent healthy tissues were analyzed 
using data from The Cancer Genome Atlas. (B) Expression levels of MEX3A in HIEC‑6, HCT116, SW480 and HT29 cell lines were analyzed by RT‑qPCR. 
HCT116 and SW480 cells were transfected with siRNA‑ctrl, si‑MEX3A‑1, si‑MEX3A‑2 or si‑MEX3A‑3. Expression levels of MEX3A in transfected 
(C) HCT116 and (D) SW480 cells were analyzed using RT‑qPCR. (E) HCT116 and (F) SW480 cell viability was measured using a Cell Counting Kit‑8 assay. 
*P<0.05 and **P<0.01 vs. HIEC‑6 or Blank; ^P<0.05 and ^^P<0.01 vs. siRNA‑ctrl. MEX3A, mex‑3 RNA binding family member A; CRC, colorectal cancer; 
RT‑qPCR, reverse transcription‑quantitative PCR; siRNA, small interfering RNA; ctrl, control; N, normal; T, tumor.
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However, si‑MEX3A exerted very limited effects on CDK4 
and CDK6 expression levels (Fig. 4A, C and D). These results 
suggested that si‑MEX3A may suppress the progression of 
CRC cells by downregulating CDK2 expression.

CDK2 overexpression partially reverses the antitumor effect 
of si‑MEX3A in CRC. To further confirm whether MEX3A 
inhibited the tumorigenesis of CRC cells via mediating CDK2 

expression, CDK2 was overexpressed in CRC cells. The 
transfection efficiency of CDK2 overexpression was analyzed 
using western blotting. As shown in Fig. 5A, the expression 
levels of CDK2 were significantly upregulated in CRC cells 
following transfection with pcDNA3.1‑CDK2, compared with 
the Blank. Notably, CDK2 overexpression partially reversed 
si‑MEX3A‑induced decreases in cell viability (Fig. 5B). In 
addition, si‑MEX3A‑induced CRC cell apoptosis was reversed 

Figure 2. MEX3A knockdown induces the apoptosis and inhibits the invasion of colorectal cancer cells. (A) HCT116 and (B) SW480 cell apoptosis was 
analyzed using flow cytometry. (C) HCT116 and (D) SW480 cell invasion was measured using Transwell assays. **P<0.01 vs. Blank; ^^P<0.01 vs. siRNA‑ctrl. 
MEX3A, mex‑3 RNA binding family member A; siRNA, small interfering RNA; ctrl, control.
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by CDK2 overexpression (Fig. 5C). These findings suggested 
that CDK2 overexpression may partially reverse the antitumor 
effects of MEX3A in CRC cells.

CDK2 overexpression reverses si‑MEX3A‑induced G1 cell 
cycle arrest in CRC cells. To further validate the mecha‑
nism underlying MEX3A‑mediated CRC cell proliferation, 

Figure 3. MEX3A knockdown inhibits the proliferation of colorectal cancer cells via inducing mitochondrial injury. (A) HCT116 and (B) SW480 cell mito‑
chondrial membrane potential was analyzed via JC‑1 staining. (Magnification, x200). Cell cycle distribution in (C) HCT116 and (D) SW480 cells was detected 
using flow cytometry. **P<0.01 vs. Blank; ^^P<0.01 vs. siRNA‑ctrl. MEX3A, mex‑3 RNA binding family member A; CRC, colorectal cancer; siRNA, small 
interfering RNA; ctrl, control.

Figure 4. MEX3A knockdown inhibits the cycle progression of colorectal cancer cells via downregulating CDK2. Protein expression levels were (A) deter‑
mined by western blotting and semi‑quantified for (B) CDK2, (C) CDK4 and (D) CDK6. **P<0.01 vs. Blank; ^^P<0.01 vs. siRNA‑ctrl. MEX3A, mex‑3 RNA 
binding family member A; siRNA, small interfering RNA; ctrl, control.
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western blotting was performed. The results revealed that 
MEX3A knockdown‑induced downregulation of CDK2 
expression was significantly reversed following CDK2 overex‑
pression (Fig. 6A). In addition, CDK2 overexpression partially 
reversed the effects of si‑MEX3A on the cell cycle distribu‑
tion (Fig. 6B). Taken together, these results suggested that 
CDK2 may reverse si‑MEX3A‑induced G1 cell cycle arrest in 
CRC cells.

Discussion

MEX3A regulates gene expression and serves a role in 
numerous types of cancer. For example, a previous study 
found that MEX3A knockdown in gastric cancer cells attenu‑
ated cancer cell proliferation, suggesting that MEX3A may 
regulate cellular transformation  (11). MEX3A knockdown 
could also significantly inhibit gastric cancer cell inva‑
sion (11). Consistent with these findings, the data from TCGA 
demonstrated that MEX3A expression was higher in CRC 
tissues compared with that in adjacent healthy tissues, and 
MEX3A was able to modulate CRC cell cycle progression. 
Pereira et al (16) demonstrated that MEX3A participated in 
CDX2 regulation by downregulating its expression levels, and 
reversed intestinal cell differentiation, indicating that MEX3A 
may serve as an oncogene in CRC. The present study also 
investigated the function of MEX3A in CRC, indicating that 
MEX3A may serve as an oncogene in CRC.

Further experiments demonstrated that MEX3A knock‑
down suppressed CRC cell proliferation and invasion. In 
addition, the transfection of CRC cells with si‑MEX3A exerted 
antitumor effects via regulating the expression of CDK2. 

Similarly, Li  et  al  (17) indicated that MEX3A promoted 
oncogenesis through the RAP1/MAPK signaling pathway in 
CRC (17). MAPK signaling also promoted the tumorigenesis 
of CRC, and CDK2 was known to be a promoter in cancer cell 
growth (18,19).

As important mediators of the cell cycle, CDK2, CDK4 
and CDK6 belong to the cell division cycle 20‑related kinase 
family (20,21). Previous studies have shown that the expres‑
sion levels of CDK2, CDK4 and CDK6 are often upregulated 
in various types of cancer, and are associated with tumorigen‑
esis by interacting with other proteins (22,23). For example, 
Qu et al (24) reported that CDK2 served a key role in circular 
RNA (circ)_0084927/microRNA  (miR)‑1179 signaling 
axis‑mediated cervical cancer development. Zhao et al (25) 
found that CDK6 knockdown suppressed gastric cancer cell 
proliferation via regulating the cell cycle. In non‑small cell 
lung cancer, CDK4 was identified as a crucial mediator of 
the competing endogenous RNA mechanism underlying the 
hsa_circ_0014235/miR‑520‑5p signaling axis (26). Based on 
the aforementioned findings and the results obtained in the 
present study, it was suggested that MEX3A knockdown may 
inhibit the tumorigenesis of CRC via mediating the expression 
of CDK2.

The present study had a number of limitations. To further 
verify the function of MEX3A in CRC, animal studies need 
to be performed and lentivirus transfection of MEX3A 
should be conducted. Moreover, the mechanism underlying 
MEX3A‑mediated regulation of CDK2 expression is not 
completely understood. In addition, whether CDK2 overex‑
pression can rescue MEX3A siRNA‑induced mitochondrial 
injury requires further investigation.

Figure 5. CDK2 overexpression partially reverses the antitumor effects of MEX3A knockdown on colorectal cancer cells. (A) Transfection efficiency of 
pcDNA3.1‑CDK2 in SW480 cells. SW480 cells were transfected with si‑MEX3A‑1 or si‑MEX3A‑1 + pcDNA3.1‑CDK2. (B) SW480 cell viability was 
analyzed using a Cell Counting Kit‑8 assay. (C) SW480 cell apoptosis was analyzed using flow cytometry. **P<0.01 vs. Blank; ^^P<0.01 vs. Vector‑ctrl; 
##P<0.01 vs. si‑MEX3A‑1. MEX3A, mex‑3 RNA binding family member A; si, small interfering RNA; ctrl, control; OE, overexpression.
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In conclusion, the results of the present study suggested that 
MEX3A knockdown may inhibit the tumorigenesis of CRC via 
regulating CDK2 expression. Thus, MEX3A may serve as a 
potential target for the treatment of CRC. However, the role of 
other mRNAs regulated by MEX3A in CRC requires further 
investigation. Furthermore, to validate the role of MEX3A in 
CRC, the expression levels of epithelial‑mesenchymal transi‑
tion markers should be investigated in future studies.
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