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Abstract. Colorectal cancer (CRC) is a lethal and common 
malignancy worldwide. Non‑coding (nc)RNAs have been shown 
to modulate tumor progression in several types of cancer. The 
present study aimed to investigate the role of hsa_circ_0000212 
in CRC, as a sponge of microRNA (miR)‑491. The expression 
levels of miR‑491 and forkhead box P4 (FOXP4) were analyzed 
using data from The Cancer Genome Atlas. The association 
between miR‑491 and FOXP4 and the clinicopathological 
characteristics were also analyzed. A novel circular (circ)RNA, 
hsa_circ_0000212, was found to sponge miR‑491 based on bioin‑
formatics analysis. The potential binding site between miR‑491 
and FOXP4 or circ‑0000212 was validated using luciferase and 
RNA immunoprecipitation assays. The expression levels and 
distribution of circ‑0000212 was also determined. Cell Counting 
Kit‑8 and colony formation assays were performed to determine 
the role of miR‑491 or circ‑0000212 on the proliferation of the 
CRC cells. Decreased miR‑491 or increased FOXP4 expression 
levels were associated with the pathological stage in patients 
with CRC. In addition, miR‑491 inhibited cell proliferation by 
targeting FOXP4. circ‑0000212 was increased in CRC tissues 
and was predominantly localized in the cytoplasm. Furthermore, 
circ‑0000212 augmented viability of the CRC cells by sponging 
miR‑491 and modulating FOXP4. In conclusion, circ‑0000212 
may serve as a novel tumor‑promoter and drug target in CRC.

Introduction

Colorectal cancer (CRC) is one of the most lethal malignancies 
worldwide. It is the third leading cause of cancer‑associated 
death and the third most commonly diagnosed cancer in 

both men and women (1). Despite improvements in treatment 
options, such as surgery and adjuvant therapeutic modalities 
in recent years, CRC still has a low survival rate. Thus, there 
is an urgent requirement to identify the important signaling 
pathways involved, to aid in the development of novel effective 
treatment strategies for management of CRC.

Non‑coding (nc)RNAs have been shown to be involved in 
various types of disease, including cancer, and an increasing 
number of studies are identifying the associations between 
ncRNAs and cancer (2‑4). MicroRNAs (miRNAs/miRs) are 
a class of small regulatory ncRNAs and are ~22 bp in length. 
They are evolutionarily conserved across species and can 
negatively regulate the expression levels of their targets by 
binding with the 3'‑untranslated region (UTR) of mRNAs (5). 
Increasing evidence has shown that miRNAs serve crucial 
roles in oncogenesis, progression and prognosis of CRC (6‑8).

Circular (circ)RNAs are a novel group of ncRNAs, which 
have covalently closed continuous loops without a polyadenyl‑
ated tail or 5' to 3' polarity (9). circRNAs originate from exons, 
introns or intergenic regions and are resistant to RNase R (10). 
It has been found that circRNAs are conserved across multiple 
species and display tissue‑specific and developmental‑stage 
specific expression levels (11); however, their functional signif‑
icance remains unknown. Previously, research has focused on 
investigating the function of circRNAs. Studies have shown 
that circRNAs exert functions in neurological diseases, cardio‑
vascular disorders, prion diseases and cancer (12,13). circRNAs 
are principally localized in the cytoplasm, where they exert 
their key roles in human diseases (14). Accumulating data have 
suggested that circRNAs can function as miRNA sponges and 
interact with RNA‑binding proteins to widely regulate gene 
expression levels  (10). circAGFG1 promoted stemness and 
metastasis in CRC by regulating YY1/CTNNB1 and sponging 
miRNAs (15). circHIPK3 also inhibited cancer proliferation, 
acting as a miR‑124 sponge in multiple types of cancer (16). 
These studies demonstrate that circRNAs are novel targets for 
drug development and clinical management in cancer.

In the present study, the role of circ‑0000212, a circRNA 
derived from the SFMBT2 gene, in CRC was investigated. 
circ‑0000212 expression was significantly higher in CRC and 
could promote tumor progression by acting as a competing endog‑
enous RNA of miR‑491 by modulating forkhead box P4 (FOXP4) 
expression levels. Therefore, circ‑0000212 may act as a suppres‑
sive factor in tumors and thus serve as a novel target to treat CRC.
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Materials and methods

Patient characteristics. Clinical data and miRNA expres‑
sion data were downloaded from The Cancer Genome Atlas 
(TCGA) database using the TCGAbiolinks package  (17). 
A total of 500 samples were downloaded for RNA analysis, 
including 41 normal tissues and 459 cancer tissues, and 465 
samples were downloaded for miRNA analysis, including 8 
normal tissues and 457 cancer tissues. TCGA data are publicly 
available and all written informed consent was acquired as 
stated by TCGA. A total of 20 pairs of CRC and adjacent 
normal tissues were harvested from patients with CRC, who 
received surgical treatment at The Second Affiliated Hospital 
of Harbin Medical University (Harbin, China). The median 
age of the patients was 64 years old, (age range, 48‑81 years) 
and among the 20  cases, seven were female patients and 
13 were male patients. All tissues were snap‑frozen, then 
stored at ‑80˚C until use. The study adhered to the principles 
of the Declaration of Helsinki. Written informed consent was 
provided by all patients and the present study was approved 
by the Institutional Review Board of The Second Affiliated 
Hospital of Harbin Medical University (Heilongjiang, China).

Cell culture. The normal colon‑derived epithelial FHC cell line, 
293T cells, and the CRC cell lines, SW620, SW480, LoVo, HT29 
and HCT116 were purchased from the American Type Culture 
Collection. The FHC cells were cultured in DMEM: F12 Medium, 
and 293T cells and the CRC cell lines were cultured in DMEM 
(all from Gibco; Thermo Fisher Scientific, Inc.). All media were 
supplemented with 10% FBS (Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified incubator with 5% CO2.

Reverse transcription‑quantitative PCR (RT‑qPCR). TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to 
extract RNA from the tissues and cells and RT was performed using 
a RT kit according to the manufacturer's protocol (Thermo Fisher 
Scientific, Inc.). qPCR was performed with the SYBR Green 
mix kit (Takara Bio, Inc.). The thermocycling conditions were 
as follows: 94˚C for 2 min, followed by 40 cycles at 94˚C for 
15 sec and 60˚C for 1 min. NE‑PER™ Nuclear and Cytoplasmic 
Extraction Reagents (Thermo Fisher Scientific, Inc.) were used 
to isolate the cytoplasmic and nuclear components, respectively. 
The following primers were used: circ‑0000212 forward, 5'‑GTT​
TGG​GAG​GCT​TCT​TGG​TAA​T‑3' and reverse, 5'‑AAA​GCC​
AGT​TTC​CTC​CAA​GC‑3'; SFMBT2 forward, 5'‑TCT​GCG​CTA​
CTG​CGG​TTA​C‑3' and reverse 5'‑ACC​AGT​CAA​GTC​ACG​TAT​
GAG​AA‑3'; U6 forward, 5'‑GCT​TCG​GCA​GCA​CAT​ATA​CTA​
AAA​T‑3' and reverse, 5'‑CGC​TTC​ACG​AAT​TTG​CGT​GTC​
AT‑3'; miR‑491 stem loop, 5'‑CTC​AAC​TGG​TGT​CGT​GGA​GTC​
GGC​AAT​TCA​GTT​GAG​CCT​CATG‑3', forward, 5'‑ACA​CTC​
CAG​CTG​GGA​GTG​GGG​AAC​CCT​TC‑3' and reverse, 5'‑TGG​
TGT​CGT​GGA​GTC​G‑3'; FOXP4 forward, 5'‑ATC​GGC​AGC​
TGA​CGC​TAA​ATG​AGA‑3' and reverse, 5'‑AAA​CAC​TTG​TGC​
AGG​CTG​AGG​TTG‑3'; actin forward, 5'‑GGC​GGC​AAC​ACC​
ATG​TAC​CCT‑3' and reverse, 5'‑AGG​GGC​CGG​ACT​CGT​CAT​
ACT‑3'. U6 and actin were used as the loading controls.

Plasmids, synthesized nucleotide sequences and transfection. 
An overexpression plasmid (pcDNA3.1) containing the FOXP4 

transcript, small interfering (si)RNA targeting circ‑0000212, 
miR‑491 mimics and miR‑491 inhibitors were purchased 
from Shanghai GenePharma Co., Ltd. The following siRNA 
sequence targeting circ‑0000212 was used: 5'‑GGG​AGG​
CTT​CTT​GGT​AAT​TTT‑3'. The negative control used for 
overexpression of FOXP4 was empty pcDNA3.1 plasmid. The 
siRNA negative control sequence was as follows: 5'‑TTU​UGA​
ACC​AAG​AAG​CCU​CCC‑3'. The miR‑491 mimic sequence 
was 5'‑AGU​GGG​GAA​CCC​UUC​CAU​GAG​G‑3' and nega‑
tive control used for miR‑491 mimics was 5'‑UUC​UCC​GAA​
CGU​GUC​ACG​UTT‑3'. The miR‑491 inhibitor sequence was 
2'‑methoxy modified: 5'‑mCm​CmU​mCm​AmU​mGm​GmA​
mAm​GmG​mGm​UmU​mCm​CmC​mCm​AmC​mU‑3', and the 
negative control for the miR‑491 inhibitor was 5'‑CAG​UAC​
UUU​UGU​GUA​GUA​CAA‑3'. The miR‑491 inhibitor was 
2'‑methoxy modified because this modification could more 
effectively inhibit the function of miRNA  (18). The cells 
were seeded 24 h prior to transfection, at 50‑60% confluence, 
then transfected using Lipofectamine®  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The cells were transfected with 50 nM siRNA, 2.5 µg 
plasmid, 30 nM miRNA mimics or 30 nM miRNA inhibitor, 
according to the manufacturer's protocol. Subsequent experi‑
ments were performed 48 h post transfection.

Bioinformatics analysis. TargetScan online database (Release 
7.2, http://www.targetscan.org/vert_72/) was used to identify 
potential mRNA targets of miRNA‑491. CircBase (http://www.
circbase.org/) and starBase (http://starbase.sysu.edu.cn/index.
php) were used to identify potential circRNAs that could bind 
with miR‑491. The sequence of miR‑491 is 5'‑gga​gua​ccu​ucc​
CAA​GGG​GUG​a‑3' and the binding site of hsa‑circ‑0000212 
is 5'‑gga​gca​agu​gcu​GCU​CCC​CAC​a‑3' (upper‑case letters refer 
to binding site).

Cell Counting Kit‑8 (CCK‑8) proliferation assay. A total 
of 2x103 cells were seeded in each well of a 96‑well plate 
containing 100 µl culture medium. The cells were cultured for 
24, 48 and 72 h, and 10 µl CCK‑8 solution (Abcam) was then 
added to each well and cultured for 2 h in the incubator. The 
absorbance was measured at 460 nm using a microplate reader.

Colony formation assay. A total of 500 cells were seeded in 
each well of a 6‑well plate and incubated at 37˚C for 7 days. To 
maintain the effect of the siRNA, miRNA mimic or inhibitor, 
the cells were re‑transfected on day 3. The colonies were 
fixed with 4% paraformaldehyde at room temperature for 
15 min, then stained with 0.01% crystal violet solution at room 
temperature for 30 min. The number of cell colonies was then 
analyzed. A colony was defined to consist of ≥50 cells and 
colonies were detected under a light microscope (magnifica‑
tion, x4).

Western blot analysis. The cells were harvested and the 
total protein was extracted using RIPA lysis buffer with 
protease‑phosphatase inhibitor (EMD Millipore). A Pierce 
BCA Protein assay kit (Thermo  Fisher Scientific, Inc.) 
was used to quantify protein expression. Proteins (30 µg) 
were loaded on a 15% SDS‑gel, resolved using SDS‑PAGE 
then transferred to PVDF membranes. Membranes were 
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blocked using 3% non‑fat milk at room temperature for 2 h. 
The primary antibodies used were anti‑FOXP4 (1:1,000; 
cat. no. b17726) and anti‑β‑actin (1:2,500; cat. no. ab8227) 
(both from Abcam), and membranes were incubated with the 
antibodies overnight at 4˚C. Subsequently, a HRP‑conjugated 
secondary antibody, goat anti‑rabbit IgG H&L (1:5,000; 
cat. no. b6721; Abcam), was incubated with the membrane at 
room temperature for 1 h. The membranes were visualized 
using an ECL kit (Bio‑Rad Laboratories, Inc.) according to 
the manufacturer's protocol.

Luciferase reporter assay. The 293T cells were seeded in 
96‑well plates and co‑transfected with either pRL‑CMV 
Renilla luciferase reporter, firefly luciferase reporter, or 
miR‑491 mimic. The luciferase activities of Renilla and 
firefly reporter vectors were quantified using a dual‑lucif‑
erase reporter assay according to the manufacturer's protocol 
(Promega Corporation) after 48  h of incubation. The 
3' untranslated regions (UTRs) were taken from FOXP4, 
and the binding site of circ‑0000212 with miR‑491 was 
taken from circ‑0000212. The sequences containing the 
miR‑491‑binding sites or point mutations in the binding sites 
were inserted between SpeI and HindIII sites in the firefly 
luciferase reporter vectors, in order to generate wild‑type 
and mutant luciferase reporter vectors, respectively. These 
sequences were all obtained from Shanghai GenePharma 
Co., Ltd. The pRL‑CMV Renilla luciferase reporter was 
purchased from Promega Corporation. Lipofectamine 2000 
was used to perform transfection according to the manu‑
facturer's protocol. Briefly, the 293T cells were seeded 24 h 
prior to transfection at 50‑60% confluence. The cells were 
transfected once they reached ~70% confluence with 50 ng 
plasmids, and 20 nM miRNA mimics or miRNA inhibitor, 
according to the manufacturer's protocol. Luciferase activity 
was measured 48 h post‑transfection and Renilla luciferase 
activity was used as a control.

RNA immunoprecipitation (RIP) assay. A RIP assay was 
performed using a Magna RIP kit (EMD Millipore) with 
samples from SW620 cells, according to the manufacturer's 
protocol. The anti‑AGO2 (cat. no. b156870) and IgG antibodies 
(cat. no. b133470) were purchased from Abcam.

Actinomycin D and RNase R treatment. Actinomycin  D 
(2  mg/ml; Sigma‑Aldrich; Merck  KGaA) was added to 
inhibit transcription. The RNA from SW620 cells (2  µg) 
was treated at 37˚C for 30 min with 3 U/µg RNaseR (LGC 
Biosearch Technologies). After treatment with Actinomycin D 
and RNase R, the RNA expression levels of SFMBT2 and 
circ‑0000212 were determined using RT‑qPCR.

Statistical analysis. All the experiments were repeated at 
least three times. Statistical analysis was performed using 
SPSS version 20.0 (IBM Corp.). A Student's t‑test (paired or 
unpaired depending on the data) or Fisher's exact test was 
used to compare differences between two groups. Differences 
between multiple groups were compared using a one‑way 
ANOVA with a post hoc Tukey's test. Kaplan‑Meier curves 
with a log‑rank test were used to assess survival. P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR‑491 is downregulated in CRC tissues and associated with 
certain clinicopathological characteristics of CRC. Data from 
TCGA was first analyzed to confirm the expression levels of 
miR‑491 and the potential role of miR‑491 in CRC. Table I 
shows the baseline characteristics of the patients from TCGA. 

Table I. Baseline clinicopathological characteristics of the 
cases obtained from TCGA.

Characteristics	 N (%)

Age, years	
  <60	 124 (27.0)
  ≥60	 332 (72.2)
Sex	
  Female	 216 (47.2)
  Male	 242 (52.8)
Stage	
  I	   76 (17.0)
  II	 178 (39.7)
  III	 129 (28.8)
  IV	   65 (14.5)
T stage	
  T1	   11   (2.4)
  T2	   78 (17.0)
  T3	 312 (68.1)
  T4	   56 (12.2)
  Tis	     1   (0.2)
N stage	
  N0	 269 (58.7)
  N1/2	 189 (41.2)
  M Stage	
  M0	 336 (83.8)
  M1	   65 (16.2)
Radiation therapy	
  No	 379 (97.7)
  Yes	     9   (2.3)
Residual tumor	
  R0	 330 (85.7)
  R1	     4   (1.0)
  R2	   26   (6.8)
  RX	   25   (6.5)
Histological type	
  Adenocarcinoma	 391 (86.3)
  Mucinous adenocarcinoma	   62 (13.7)
Ethnicity	
  American Indiana or Alaskan native	     1   (0.4)
  Asian	   11   (3.9)
  Black or African American	   59 (20.8)
  White	 213 (75.0)

aAs described in TCGA. TCGA, The Cancer Genome Atlas.
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miR‑491 was upregulated in normal tissues compared with 
that in the cancer tissues (Fig. 1A), indicating an inhibitory 
effect on CRC. The expression levels of miR‑491 in the cases 
with different T  stages was also analyzed; there were no 
significant differences between the different T stages; however, 
late T stage had a lower expression level of miR‑491 (Fig. 1B). 
Similarly, there was only a trend that patients with advanced 
N stage had lower miR‑491 expression levels (Fig. 1C). Patients 

were further divided into two groups based on the miR‑491 
expression level, and it showed that lower miR‑491 expres‑
sion level was associated with advanced tumor and N staging 
(Table II).

miR‑491 inhibits CRC cell proliferation. Based on the 
aforementioned findings, it was hypothesized that miR‑491 
inhibited cell malignancy. To validate this hypothesis, 

Table II. Association between miR‑491 or FOXP4 expression with the clinicopathological characteristics.

	 miR‑491, n	 FOXP4, n
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 High	 Low	 P‑value	 High	 Low	 P‑value

Age			   0.3684			   0.2504
  <60	 56	 66		  73	 51	
  ≥60	 163	 155		  172	 157	
Sex			   0.297			   0.889
  Female	 111	 100		  115	 100	
  Male	 109	 122		  131	 109	
Stage			   0.0455a	 		  <0.001c

  I	 46	 27		  39	 36	
  II	 83	 86		  75	 103	
  III	 53	 72		  82	 46	
  IV	 34	 31		  44	 20	
T stage			   0.0506			   1
  T1/2	 51	 34		  48	 40	
  T3/4	 169	 187		  198	 168	
N stage			   0.026a	 		  <0.001c

  N0	 140	 117		  125	 143	
  N1/2	 80	 105		  121	 66	
  M Stage			   0.768			   0.016a

  M0	 158	 162		  172	 162	
  M1	 34	 31		  44	 20	
Radiation therapy			   0.949			   1
  No	 179	 188		  202	 175	
  Yes	 5	 4		  5	 4	
Residual tumor			   0.009b	 		  0.7435
  R0	 146	 168		  170	 159	
  R1	 2	 2		  2	 2	
  R2	 21	 5		  15	 9	
  RX	 11	 14		  12	 13	
Histological type			   0.397			   0.1008
  Adenocarcinoma	 184	 192		  216	 172	
  Mucinous adenocarcinoma	 34	 27		  27	 35	
Ethnicity			   0.014a	 		  0.6216
  American Indiand or Alaskan native	 1	 0		  1	 0	
  Asian	 3	 8		  5	 6	
  Black or African American	 35	 24		  32	 27	
  White	 82	 131		  125	 88	

aP<0.05, bP<0.01, cP<0.001, das described in TCGA. Data were obtained from TCGA. miR‑491, microRNA‑491; FOXP4, forkhead box P4; 
TCGA, The Cancer Genome Atlas.
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miR‑491 expression levels were first detected in different CRC 
cell lines, as well as in a normal colon epithelial cell line. As 
shown in Fig. 2A, the CRC cell lines, particularly SW620 cells, 
had a relatively low expression level of miR‑491 compared 
with that in the FHC cell line, indicating a potential tumor 
suppressor role. miR‑491 was then transiently overexpressed 
in the SW620 and LoVo cell lines using miR‑491 mimic 
(Fig. 2B), and the CCK‑8 and colony formation assays were 
performed. miR‑491 significantly inhibited the proliferation 
and viability of both the SW620 and LoVo cells (Fig. 2C‑E).

miR‑491 functionally targets FOXP4. miRNAs exert their 
functions by inhibiting downstream targets. From the data 

analysis of patients with CRC from TCGA, it was found that 
while miR‑491 was significantly reduced in cancer tissues, 
the expression levels of numerous mRNAs were significantly 
increased. Thus, the potential downstream targets of miRNA 
regulation may be within the upregulated mRNAs. FOXP4 
was found to be upregulated in CRC tissues (adenocarcinoma 
tissues) compared with that in normal tissues (Fig.  3A). 
Higher expression levels of FOXP4 were also associated with 
late tumor, N and M stages (Table II). Thus, the association 
between miR‑491 and FOXP4 expression levels with survival 
were analyzed, and no association was found (Fig. S1). Next, 
bioinformatics analysis was used to screen potential targets of 
miR‑491, as miRNAs could exert their functions by inhibiting 

Figure 1. miR‑491 is downregulated in CRC tissues. (A) miR‑491 expression was significantly decreased in 457 cancer tissues compared with 8 normal tissues. 
(B) Expression of miR‑491 in the early (T1/2) and late T stages (T3/4). (C) Expression of miR‑491 in the early (N) and late N stages (N1/2). miR, microRNA; 
CRC, colorectal cancer.

Figure 2. miR‑491 inhibits CRC cell proliferation. (A) miR‑491 expression in the different colorectal cancer cell lines (HCT116, SW480, HT29, LoVo and 
SW620) and normal colon cell line (FHC). *P<0.05 vs. FHC. (B) Expression of miR‑491 was increased after transfection of miR‑491 mimic both in LoVo 
and SW620 cells. miR‑491 inhibited (C) SW620 and (D) LoVo cell proliferation, based on the Cell Counting Kit‑8 assays. (E) miR‑491 suppressed SW620 
and LoVo cell colony formation ability. Right panel, representative figures; left panel, quantitative analysis. *P<0.05, **P<0.01 vs. NC. Experiments were 
repeated three times. miR, microRNA; CCK‑8, Cell Counting Kit‑8; NC, negative control; OD, optical density; NS, not significant.

https://www.spandidos-publications.com/10.3892/mmr.2021.11939
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downstream targets. The results showed that FOXP4 could 
bind with miR‑491 and the binding sites were conserved across 
different species (Fig. 3B; Table SI). There were 2 binding sites 
in the 3'‑UTR of FOXP4 (Fig. 3C), indicating an interaction 
between miR‑491 and FOXP4. To further confirm binding 
between miR‑491 and FOXP4, a luciferase reporter assay 
was performed. The results showed that miR‑491 mimic 
could significantly inhibit the luciferase activity of the vector 
containing the wild‑type binding site compared with that in the 
vector containing the mutant binding site (Fig. 3D). In addition, 
miR‑491 reduced the mRNA and protein expression levels of 
FOXP4 (Fig. 3E). It was then examined whether FOXP4 was 
a functional target of miR‑491. First, FOXP4 and miR‑491 
were overexpressed, and the results showed that FOXP4 could 
promote cell colony formation ability, whereas overexpres‑
sion of miR‑491 reduced colony formation. Notably, FOXP4 
reversed the inhibitory effects on cell colony formation ability 
of miR‑491 (Figs. 3F and S2A). Furthermore, similar results 
were observed in the CCK‑8 assay (Fig. 3G). These results 
confirmed that miR‑491 could functionally target FOXP4 in 
colon cancer.

Biological characteristics of circ‑0000212. An increasing 
number of studies have demonstrated that circRNAs act as 
a novel class of miRNAs to regulate the target expression 
level and therefore, may be involved in oncogenesis and 
progression (19). To identify the circRNAs that could sponge 
miR‑491 in CRC, circBase and starBase databases were used 
to identify potential circRNAs, that could bind to and sponge 
miR‑491 (Table  SII). As SFMBT2 is widely involved in 
cancer processes (20,21), from the results, hsa‑circ‑0000212 
was selected, which is derived from the SFMBT2 gene 
(chromosome 10, 7405839‑7423911). The expression levels of 
circ‑0000212 were assessed in the CRC cell lines, and it was 
found that circ‑0000212 was notably increased when compared 
with that in the normal FHC cell line, although the difference 
was not significant (Fig. 4A), opposite to the expression pattern 
of miR‑491. Furthermore, circ‑0000212 was also detected in 
20 paired cancer and adjacent normal tissues, which revealed 
that circ‑0000212 was expressed at a higher level compared 
with that in the normal adjacent tissues (Fig. 4B). According 
to Fig. 4C, compared with linear SFMBT2, circ‑0000212 
showed resistance to RNase R, indicating that circ‑0000212 

Figure 3. miR‑491 functionally targets FOXP4. (A) FOXP4 expression was significantly increased in cancer tissues compared with normal tissues. (B) The 
binding site between FOXP4 and miR‑491 is conserved across different species. (C) Potential binding sites between the 3'‑UTR in FOXP4 with miR‑491. 
(D) miR‑491 mimic decreased luciferase activity of the vector containing WT binding sites in 293T cells. *P<0.05 vs. miR NC. (E) miR‑491 decreased FOXP4 
mRNA (left) and protein (right) expression levels. **P<0.01 vs. NC. (F) SW620 cells were divided into four groups: NC, overexpression of FOXP4 (FOXP4), 
overexpression of miR‑491 (miR‑491 mimic), and concurrent overexpression of FOXP4 and miR‑491 (FOXP4 + miR‑491 mimic). Cell colony formation assays 
were performed in the different groups of cells: Right, representative figures; left, quantitative analysis. (G) SW620 Cells were divided into four groups: NC, 
overexpression of FOXP4 (FOXP4), overexpression of miR‑491 (miR‑491 mimic), and concurrent overexpression of FOXP4 and miR‑491 (FOXP4 + miR‑491 
mimic). Cell Counting Kit‑8 assays were performed in the different groups of transfected cells. *P<0.05, **P<0.01, ***P<0.001, as indicated. Experiments were 
repeated three times. miR‑491, microRNA‑491; FOXP4, forkhead box P4; UTR, untranslated region; NC, negative control; WT, wild‑type; MT, mutant; OD, 
optical density.
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possessed a loop structure (Fig. 4C). Cytoplasmic and nuclear 
RNA analysis using RT‑qPCR showed that circ‑0000212 was 
primarily distributed in the cytoplasm (Fig. 4D).

circ‑0000212 acts as a sponge for miR‑491. Considering that 
circRNAs can sponge miRNAs, and circ‑0000212 was enriched 
in the cytoplasm, it was hypothesized that circ‑0000212 
could act as a sponge for, and bind to, miR‑491. The potential 
binding site between circ‑0000212 and miR‑491 was identi‑
fied (Fig. 5A), then the sequence was constructed and ligated 
downstream in the luciferase reporter plasmid. It was hypoth‑
esized that miR‑491 could decrease the luciferase activity of 
circ‑0000212. The luciferase reporter vector for circ‑0000212 
was co‑transfected with miR‑491 mimic and the results indi‑
cated that miR‑491 markedly reduced the luciferase activity 
compared with that in the vector with the mutant binding 
sequence (Fig. 5B). Furthermore, a RIP assay was performed 
for AGO2, and the levels of endogenous circ‑0000212 and 
miR‑491 pulled‑down from AGO2‑expressing cells was deter‑
mined using RT‑qPCR analysis. The results demonstrated 
that circ‑0000212 and miR‑491 were highly enriched in the 
AGO2 pellet compared with that in the input control (Fig. 5C). 
As a sponge of miR‑491, circ‑0000212 could regulate the 
targets of miR‑491. The cells were than transfected with either 
si‑circ‑0000212 and miR‑491 inhibitor or si‑circ‑0000212 and 
miR‑491 inhibitor at the same time. Notably, si‑circ‑0000212 
decreased the expression levels of FOXP4, a target of miR‑491, 
while inhibition of miR‑491 increased the expression levels of 

FOXP4 (Figs. 5D, S2B and C). Furthermore, si‑circ‑0000212 
reversed the effects of miR‑491 on the regulation of FOXP4 
(Figs. 5D, S2B and C). Finally, the ability of circ‑0000212 
to modulate cell proliferation in CRC was investigated. 
si‑circ‑0000212 significantly reduced the proliferative ability 
of the CRC cells (Figs. 5E, S2B and C), and consistently, 
it could also reverse the ability of the miR‑491 inhibitor to 
increase cell proliferation (Figs. 5E and F, S2B and C). Taken 
together, circ‑0000212 could act as sponge of miR‑491.

Discussion

Previous studies have shown that FOXP4 functions as a tumor 
promoter in various types of cancer (22,23), and is upregu‑
lated in cancer tissues (23). In the present study, the expression 
levels of FOXP4 were increased in a large CRC cohort based 
on data obtained from TCGA. Dysregulated miR‑491 expres‑
sion has been identified in various types of tumors. In breast 
cancer, miR‑491 was downregulated in cancer tissues and 
functioned as a tumor suppressor by targeting TPX2 (24). In 
glioma, miR‑491 overexpression inhibited cell proliferation 
via the Wnt3a/β‑catenin pathway as well as invasion‑medi‑
ated epithelial‑mesenchymal transition  (25). miR‑491 also 
suppressed cell proliferation, motility and invasion in gastric 
cancer by targeting HMGA2 (26), or SNAIL and FGFR4 (27). 
Furthermore, miR‑491 inhibited cell proliferation, motility 
and progression in prostate cancer (28) and nasopharyngeal 
carcinoma (29). Even though miR‑491 has been investigated in 

Figure 4. Biological characteristics of circ‑0000212. (A) Expression of circ‑0000212 in the different colorectal cancer cell lines and the normal colonic cell 
line FHC. (B) Relative expression of circ‑0000212 in the 20 paired normal colon tissues and cancer tissues. (C) Expression of circ‑0000212 or linear SFMBT2 
mRNA after treatment of RNase R. **P<0.01 vs. Mock. (D) Localization of circ‑0000212 in SW620 cells. Experiments were repeated three times. circ, circular 
RNA; NS, not significant.
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CRC (30), there is limited research in this area. In the present 
study, there was a difference in the sample sizes between the 
normal and cancer tissues (8 vs. 457); however, the data were 
normally distributed, and the two groups were of equal vari‑
ances. Therefore, the results are reliable. To the best of our 
knowledge, for the first time, these results showed that the 
miR‑491 mimic suppressed cell proliferation by targeting 
FOXP4. Based on the association between miR‑491 and FOXP4 
in CRC tissues, the association between miR‑491 and FOXP4 
expression levels with the clinicopathological characteristics 
in patients with CRC were investigated. Both high miR‑491 
and low FOXP4 expression levels were associated with patho‑
logical and N stages, highlighting its potential as a diagnostic 

marker for patients with CRC. The aforementioned results 
show that miR‑491 may act as a tumor suppressor in cancer. 
However, the results suggested that there was no association 
between miR‑491 and reduced invasion of the CRC cells, as 
it was not associated with M stage, which has been shown in 
other types of cancer (24). This might be due to heterogeneity 
of different types of cancer and cell lines; therefore, further 
investigation is required to determine the role of miR‑491 in 
different types of cancer.

An increasing number of studies has demonstrated that 
circRNAs are more than junk or by‑products of errors during 
the splicing process. circRNAs can functionally regulate 
transcriptional activity and also play roles as miRNA sponges 

Figure 5. circ‑0000212 acts as a sponge for miR‑491. (A) Binding site between circ‑0000212 and miR‑491. (B) In the 293T cells, transfection of the miR‑491 
mimic decreased luciferase activity of the vector containing the wild type binding site of circ‑0000212. **P<0.01 vs. NC. (C) AGO2 RNA immunoprecipitation 
assay to determine the quantity of circ‑0000212 and miR‑491. **P<0.01 vs. IgG. (D) Western blot analysis of the expression levels of FOXP4 after transfec‑
tion with si‑circ‑0000212 + miR‑491 inh in SW620 cells. (E) Cell Counting Kit‑8 assay of SW620 cells after transfection with si‑circ‑0000212 + miR‑491 
inh. *P<0.05, **P<0.01, ***P<0.001. (F) Colony formation assay of SW620 cells after transfection with si‑circ‑0000212 + miR‑491 inh. *P<0.05, **P<0.01, as 
indicated. Experiments were repeated three times. miR‑491, microRNA‑491; miR‑491 inh, miR‑491 inhibitor; si, small interfering; circ, circular RNA; OD, 
optical density; NC, negative control; FOXP4, forkhead box P4.
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and therefore, modulate oncogenesis and cancer progres‑
sion (31‑34). In addition, circRNAs may also function as protein 
scaffolds, sequester proteins and function co‑operatively to 
achieve measurable effects (31).

Genome‑wide research has discovered a large number of 
new circRNAs with different functions in cancer. circRNAs 
can act as tumor promoters. circCCDC66 and circHIAT1 
increased tumor proliferation and metastasis in various 
types of cancer  (35,36). Conversely, other circRNAs have 
also been shown to inhibit cancer progression. circREPS2 
and circ_0000353 suppresses gastric progression (37) and 
metastasis of non‑small cell lung cancer (38), respectively, via 
modulation of multiple signaling pathways.

In the present study, circ‑0000212 was selected. It is a 
circRNA derived from SFMBT2, which was shown to sponge 
miR‑491. SFMBT2 has been shown to be dysregulated in 
several types of cancer and is involved in cell proliferation. It 
has been shown that SFMBT2 promoted cell viability through 
the epigenetic modulation of HOXB13 gene expression in 
prostate cancer cells (39). Furthermore, SFMBT2 positively 
regulated chondrocyte proliferation via SOX9 (40). Notably, 
it was discovered that circ‑0000212 was upregulated in CRC 
tissues compared with that in adjacent normal tissues. In addi‑
tion, compared with linear SFMBT2, circ‑0000212 displayed 
stable expression in CRC cells and was preferentially 
distributed in the cytoplasm. Functional experiments found 
that circ‑0000212 increased cell proliferation by sponging 
miR‑491 and modulated FOXP4 expression levels. These data 
suggest that circ‑0000212 may function as a tumor promoter 
in CRC via regulation of a miR‑491/FOXP4 signaling axis. 
Notably, the CRC cell lines used in the present study had 
different expression levels of miR‑491 and circ‑0000212. The 
HCT116, SW480, HT29, LoVo and SW620 cells are classified 
as stages IV, II, III, III, and III, respectively. There was no 
significant association between the expression levels and the 
cell lines characteristics. Thus, other factors, such as gene 
mutation and chromosomal stability may affect the expression 
levels of miR‑491 and circ‑0000212.

circRNAs are stable and present different immunogenicity 
when synthesized in vitro, due to their specific loop structure, 
and therefore could be used as promising potential biomarkers 
for cancer diagnosis and prognosis (31,36). Previously, research 
has focused on the application of circRNA technologies to probe 
and operate intracellular processes (41), manipulate miRNA 
expression levels (42), repress innate immune responses (43), 
augment immune functions (44) and serve as biomarkers (45).

In conclusion, circ‑0000212 may sponge miR‑491 and 
therefore modulate FOXP4 expression in CRC cells. The 
present study lays the foundation for future studies, and 
circ‑0000212 may serve as a novel target for the development 
of treatments to manage CRC.
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