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1  |  INTRODUC TION

Colorectal cancer (CRC) is an aggressive primary intestinal malig-
nancy. Its incidence and mortality rank third among various cancers 
worldwide.1 Because there are not enough sensitive biomarkers and 

effective screening methods, many patients with CRC are diagnosed 
with advanced disease and consequently suffer from poor 5-year 
survival rates.2 Although improvements in diagnosis and therapy 
have prolonged the survival of patients with CRC to a certain extent, 
the prognosis remains unfavorable owing to recurrence, metastasis, 
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Abstract
Emerging evidence has suggested that circular RNAs (circRNAs) have vital functions 
during the initiation and progression of various diseases. However, circRNA poten-
tial mechanisms in colorectal cancer (CRC) are largely unknown. Here, we sought to 
investigate the role and underlying regulatory mechanism of circ0104103 in CRC. 
circ0104103 was validated by quantitative RT-PCR (qRT-PCR) and Sanger sequenc-
ing. Gain- and loss-of-function assays in cell lines and mouse xenograft models were 
utilized to investigate the effects of circ0104103 in CRC. RNA pull-down assays, RNA 
immunoprecipitation assays, bioinformatics analyses, RNA FISH, and luciferase re-
porter assays were used to elucidate the potential mechanism of circ0104103 in CRC. 
We identified circ0104103, which is strongly downregulated in CRC tissues and cell 
lines. Functional studies revealed that circ0104103 inhibited CRC cell growth, mi-
gration, and invasion both in vitro and in vivo. Mechanistically, circ0104103 binds 
to HuR, a functional RNA-binding protein commonly expressed in CRC. HuR binds 
to the 3′UTR of LACTB mRNA to facilitate stabilization and increase its expression. 
Moreover, circ0104103 was verified as a competing endogenous RNA (ceRNA) via 
negative regulation of miR-373-5p to increase LACTB expression, resulting in inhibit-
ing the occurrence and progression of CRC. Taken together, our study revealed that 
circ0104103 acts as a tumor suppressor and may be a novel biomarker and therapeu-
tic target in CRC.
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and drug resistance.3 Hence, to provide better treatment strategies, 
new potential biomarkers and deeper elucidation of the mechanisms 
of CRC should be explored.

Circular RNAs (circRNAs) are highly conserved noncoding (nc)
RNAs with closed-loop structures that lack 5′ caps or 3′ poly(A) 
tails.4,5 Emerging research has demonstrated that numerous dys-
regulated circRNAs in a variety of diseases, including tumors, can 
be used as biomarkers for monitoring tumor occurrence and de-
velopment, such as colorectal cancer (CiRS-7 and circHIPK3),6,7 
gastric cancer (circPVT1 and has_circ_0000096),8,9 hepatocellular 
carcinoma (circMTO1 and circSMARCA5),10,11 and bladder cancer 
(circMYLK and circITCH),12,13 indicating that circRNAs have great 
potential as new tumor markers. Although some progress has been 
made in the study of circRNAs, the functions of circRNAs in CRC 
remain largely unclear and need to be further investigated.

Beta-lactamase-like (LACTB) is evolutionarily related to bacterial 
penicillin-binding B-lactamase proteins, ubiquitously expressed in the 
mitochondria of skeletal muscle, liver, and heart.14,15 Xue et al. suggested 
that low LACTB expression promotes tumor progression and predicts 
poor prognosis in hepatocellular carcinoma.16 Subsequently, the tumor-
suppressive functions of LACTB were also identified in breast cancer.17 
Moreover, our previous findings have demonstrated that LACTB is a 
novel epigenetically silenced tumor suppressor in CRC.18

In this study, we characterized one novel circRNA derived from 
exons 3 to 5 of the LACTB gene (hsa_circ0104103). Furthermore, 
we identified that circ0104103 was an antioncogene that was down-
regulated in CRC tissues and cell lines. Mechanistically, circ0104103 
interacts with human antigen R (HuR) to improve the mRNA stabil-
ity of LACTB. Moreover, circ0104103 could sponge endogenous 
miR-373-5p to increase the expression of LACTB. Our findings 
demonstrated that circ0104103 could be a potential biomarker and 
therapeutic target for CRC.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

The human normal colorectal epithelial cell line NCM460 and the 
human CRC cell lines (HCT116, HT29, HCT8, SW480, SW620, DLD1 
and CACO2) were obtained from the ATCC. NCM460 and DLD1 
cells were cultured in RPMI 1640 medium (Gibco) containing 10% 
FBS (Gibco) and 1% penicillin–streptomycin (Gibco). SW620 and 
SW480 cells were grown in Leibovitz's L15 Medium (L15) (Gibco) 
with 10% FBS and 1% penicillin–streptomycin, and all other cells 
(HCT116, HT29, HCT8, and Caco2) were cultured in DMEM (Gibco) 
supplemented with 1% penicillin–streptomycin and 10% FBS. All 
cells were maintained in an incubator at 37°C with 5% CO2.

2.2  |  Patient samples

All matched samples (CRC tissue and adjacent nontumor tissue) were 
obtained from patients who received primary surgery at Nanjing 

First Hospital, Nanjing Medical University. Patients who received 
any radiotherapy or chemotherapy before surgery were excluded. 
The tissues were confirmed by experienced pathologists and im-
mediately snap frozen after surgical removal. Informed consent was 
obtained from all participants, and the research was approved by the 
Ethics Committee on Human Research of the Nanjing First Hospital, 
Nanjing Medical University.

2.3  |  Vector construction and cell transfection

The small hairpin RNA (shRNA) of circ0104103 and circ0104103-
expressing vectors were designed by Genechem. Cells were grown 
to 30%–50% confluence in complete medium before being tran-
siently infected with lentiviral vectors following the guidelines. To 
select the stable cell lines, cells were cultured in medium with 2 μg/
mL puromycin. Two weeks later, the cells were harvested. Small in-
terfering RNAs (si-LACTB/si-HuR and si-NC) and microRNA mim-
ics were designed by RiboBio. The plasmids were transfected with 
Lipofectamine 2000 (Invitrogen) following the manufacturer's 
guidelines. All sequences are listed in Table S1.

2.4  |  Western blot analysis

Cell proteins were harvested using RIPA lysis buffer (Beyotime 
Biotechnology) supplemented with PMSF, protein inhibitors, and phos-
phatase inhibitors (KeyGEN). Then, the concentration of protein was 
quantified, separated by SDS-PAGE, and transferred PVDF membranes 
(Millipore). Then, the membranes were blocked with 5% skim milk and 
probed with specific antibodies at 4°C overnight. Protein expression 
was visualized using the bioimaging system ECL Plus (Millipore) after 
incubation with secondary antibodies. The detailed information of an-
tibodies used in the research were as follows: GAPDH (Proteintech, 
60,004-1-Ig, 1:2,000), MMP9 (Proteintech, 10,375-2-AP, 1:1,000), 
PCNA (Proteintech, 10,205-2-AP, 1:2,000), BCL2 (Proteintech, 12,789-
1-AP, 1:2000), P53 (Proteintech, 10,442-1-AP, 1:2000), LACTB (Abcam, 
ab131171,1:2,000), HuR (Abcam, ab200342, 1:2000), goat antimouse 
IgG, peroxidase conjugated, H + L (Biosharp, 1:5,000), and goat antirab-
bit IgG, peroxidase conjugated, H + L (Biosharp, 1:5,000).

2.5  |  In vivo experiments

All animal experiments were performed in compliance with a protocol 
approved by the Animal Care Committee of Nanjing Medical College. 
In the subcutaneous tumor xenograft experiment, five-week-old male 
BALB/c nude mice were randomly divided into two groups with six 
mice in each group. Stably infected HCT116 cells or negative control 
(5 × 106 cells/0.2 mL PBS) were inoculated into the left and right flanks 
of nude mice, respectively. Xenografts were determined every 5 days 
with caliper measurements, and tumor volumes were calculated with 
the following formula: (L × W2)/2. Four weeks later, the mice were 
killed. The volumes and weights of tumors were measured.
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For the metastasis assay, five-week-old male BALB/c nude 
mice were randomly divided into three groups with four mice in 
each group. Next, 1 × 106 HCT116 cells stably infected with sh-
circ0104103#2, circ0104103 or empty vectors suspended in 100 μL 
PBS were injected into nude mice via the tail vein. After 5 weeks 
of injection, all mice were killed, and their lungs were surgically re-
moved and stained by H&E staining.

2.6  |  Immunohistochemistry

All samples were collected, embedded in paraffin, and cut into 4-μM 
slices. For antigen retrieval, the sections were treated with fractionated 
ethanol and distilled water and 3% H2O2 for 30 min, followed by incu-
bation with 10% goat serum for 30 min to prevent binding of nonspe-
cific antibodies. After washing, sections were incubated with specific 
antibodies. According to the manufacturer's protocol, after staining 
with diaminobenzidine, all sections were dehydrated and sealed. All 
images were visualized and recorded under a microscope (Olympus). 
The details of the antibodies used in the research are as follows: MMP9 
(Proteintech, 10,375-2-AP, 1:100), PCNA (Proteintech, 10,205-2-AP, 
1:200), BCL2 (Proteintech, 12,789-1-AP, 1:100), P53 (Proteintech, 
10,442-1-AP, 1:100), and LACTB (Abcam, ab244455,1:200).

2.7  |  RNA pull-down assay

RNA pull-down assays were performed using a Magnetic RNA Protein 
Pull-Down Kit (Thermo Fisher Scientific) following the manufacturer's 
instructions. Biotin-labeled circ0104103 RNA probes were designed 
by RiboBio as follows: CCTAA​ACC​TTG​CTC​TATTGT. Briefly, the 
biotin-labeled circ0140103 RNA probes were incubated with pre-
washed streptavidin-agarose beads and incubated with cell lysates at 
4°C overnight. Eluted proteins were analyzed by western blot.

2.8  |  RNA immunoprecipitation assay

The EZ Magna RNA immunoprecipitation Kit (Millipore) was used 
according to the manual. In brief, magnetic beads were preincu-
bated with anti-HuR antibody (ab200342). HCT-116 cells were lysed 
in RNA immunoprecipitation (RIP) lysis buffer and incubated with 
beads at 4°C overnight. Next, RNA was purified, and the relative ex-
pression of circ0104103 and LACTB was measured by qRT-PCR and 
normalized to the relative expression of circ-0104103 and LACTB in 
input samples.

2.9  |  Dual-luciferase reporter assay

A dual-luciferase reporter assay was used to evaluate the direct bind-
ing between miR-373-5p and circ0104103 and LACTB. Briefly, the 
circ0104103 and LACTB 3′UTR fragments containing a wild-type 
(Wt) or mutant (Mut) binding site of miR-373-5p were amplified by 

qRT-PCR and inserted into the PmirGLO vector (GeneCreat). Then, 
293 T cells were cotransfected with sh-miR-373-5p/sh-NC with Wt 
or Mut circ0104103 and LACTB firefly luciferase reporter vectors. 
After transfection for 48 h, the results were measured using a Dual 
Luciferase Assay System (Promega).

2.10  |  Statistical analysis

All statistical analyses were carried out using SPSS 19.0 software 
(IBM), and images were acquired with GraphPad Prism 7 soft-
ware. Differences between the groups were assessed by applying 
Student's paired or unpaired t-test or one-way analysis of variance 
(ANOVA), respectively. p < 0.05 indicated that the difference was 
statistically significant.

A complete description of the methods, including RNA ex-
traction and quantitative real-time PCR, colony formation assay, 
EdU assay, wound healing assay, Transwell invasion assays, in situ 
hybridization, RNA FISH, and subcellular fractionation, are available 
in the Appendix S1.

3  |  RESULTS

3.1  |  Expression and characterization of 
circ0104103 in colorectal cancer

circ0104103 (hsa_circ0104103) is derived from the beta-lactamase-
like (LACTB) gene exons 3 to 5, whose spliced mature sequence 
length is 694 bp (Figure 1A). To further confirm the characterization 
of circ0104103, we examined the head-to-tail splicing of circ0104103 
by qRT-PCR with convergent primers for linear 0104103 and diver-
gent primers for circ0104103. The results showed that circ0104103 
was only amplified in cDNA but not genomic DNA (gDNA) (Figure 1B). 
Next, we evaluated the stability and localization of circ0104103. 
RNase R and actinomycin D treatment assays revealed that 
circ0104103 was more stable than linear 0104103 (Figure  1C,D). 
Moreover, subcellular fractionation assays and FISH assays showed 
that circ0104103 was localized in both the nucleus and cytoplasm 
(Figure 1E,F). Next, we examined the expression level of circ0104103 
in CRC cell lines, and the results showed that circ0104103 was sig-
nificantly downregulated in CRC cell lines (HCT116, SW480, CACO2, 
SW620, DLD1, HCT8, and HT29) compared with normal colon mu-
cosal epithelial cells (NCM460) (Figure 1G). Similar results were also 
observed in CRC compared with matched normal tissues (Figure 1H). 
ISH assays also revealed that circ0104103 expression levels in CRC 
tissues were lower than the circ0104103 expression levels in adja-
cent normal tissues (Figure S1). Finally, we analyzed the relationship 
between circ0104103 expression and the clinicopathologic features 
of CRC. We divided the enrolled patients into two groups based on 
circ0104103 expression. A χ2-test was used to analyze the distribu-
tion differences of different clinical features between the two groups. 
As shown in Table S3, circ0104103 expression was correlated with 
tumor invasion depth and TNM stage.
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3.2  |  circ0104103 inhibits colorectal cancer cell 
growth in vitro

To explore the functional roles of circ0104103 in CRC, we estab-
lished lentiviral-mediated stable circ0104103 expression in HCT116 

and HCT8 cells. In addition, the circ0104103-silencing vector was 
also constructed to knock down circ0104103 in cell lines. qRT-PCR 
assays were carried out to verify the lentiviral transduction effi-
ciency (Figure S2). By performing colony formation and EdU assays, 
we found that interference with circ0104103 promoted HCT116 
and HCT8 cell growth, whereas overexpression of circ0104103 

F I G U R E  1  Expression and characterization of Circ0104103 in colorectal cancer (CRC). (A) Schematic illustration demonstrating 
the structure of Circ_0104013 and Alu elements in the flanking sequence. (B) RT-PCR identified the presence of Circ0104103 in the 
HCT116 cells. Divergent primers amplified Circ0104103 in cDNA but not in genomic DNA. GAPDH was used as the negative control. 
(C, D) Quantitative RT-PCR (qRT-PCR) detected the expression of Circ0104103 and lin0104103 in CRC cells with or without RNase R or 
actinomycin D treatment. (E) Relative Circ0104103 expression levels in nuclear and cytosolic fractions of HCT116 cells. Nuclear controls: 
U6, cytosolic controls: GAPDH. (F) FISH assay identifying the subcellular location of Circ0104103 in the HCT116 cells. (G, H) qRT-PCR for 
the expression of Circ0104103 in CRC cell lines and tissues. *p < 0.05, **p < 0.01, and ***p < 0.001.

F I G U R E  2  Circ0104103 inhibits colorectal cancer (CRC) cell growth and metastasis in vitro. (A) HCT116 and HCT8 cells infected 
with circ0104103 or sh_circ0104103#2 were seeded into six-well plates. The number of colonies was counted on the 14th day after 
seeding. (B) EdU assays were used to determine the cell proliferation ability of infected cells. (C) Representative images of wound healing 
assays performed using HCT116 cells and HCT8 cells after Circ0104103 was silenced or overexpressed. (D)Transwell assays were 
used to determine the invasion abilities of infected cells. (E) Immunoblot analysis of MMP9, PCNA, BCL2, and P53 protein expression 
in circ0104103-overexpressing HCT116 cells and circ0104103 silencing HCT116 cells. Scale bar = 100 μm. *p < 0.05, **p < 0.01, and 
***p < 0.001.
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inhibited CRC cell growth (Figure  2A,B). Furthermore, wound 
healing and Transwell assays revealed that silencing circ0104103 
significantly increased the migration and invasion abilities of CRC 
cells. In contrast, circ0104103 overexpression inhibited migration 
and invasion abilities (Figure 2C,D). Western blot assay results fur-
ther demonstrated that cell proliferation-related protein PCNA, 
metastasis-related protein MMP9, and apoptosis-related protein 
BCL2 were all decreased in circ0104103 overexpressed cells, but on 
the contrary in sh-circ0104103#2 cells. Moreover, the overexpres-
sion of circ0104103 led to increased expression of the cycle-related 
protein P53, whereas silencing circ0104103 decreased its expres-
sion (Figure  2E). Altogether, the above results demonstrated that 
circ0104103 inhibits CRC cell growth in vitro.

3.3  |  circ0104103 inhibits colorectal cancer cell 
growth and metastasis in vivo

To further confirm whether circ0104103 affects CRC growth and 
metastasis in vivo, we constructed tumor xenograft nude mouse 
models as described in the methods. Four weeks later, the mice 
were killed. As shown in Figure 3A, the sizes and weights of the tu-
mors from the circ0104103 group were significantly smaller than the 
sizes and weights of the tumors of the empty vector group, whereas 
intratumoral injection of sh-circ0104103#2 significantly increased 
the sizes and weights of the tumors. For lung metastasis, more and 
fewer metastatic nodules on the lung surfaces were observed in the 
circ0104103 knockdown and overexpression groups, respectively, 
than in the empty vector groups (Figure  3B). Moreover, we per-
formed immunohistochemical staining, and the results revealed that 
the expression of MMP9, P53, PCNA, and BCL2 in subcutaneous tu-
mors was consistent with previous western blot results (Figure 3C). 
In conclusion, the above results are consistent with our in vitro find-
ings and indicate that circ0104103 inhibits tumor growth and me-
tastasis in vivo.

In addition, we also observed that compared with the empty 
vector groups and circ0104103 groups, more blood vessels could 
be seen in the H&E staining images of subcutaneous tumors in the 
sh-circ0104103#2 groups (Figure S3A). Then, we performed immu-
nohistochemistry (IHC) assays to label blood vessels by CD34, and 
the results were also consistent with H&E staining (Figure S3B). The 
results suggest that circ0104103 may inhibit the angiogenesis of 
CRC cells.

3.4  |  circ0104103 enhances beta-lactamase-like 
expression in colorectal cancer

circ0104103 is generated from exons 3–5 of the LACTB gene. Our 
previous findings demonstrated that LACTB can function as a tumor 
suppressor in CRC, indicating that LACTB has potential as a thera-
peutic target for CRC. Subsequently, we performed qRT-PCR and 
western blot assays, and the results showed that interference with 

circ01040103 significantly decreased the expression of LACTB in 
HCT116 and HCT8 cells, whereas overexpression of circ01040103 
increased it (Figure 4A,B). IHC assays indicated that LACTB expres-
sion was strongly increased in xenograft tumor tissues formed by 
circ0104103-overexpressing cells but not in sh-circ0104103#2 
cells. Correlation analysis revealed that LACTB expression is posi-
tively associated with circ0104103 in 30 colorectal cancer tissues 
(Figure S4A). IHC assays revealed that LACTB expression levels in 
CRC tissues were lower than the LACTB expression levels in adja-
cent normal tissues (Figure 4C).

3.5  |  circ0104103 facilitates the stability of beta-
lactamase-like mRNA by recruiting HuR

To investigate the potential mechanisms by which circ0104103 en-
hances LACTB expression in CRC, we then performed RNA pulldown 
assays using a biotin-labeled circ0104103 probe, and the results 
verified that circ0104103 could interact with HuR from HCT116 
cell extracts (Figure 5A). In addition, RIP assay results revealed that 
circ0104103 and LACTB were significantly enriched in complexes 
precipitated by the antiHuR antibody, suggesting that the HuR pro-
tein bound to circ0104103 and LACTB directly in CRC (Figure 5B). 
Next, we designed three small interfering RNAs (siRNAs) targeting 
HuR (Figure  5C). qRT-PCR and western blot assay results showed 
that interference with HuR significantly decreased the expression 
of LACTB in HCT116 cells (Figure  5D,F). In addition, HuR knock-
down reversed the upregulation of LACTB expression caused by 
circ0104103 overexpression (Figure  5E,G). Moreover, HuR knock-
down significantly reduced the mRNA stability of LACTB, whereas 
overexpressed circ0104103 increased the remaining LACTB mRNA 
(Figure S4B). Together, we conclude that circ0104103 interacts with 
HuR to promote the stability of LACTB mRNA, thereby enhancing 
its expression.

3.6  |  circ0104103 upregulates beta-lactamase-like 
expression by sponging miR-373-5p

Because circRNAs expressed in the cytoplasm act mainly as miRNA 
sponges, we further investigated whether circ0104103 can sponge 
miRNAs to regulate LACTB. Bioinformatics analysis predicted that 
miR-373-5p can interact with circ0104103 (Figure  6A). Moreover, 
miR-373-5p was increased with circ0104103 knockdown, while 
its level was decreased with circ0104103 overexpression in both 
HCT116 and HCT8 cells (Figure 6B). Then, we carried out a dual-
luciferase reporter assay to further explore whether circ0104103 
and LACTB could interact with miR-373-5p directly. A dual-luciferase 
reporter assay indicated that cotransfection of the wild-type 
circ0104103 luciferase vector (WT-Circ0104103) and the wild-
type LACTB luciferase vector (WT-LACTB) with the miR-373-5p 
mimic, but not the mutant circ0104103 vector (MUT-circ0104103) 
or the mutant LACTB vector (MUT-LACTB), significantly decreased 
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FIGURE 3 Circ0104103 inhibits colorectal cancer (CRC) cell growth in vivo. (A) Representative image of tumors formed in nude mice 
from empty vector, sh- circ0104103#2 vector, and circ0104103 overexpression vector groups and the tumor volume growth curves and 
weight of different groups. (B) Representative H&E staining and the number of lung metastatic nodules in nude mice in the three groups. 
(C) Representative images for H&E-staining, BCL2, MMP9, P53, and PCNA immunostaining of tumor samples from the different groups. 
*p < 0.05, **p < 0.01, and ***p < 0.001.
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the luciferase activity (Figure  6C). Finally, correlation analysis re-
vealed that miR-373-5p expression is negatively associated with 
circ0104103 and LACTB in 30 colorectal cancer tissues (Figure S5). 
The above results indicated that circ0104103 and LACTB directly 
bind to miR-373-5p.

In addition, we found that miR-373-5p overexpression sig-
nificantly reduced LACTB protein levels in CRC cells (Figure  6D). 
Western blot assays also showed that overexpression of circ0104103 
significantly upregulated LACTB protein levels, whereas cotrans-
fection of the circ0104103 overexpression vector and miR-373-5p 
mimic eliminated this effect (Figure 6E). Overall, the above results 
suggested that circ0104103 might function as a sponge of miR-
373-5p to regulate LACTB expression.

To identify whether the antitumour effects of circ0104103 were 
dependent on sponging miR-373-5p, several rescue assays were 
carried out. The results indicated that circ0104103 overexpression 

could inhibit the invasion, migration, and proliferation of CRC cells. 
However, cotransfection of circ0104103 and the mimic of miR-
373-5p may counteract this effect (Figure 7A–D).

3.7  |  Tumor-suppressing functions of 
circ0104103 are dependent on beta-lactamase-like

To determine whether the tumor-suppressing functions of 
circ0104103 are dependent on LACTB in CRC, we designed one 
small interfering RNA (siRNA) targeting LACTB to perform sev-
eral rescue experiments in circ0104103-overexpressing cells. As 
expected, the stimulative effect of circ0104103 overexpression 
on the cell proliferation, colony formation, migration, and invasion 
abilities of HCT116 cells was reversed in the presence of si-LACTB 
(Figure  8A–D). In addition, western blotting results demonstrated 

F I G U R E  4  Circ0104103 enhances beta-lactamase-like (LACTB) expression in colorectal cancer (CRC). (A, B) Quantitative RT-PCR 
(qRT-PCR) and western blot assays detected the expression of LACTB in HCT116 and HCT8 cell lines with circ0104103 knockdown or 
overexpression. (C) LACTB expression was detected by immunohistochemistry (IHC) xenograft tumor tissues. LACTB protein levels in CRC 
tissues and corresponding normal tissues was detected by IHC. *p < 0.05, **p < 0.01, and ***p < 0.001.

F I G U R E  5  Circ0104103 facilitates stability of beta-lactamase-like (LACTB) mRNA by recruiting HuR. (A) RNA pull-down assays were 
used to examine the interaction of Circ0104103 and HuR in HCT-116 cells. (B) RNA immunoprecipitation with an anti-HuR antibody 
was used to assess endogenous HuR binding to RNA in HCT-116 cells; IgG was used as the control. Circ0104103 and LACTB levels were 
determined by quantitative RT-PCR (qRT-PCR) and presented as fold enrichment in HuR relative to input. RIP efficiency of HuR protein 
was detected by western blot. (C) HuR were quantified by qRT-PCR after transfection of HuR siRNAs in HCT116 cells. (D–F) qRT-PCR and 
western blotting assays detected the expression of LACTB in HCT116 cells with HuR knockdown. (E–G) LACTB expression was detected by 
qRT-PCR and western blotting in HCT116 cells with indicated treatment. *p < 0.05, **p < 0.01, and ***p < 0.001.
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that LACTB knockdown reversed the downregulation of the protein 
levels of MMP9, BCL2, and PCNA and the upregulation of the pro-
tein level of P53 caused by circ0104103 overexpression (Figure 8E). 
Overall, the data suggested that circ0104103 exerted its antitumour 
effects by regulating LACTB expression (Figure 8F).

4  |  DISCUSSION

Recently, the functions of circRNAs have attracted much attention, 
and an increasing number of studies have suggested that circRNAs 
have a crucial role in cancer development and progression. Due to 

F I G U R E  6  Circ0104103 upregulates beta-lactamase-like (LACTB) expression by sponging miR-373-5p. (A) Bioinformatics analysis 
predicted miR-373-5p can interact with Circ0104103. (B) MiR-373-5p expression was detected by quantitative RT-PCR (qRT-PCR) in 
HCT116 and HCT8 cells after circ0104103 silenced or overexpressed. (C) Dual-luciferase reporter assays were conducted with wild-type 
and mutant-type (putative binding sites for miR-373-5p) luciferase report vectors. (D, E) Beta-lactamase-like (LACTB) expression was 
detected by western blotting in HCT116 cells with indicated treatment. *p < 0.05, **p < 0.01, and ***p < 0.001.



1406  |    TAN et al.

their abundant expression and high stability, circRNAs are suitable as 
biomarkers for disease diagnosis and prognosis.19,20 In this study, we 
identified circ0104103 as a stable circular transcript without a poly-A 
tail. In addition, we found that circ0104103 was expressed at low lev-
els in CRC tissues and cell lines. Functional experiments showed that 
circ0104103 significantly inhibited the growth and metastasis of CRC 
cells in vivo and in vitro. Mechanistically, we found that circ0104103 
was localized in both the nucleus and cytoplasm. circ0104103 inter-
acts with HuR to promote the stability of LACTB mRNA, thereby en-
hancing its expression. Moreover, circ0104103 functions as a sponge 
of miR-373-5p to regulate LACTB expression. Due to its dual targeting 

effects on LACTB, targeting circ0104103 in combination with other 
therapies may achieve better therapeutic efficiency.

As an evolutionarily conserved RNA-binding protein, HuR is 
widely expressed in various tissues of the body.21 Studies have 
revealed that HuR is closely related to the occurrence and devel-
opment of inflammatory diseases and tumors, such as cell division, 
cell senescence, immune cell activation, and other life activities.22,23 
HuR regulates its stability and translation efficiency by specifically 
binding to target mRNA, thereby affecting the expression level of 
target genes in cells.24,25 In the present study, we proved the inter-
action between circ0104103/LACTB and HuR by performing RNA 

F I G U R E  7  Circ0104103 upregulates beta-lactamase-like (LACTB) expression by sponging miR-373-5p. (A) Colony formation assays of 
Circ0104103 overexpressed colorectal cancer (CRC) cells with transfection of miR-373-5p mimics. (B) Representative images of EdU assays 
performed using HCT116 cells with indicated treatment. (C) Representative images of Transwell invasion assays performed using CRC cells 
with indicated treatment. (D) Representative images of wound healing assays performed using HCT116 cells with indicated treatment. Scale 
bar = 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001.
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pull-down and RIP assays. Rescue experiments demonstrated that 
HuR facilitates its stability by binding to LACTB mRNA and thus reg-
ulating its protein level expression in CRC cells.

Recently, an increasing number of studies have shown that cir-
cRNAs function as competitive inhibitors of microRNAs (miRNAs) 
and then regulate their expression to participate in various cancer 
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biological processes.26 miRNAs are a large class of short (~22 nt) 
noncoding RNAs that are closely associated with cancer progres-
sion. circRNAs can adjust miRNA activities by competing for miRNA-
binding sites. For instance, circRNA-MYLK bound to miR-29a to 
promote bladder carcinoma metastasis by inducing EMT.12 circRNA 
AKT3 upregulates PIK3R1 by sponging miR-198 to enhance the 
resistance of gastric cancer to cisplatin.27 Our previous study also 
revealed that circHIPK3 promotes CRC occurrence and progression 
by sponging miR-7.6 In our study, we confirmed that circ0104103 is 
partly located in the cytoplasm, which provides theoretical support 
that circ0104103 sponges miR-373-5p in the cytoplasm. Meanwhile, 
we validated the targeting relationship between circ0104103/
LACTB and miR-373-5p via a dual-luciferase reporter assay, prov-
ing that circ0104103 could regulate LACTB expression by binding to 
miR-373-5p in CRC cells. In addition, functional assays verified that 
miR-373-5p could reverse the inhibitory effect of circ0104103 on 
CRC cell proliferation, migration, and invasion.

To determine whether the antitumour effect of circ0104103 
depends on sponging LACTB, some rescue experiments 
were carried out. The results showed that cotransfection of 
circ0104103-expressing vectors and si-LACTB may counteract 
the inhibition of invasion, migration, and proliferation of CRC cells 
caused by circ0104103 overexpression. These results confirmed 
that circ0104103 exerted its antitumour effects by interacting with 
HuR and regulating the miR-373-5P/LACTB axis.

In summary, our study is the first to identify circ0104103 as a 
novel tumor suppressor in CRC. circ0104103 exerts its effects by 
upregulating LACTB expression through interacting with HuR and 
acting as a sponge for miR-373-5p. Our results suggest a strategy 
for targeting circ0104103 as a potential biomarker and a therapeutic 
target in CRC.
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