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Abstract
A large number of studies have shown that circular RNAs (circRNAs) are of great 
significance in the occurrence and development of colorectal cancer (CRC). The 
purpose of this study was to explore the mechanism of circ_0001535 in CRC. The 
expressions of circ_0001535, miR-433-3p and recombination signal-binding protein 
Jκ (RBPJ) mRNA and protein in CRC tissues and cells were detected by quanti-
tative real-time polymerase chain reaction (qRT-PCR) or western blot. The effect 
of circ_0001535 on cell proliferation was detected using the Cell Counting Kit-8 
(CCK-8) assay, colony formation assay and 5-ethynyl-2′-deoxyuridine (EdU) assay. 
The effects of circ_0001535 on migration, invasion, angiogenesis and apoptosis were 
investigated by wound healing assay, transwell assay, tube formation assay and flow 
cytometry, respectively. The interactions between miR-433-3p and circ_0001535 
or RBPJ were studied using dual-luciferase reporter assay and RNA immunopre-
cipitation (RIP) assay. Xenograft tumor assay was performed to verify the role of 
circ_0001535 in tumor growth in vivo. The results showed that circ_0001535 and 
RBPJ mRNA expression levels were up-regulated and miR-433-3p was down-reg-
ulated in CRC tissues and cells. Circ_0001535 knockdown inhibited cell prolifera-
tion, migration, invasion, angiogenesis as well as promoted apoptosis in CRC cells. 
After analysis, it was found that circ_0001535 acted as a competing endogenous 
RNA (ceRNA) to inhibit miR-433-3p and then up-regulate RBPJ in CRC cells. In 
addition, in  vivo experiment had shown that circ_0001535 knockdown inhibited 
tumor growth by up-regulating miR-433-3p and inhibiting RBPJ expression. The 
circ_0001535/miR-433-3p/ RBPJ axis plays a catalytic role in the progression of 
CRC, which may provide new insights into the molecular mechanism of CRC.
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Introduction

Colorectal cancer (CRC) is one of the malignant tumors with the highest incidence 
in the world, and its morbidity and mortality in China are also increasing year by 
year (Sung et al. 2021). It is a serious public health problem that threatens physical 
and mental health of people (Aran et al. 2016). The diagnosis and treatment of CRC 
are diversified (Binefa et al. 2014). However, due to the atypical early symptoms of 
CRC, most CRC patients are diagnosed in the middle and late stages, which greatly 
reduces the survival rate and quality of life of patients (Yang et  al. 2019). There-
fore, the identification of some promising biomarker molecules and their molecular 
mechanisms may provide additional options for the treatment of CRC.

Circular RNA (circRNA) is a type of RNA molecule with a closed circular struc-
ture, which is more stable than linear RNA and is widely distributed in various tis-
sues (Cao et al. 2021). In recent years, studies have found that circRNA is closely 
related to the occurrence and development of malignant tumors, and different cir-
cRNAs show different expression specificity in tumor tissues (Zhang et  al. 2018). 
Therefore, circRNA is expected to become novel biomarkers for early diagnosis 
of tumors and potential targets for drug therapy (Wang et al. 2020a). For example, 
circ_0004771 has been identified as a novel biomarker for the diagnosis and prog-
nosis of CRC (Pan et al. 2019). Yang et al. found that circ_0001535 played a critical 
role in the growth and metastasis of CRC and might serve as a potential therapeutic 
target for CRC metastasis (Yang et al. 2020), whereas the function and action mech-
anism of the circ_0001535 in CRC are not clear, and it is worth exploring.

A large number of studies have found that circRNA can act as a miRNA sponge 
by targeting the binding sites of microRNA (miRNA) and thus regulating mRNA 
expression (Huang et  al. 2020). For instance, circ_001680 promoted cell prolif-
eration in CRC by binding miR-340 to up-regulate BMI1 (Jian et  al. 2020). Circ-
SMARCA5 curbed the malignant development of CRC by sponging miR-39-3p and 
enhancing ARID4B expression (Miao et al. 2020). This study will explore the down-
stream miRNA and mRNA in circ_0001535-mediated regulatory network in CRC.

In this study, we verified the role of circ_0001535 in proliferation, migration, 
invasion, angiogenesis and apoptosis of CRC cells. More importantly, we explored 
the underlying mechanisms of circ_0001535 in CRC development.

Materials and Methods

Clinical Tissue Samples

A total of 30 tumor tissues and paired adjacent tissues of patients with pathologi-
cally confirmed CRC who underwent surgical resection at Cancer Hospital of 
China Medical University were collected, and the tissue samples were immediately 
placed into -80  °C refrigerator for backup after acquisition. None of the enrolled 
patients received any treatment before surgery. The study has been approved by the 
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Ethics Committee of Cancer Hospital of China Medical University, and all enrolled 
patients have signed informed consent.

Hematoxylin–Eosin (HE) Staining

Hematoxylin and Eosin Staining Kit (Beyotime, Shanghai, China) was used for tis-
sue staining. The collected normal tissue and CRC tissue sections were fixed and 
stained using the staining solution in the kit according to the instructions. The 
microslides were washed in a 70% ethanol solution and then viewed and photo-
graphed under a microscope (Leica, Wetzlar, Germany).

Cell Culture and Cell Transfection

Human SW480 and HCT-116 cells and normal NCM460 cells were purchased from 
Cobioer (Nanjing, China). All cell lines were cultured in DMEM medium (contain-
ing 10% fetal bovine serum; GIBCO, Rockville, MD, USA) in 37 C, 5% CO2 con-
stant temperature incubator. When the cell density reached about 80%, they were 
digested by trypsin for cell passage. Follow-up experiments were conducted dur-
ing logarithmic growth period. According to the transfection kit instructions, Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA) was transfected with circ_0001535 
small interfering RNA (siRNA) (si-circ_0001535), miR-433-3p mimic, miR-433-3p 
inhibitor, RBPJ overexpression plasmid (pc-RBPJ) and corresponding negative con-
trols (si-NC, miRNA NC, inhibitor NC, pc-NC), respectively. After 48 h transfec-
tion, cells were collected for subsequent experiments.

RNA Extraction, Reverse Transcription and Quantitative Real‑Time Polymerase 
Chain Reaction (qRT‑PCR)

Total RNA of each group was extracted with TRIzol reagent (Sigma-Aldrich, St. 
Louis, MO, USA), and the concentration and purity of RNA were determined. 
The cDNA was synthesized with PrimeScript RT reagent Kit (TaKaRa, Dalian, 
China) and amplified by PCR instrument. The expression levels of circ_0001535, 
FAM13B, miR-433-3p and RBPJ mRNA were detected by SYBR PCR Master Mix 
kit (TaKaRa), with GAPDH or U6 as internal reference. All the primers used in the 
experiment were synthesized by TaKaRa and are listed in Table 1.

RNase R Degradation Assay

This assay was used to assess the stability of circ_0001535 and its linear isoform. 
A total of 2 μg isolated RNA from SW480 and HCT-116 cells was incubated with 6 
U RNase R (Tiangen, Beijing, China) for 20 min. An equal RNA was then used to 
perform reverse transcription into cDNA, and circ_0001535 level was confirmed by 
qRT-PCR.
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Cell Counting Kit‑8 (CCK‑8) Assay

The transfected cells were added to 96-well plate and cultured for 0, 24, 48 and 
72 h, respectively, with 10 μL CCK-8 solution (Sigma-Aldrich) added, and cul-
tured in an incubator with 5% CO2 at 37 °C for 2 h. Then, the absorbance value 
at 450 nm was measured in a microplate reader (Bio-Rad, Hercules, CA, USA).

5‑Ethynyl‑2’‑Deoxyuridine (EdU) Assay

According to Click-iT EdU Imaging Kit (Thermo Fisher Scientific, Waltham, 
MA, USA) instructions, cells were incubated with EdU solution for 2 h. The cells 
were fixed with 4% formaldehyde (Sigma-Aldrich) for 30  min and then incu-
bated with Triton X-100 for 10  min. The Apollo staining reaction solution and 
DAPI staining solution (Thermo Fisher Scientific) were added and incubated for 
30 min, respectively. The experiment was observed and photographed under a flu-
orescence microscope (Leica).

Wound Healing Assay

The cells were added to the 12-well plate, and after transfection, the surface of 
the plate was scraped with the tip of a 20 μL sterile micropipette to generate 
wounds. The serum-free medium (GIBCO) was replaced, and the images were 
photographed using a microscope (× 40, Leica) at 0 h and 24 h.

Table 1   Primers sequences used 
for PCR

Name Primers for PCR (5′-3′)

circ_0001535 Forward GAG​ACT​GTT​CAA​AAC​CTG​TGGC​
Reverse GGC​TGG​TAG​GAT​GCT​GAT​GG

miR-433-3p Forward GCC​GAG​ATC​ATG​ATG​GGC​TCC​
Reverse CAG​TGC​GTG​TCG​TGG​AGT​

FAM13B mRNA Forward TTA​GGG​AGG​CTC​TGC​ACC​T
Reverse GGG​AGG​TTA​AAG​CTA​CGG​CT

RBPJ mRNA Forward CTA​CCC​GCT​GCG​ACT​CTC​TA
Reverse GGT​CAC​TGG​GCT​AAC​GAC​AA

GAPDH Forward TCA​CCA​CCA​TGG​AGA​AGG​C
Reverse GCT​AAG​CAG​TTG​GTG​GTG​CA

U6 Forward CTC​GCT​TCG​GCA​GCACA​
Reverse AAC​GCT​TCA​CGA​ATT​TGC​GT
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Transwell Assay

The transwell chamber (BD Bioscience, Bedford, MA, USA) was first added with 
diluted Matrigel (BD Bioscience) before the experiment. Cells (2 × 104 cells) 
resuspended in serum-free medium were added into the upper chamber, and 800 
μL complete culture medium was added into the lower chamber and then placed 
into the cell incubator for 24 h. The cells were removed and stained with crystal 
violet (Solarbio, Beijing, China) for 20 min at room temperature and then rinsed 
twice with 1 × phosphate-buffered saline (PBS; GIBCO), and the cells at the back 
of the cells were counted under the microscope (× 200, Leica).

Tube Formation Assay

In short, the melted Matrigel (BD Bioscience) was added to the pre-chilled 96-well 
plate (50 μL/well) and incubated at 37 °C for 45 min. Next, the transfected SW480 
and HCT-116 cells were seeded into the well (approximately 3 × 104 cells per well) 
and incubated at 37  °C for 4  h. Eventually, the cells were observed and photo-
graphed under the microscope (× 200, Leica).

Flow Cytometry

Annexin V-FITC/PI double standard staining kit (BD Pharmingen, San Diego, CA, 
USA) was used to detect cell apoptosis. Cells were cultured in a 5% CO2 incubator 
at 37 °C for 48 h. Cells were collected and resuspended in 200 μL binding buffer. 10 
μL Annexin V-FITC and 5 μL PI were gently mixed and reacted at room temperature 
for 15 min under dark conditions. Cell apoptosis was detected by flow cytometry.

Western Blot

Total proteins from tissues and cells were extracted using RIPA protein lysis solu-
tion (Beyotime). Proteins were transferred to PVDF membrane (Bio-Rad) by hori-
zontal and vertical electrophoresis. After that, the PVDF membrane was sealed with 
5% skim milk powder at room temperature for 1 h and then incubated with the pri-
mary antibodies (anti-RBPJ, 1:200 dilution, ab217683; anti-Bax, 1:1000 dilution, 
ab32503; anti-Bcl-2, 1:10,000 dilution, ab32124; anti-GAPDH, 1:10,000 dilution, 
ab181602; all from Abcam) at 4 °C overnight. Later, the second antibody (1:50,000 
dilution, ab205718; Abcam) was added at room temperature for 2 h the next day. 
Enhanced chemiluminescent (ECL) solution (Thermo Fisher Scientific) was used to 
develop and observe the expression levels of target proteins. GAPDH was used as 
internal reference.

Dual‑Luciferase Reporter Assay

The binding fragment between miR-433-3p and circ_0001535 or RBPJ 3’UTR 
was predicted by bioinformation prediction website, and the binding fragment was 
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inserted into pMIR-REPORT (Thermo Fisher Scientific) to construct circ_0001535 
and RBPJ 3’UTR wild plasmids, and the binding site was mutated by gene muta-
tion technology to construct circ_0001535 and RBPJ 3’UTR mutant plasmids. Cells 
were transfected with WT-circ_0001535, WT-RBPJ-3’UTR, MUT-circ_0001535 or 
MUT-RBPJ-3’UTR and miR-433-3p mimic or miRNA NC, respectively. The dual-
luciferase reporter kit (Promega, Madison, WI, USA) was used to detect the dual-
luciferase activity.

RNA Immunoprecipitation (RIP) Assay

RNA immunoprecipitation assay kit (MBL, Woburn, MA, USA) was used to per-
form IgG RIP in SW480 and HCT-116 cells using the normal rabbit IgG antibody 
(anti-IgG) or perform Argonaute 2 (Ago2) RIP using anti-Ago2 (RNO03M, MBL). 
Cell lysis was incubated with Protein A/G Agarose beads (YEASEN, Shanghai, 
China) and anti-IgG or anti-Ago2 for 12 h, and co-precipitated RNAs were recov-
ered in TRIzol (Invitrogen) for qRT-PCR.

Immunohistochemistry (IHC) Assay

The specimens were fixed by formaldehyde, embedded in paraffin and sectionalized. 
After dewaxing and repair, primary antibodies including anti-RBPJ (1:100 dilu-
tion), anti-Ki67 (1:100 dilution, ab92742; Abcam) or anti-MMP-9 (1:1000 dilution, 
ab283575; Abcam) were used overnight in a refrigerator at 4 °C. Then, the second 
antibody (1:10,000 dilution, ab205718; Abcam) was added and stood at room tem-
perature for 50 min. Diaminobenzidine (DAB; Beyotime) was used for coloration, 
and hematoxylin (Beyotime) was used for redyeing. The field (200 × magnification) 
was randomly selected under the microscope (Leica) to observe and photograph.

Xenograft Models

The circ_0001535 short hairpin RNA (sh-circ_0001535) and its control (sh-NC) 
were designed and supplied by Sangon Biotech (Shanghai, China). The stably trans-
fected sh-NC or sh-circ_0001535 SW480 cells were subcutaneously injected into 
6 nude mice (female, 6–8 weeks old, Vital River Laboratory Animal Technology, 
Beijing, China) with 2 × 106 cells per mouse. The growth and state of the trans-
planted tumor were observed every day. The length (L) and width (W) of the tumor 
were measured weekly, and the volume was calculated. The calculation formula 
was: tumor volume = L × W2 × 0.5. After 4 weeks, the tumor was removed for fur-
ther analysis. The study was approved by the Animal Research Ethics Committee of 
Cancer Hospital of China Medical University Hospital.

Statistical Analysis

SPSS statistical software was used to process the data. Measurement data were 
expressed as mean ± standard deviation, analysis of variance (ANOVA) was used 
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for comparison among multiple groups, and Student’s t test was used for compari-
son between 2 groups. When P < 0.05, the difference was statistically significant, 
and each experiment was repeated more than 3 times.

Fig. 1   The expression level of circ_0001535 in CRC tissues and cells. A HE staining of normal tissues 
and colorectal cancer tissues. B–C The expression level of circ_0001535 was analyzed by qRT-PCR 
assay in CRC tissues (n = 30) and cells (n = 3). D Circ_0001535 structure diagram was exhibited. E–F 
The relative levels of circ_0001535 and FAM13B were measured after treatment with RNase R by qRT-
PCR (n = 3). ***P < 0.001 (Student’s t test)
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Results

The Expression of circ_0001535 was Markedly Promoted in CRC Tissues and Cells

At first, HE staining of normal tissues and CRC tissues is shown in Fig.  1A. 
Then, we addressed whether the expression of circ_0001535 was abnormal in 
CRC. Compared with control tissues and cells, circ_0001535 expression was sig-
nificantly elevated in 30 CRC tissues and CRC cell lines (SW480 and HCT-116) 
by qRT-PCR (Fig. 1B and C). Circ_0001535 was formed by back splicing of exon 
4–19 (Fig. 1D). In SW480 and HCT-116 cells, the expression of FAM13B mRNA 
was sharp decreased and circ_0001535 level had few change after digestion by 
RNase R, suggesting the cyclic structure of circ_0001535 (Fig. 1E and F). Sum-
marily, the expression of circ_0001535 was significantly increased in CRC.

Fig. 2   The functional roles of circ_0001535 on cell proliferation, migration, invasion, angiogenesis and 
apoptosis in CRC cells. SW480 and HCT-116 cells were transfected with si-circ_0001535 and si-NC. 
A The expression level of circ_0001535 was tested by qRT-PCR assay. B Cell viability was detected 
by CCK-8 assay. C Cell proliferation was measured by EdU assay. D–E Cell migration and invasion 
were measured by wound healing and transwell assays. F Tube formation assay was used to assess tube 
formation and angiogenesis rate. G Flow cytometry analysis was used to assess apoptosis of transfected 
SW480 and HCT-116 cells. (H-I) Western blot analysis was used to examine the expression of Bcl-2 and 
Bax. n = 3. ***P < 0.001 (Student’s t test)
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The Functional Roles of circ_0001535 in Cell Proliferation, Migration, Invasion, 
Angiogenesis and Apoptosis of CRC Cells

We transfected si-circ_0001535 into SW480 and HCT-116 cells. Figure 2A shows 
that si-circ_0001535 transfection down-regulated the expression of circ_0001535. 
Then, CCK-8 and EdU assays showed that circ_0001535 knockdown inhibited the 
viability and proliferation of SW480 and HCT-116 cells (Fig. 2B and C). It could be 
seen from wound healing assay and transwell assay that the migration and invasion 
of SW480 and HCT-116 cells were blocked due to the knockdown of circ_0001535 
(Fig. 2H and I). Tube formation assay showed that circ_0001535 silencing signifi-
cantly inhibited angiogenesis rate (Fig. 2F). Apoptosis of SW480 and HCT-11 cells 
was analyzed by flow cytometry. As shown in Fig. 2G, knockdown of circ_0001535 
obviously induced the apoptosis of SW480 and HCT-11 cells. Additionally, com-
pared with the control group, circ_0001535 knockdown decreased the expression 
of anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and increased the expression 
of pro-apoptotic protein BCL2-associated X protein (Bax) (Fig. 2H and I). In short, 
circ_0001535 knockdown could inhibit the development of CRC cells.

Fig. 3   MiR-433-3p was a direct target of circ_0001535. A The complementary sequences between miR-
433-3p and circ_0001535 were shown. B The expression level of miR-433-3p was detected by qRT-PCR 
after SW480 and HCT-116 cells were transfected with miR-433-3p mimic or miRNA NC (n = 3). C–F 
Dual-luciferase reporter and RIP assays were performed to confirm the association between miR-433-3p 
and circ_0001535 (n = 3). G–H The relative expression level of miR-433-3p was measured by qRT-
PCR assay in CRC tissues (n = 30) and cells (n = 3). I The expression level of miR-433-3p was detected 
by qRT-PCR after SW480 and HCT-116 cells were transfected with si-NC or si-circ_0001535 (n = 3). 
***P < 0.001 (Student’s t test)
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Circ_0001535 Acted as a Sponge for miR‑433‑3p

In order to study the mechanism of circ_0001535 as competing endogenous RNA 
(ceRNA) in CRC, miRNA associated with circ_0001535 was predicted, and it was 
found that circ_0001535 had target sites with miR-433-3p (Fig. 3A). Firstly, SW480 
and HCT-116 cells were transfected with miR-433-3p mimic, and the expression 
analysis showed that the level of miR-433-3p was significantly increased after trans-
fection (Fig. 3B). We used the dual-luciferase reporter and RIP assays to observe the 
relationship between circ_0001535 and miR-433-3p. Luciferase report results showed 
that miR-433-3p significantly decreased luciferase activity in WT-circ_0001535-
transfected cells, but there was no change in luciferase activity of MUT-circ_0001535-
transfected cells (Fig. 3C and D). Moreover, RIP analysis showed that circ_0001535 
and miR-433-3p were mainly enriched in Ago2 complexes compared with IgG com-
plexes (Fig.  3E and F). Next, through performing qRT-PCR analysis, we found that 
miR-433-3p expression was reduced in CRC tumor tissues and cells (Fig.  3G and 
H). Furthermore, silencing of circ_0001535 significantly increased the expression of 

Fig. 4   Circ_0001535/miR-433-3p axis regulated proliferation, migration, invasion, angiogenesis and 
apoptosis of CRC cells. A The expression level of miR-433-3p was detected by qRT-PCR after SW480 
and HCT-116 cells were transfected with inhibitor NC or miR-433-3p inhibitor (Student’s t test). B–C 
CCK-8 and EdU assay was conducted to assess cell viability and proliferation level in transfected SW480 
and HCT-116 cells (ANOVA). D–E The cell migration and invasion were measured by wound healing 
assay and transwell assays (ANOVA). F The tube formation and angiogenesis rate were detected by tube 
formation assay (ANOVA). G The cell apoptosis was quantified by flow cytometry assay (ANOVA). 
H–I Western blot analysis was performed to estimate Bcl-2 and Bax levels (ANOVA). n = 3. **P < 0.01, 
***P < 0.001
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miR-433-3p (Fig. 3I). In summary, circ_0001535 acted as a sponge for miR-433-3p to 
inhibit the expression of miR-433-3p in CRC cells.

MiR‑433‑3p Inhibition Recovered the Effects of circ_0001535 Knockdown on Cell 
Proliferation, Migration, Invasion, Angiogenesis and Apoptosis

SW480 and HCT-116 cells were transfected with miR-433-3p inhibitor, and the 
expression analysis showed that the level of miR-433-3p was significantly decreased 
after transfection with miR-433-3p inhibitor (Fig.  4A). In order to further confirm 
that circ_0001535 acted on the progression of CRC cells through miR-433-3p, si-
circ_0001535 and miR-433-3p inhibitor were co-transfected into SW480 and HCT-116 
cells. The results showed that miR-433-3p inhibitor could eliminate the inhibition in 
cell proliferation induced by circ_0001535 knockdown (Fig. 4B and C). Circ_0001535 
knockdown significantly inhibited the invasion and migration of SW480 and HCT-
116 cells, and co-transfection with miR-433-3p inhibitor partially offset the effects of 
circ_0001535 knockdown on the invasion and migration (Fig. 4D and E). Furthermore, 
tube formation assay showed that si-circ_0001535 transfection significantly reduced 
the angiogenesis rate in SW480 and HCT-116 cells, while miR-433-3p inhibitor trans-
fection recovered this effect (Fig. 4F). Flow cytometry analysis indicated that knock-
down of circ_0001535 significantly promoted apoptosis of SW480 and HCT-116 
cells, whereas miR-433-3p inhibition restored this effect (Fig. 4G). And the effect of 
circ_0001535 knockdown on Bcl-2 and Bax protein expression was reversed by the 
co-transfection of si-circ_0001535 and miR-433-3p inhibitor (Fig.  4H and I). The 
overall results confirmed that miR-433-3p inhibitor restored the effects caused by 
circ_0001535 knockdown in CRC cells.

RBPJ was a Target Gene of miR‑433‑3p

StarBase predicted that RBPJ was the target of miR-433-3p, and there was a special 
binding site between RBPJ 3’UTR and miR-433-3p fragment (Fig. 5A). To observe 
the relationship between RBPJ and miR-433-3p, we conducted dual-luciferase reporter 
and RIP assays. After co-transfection with miR-433-3p, the luciferase activity was 
decreased in the WT-RBPJ-3’UTR group, but there was no significant difference 
in the MUT-RBPJ-3’UTR group (Fig.  5B and C). RIP assay results displayed that 
circ_0001535 and miR-433-3p were significantly enriched in anti-Ago2 group (Fig. 5D 
and E). Meanwhile, we detected increased expression of RBPJ in CRC tumor tissues 
and cells (Fig. 5F–H). Moreover, transfection tests revealed that miR-433-3p could sig-
nificantly decrease the expression of RBPJ protein (Fig. 5I). Hence, RBPJ was a direct 
target gene of miR-433-3p.

RBPJ Overexpression Recovered the Effects of miR‑433‑3p on Cell Proliferation, 
Migration, Invasion, Angiogenesis and Apoptosis

Firstly, we designed RBPJ overexpression plasmid to increase the expression of 
RBPJ protein (Fig. 6A). The cell viability and proliferation curbed by miR-433-3p 
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were significantly recovered in miR-433-3p mimic and pc-RBPJ co-transfected 
cells (Fig.  6B and C). Besides, RBPJ overexpression significantly restored the 
cell migration and invasion inhibited by miR-433-3p (Fig.  6D and E). Increased 
miR-433-3p reduced the angiogenesis rate of SW480 and HCT-116 cells, but this 
effect was overturned after co-transfection with miR-433-3p mimic and pc-RBPJ 
(Fig. 6F). After transfection with pc-RBPJ, the increased apoptosis of SW480 and 
HCT-116 cells induced by miR-433-3p was reversed (Fig.  6G). Furthermore, the 

Fig. 5   MiR-433-3p targeted RBPJ in CRC. A MiR-433-3p had the binding regions in 3’UTR of RBPJ 
mRNA. B–E Interaction between miR-433-3p and RBPJ was confirmed by dual-luciferase reporter gene 
and RIP assays (n = 3). F–H The mRNA and protein expression levels of RBPJ were determined by qRT-
PCR and western blot analysis in CRC tissues (n = 30) and cells (n = 3). I qRT-PCR and western blot 
were used to examine RBPJ level in transfected SW480 and HCT-116 cells (n = 3). ***P < 0.001 (Stu-
dent’s t test)
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Fig. 6   MiR-433-3p/RBPJ axis proliferation, migration, invasion, angiogenesis and apoptosis of CRC 
cells. A The expression level of RBPJ detected by qRT-PCR after SW480 and HCT-116 cells were trans-
fected with pc-NC or pc-RBPJ (Student’s t test). B–C Viability and proliferation levels of transfected 
SW480 and HCT-116 cells were detected by CCK-8 and EdU assays (ANOVA). D–E Cell migration and 
invasion were detected by wound healing assay and transwell assay (ANOVA). F Test tube formation 
assay was used to detect angiogenesis rate (ANOVA). G Flow cytometry to detect apoptosis (ANOVA). 
H–I Western blot to detect Bcl-2 and Bax levels (ANOVA). n = 3. **P < 0.01, ***P < 0.001

Fig. 7   Circ_0001535 sponged miR-433-3p to indirectly regulate RBPJ expression. The expression of 
RBPJ in SW480 and HCT-116 cells transfected with si-circ_0001535 or si-circ_0001535+miR-433-3p 
inhibitor was detected by western blot, and si-NC or si-circ_0001535+inhibitor NC was used as control. 
n = 3. **P < 0.01, ***P < 0.001 (ANOVA)
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expression changes of apoptosis-related proteins in cells also confirmed the above 
conclusion (Fig.  6H and I). Subsequently, SW480 and HCT-116 cells were trans-
fected with si-circ_0001535 or si-circ_0001535+miR-433-3p inhibitor, with si-NC 
or si-circ_0001535+inhibitor NC as the control. The results showed that transfection 
of si-circ_0001535+miR-433-3p inhibitor could recover the reduced expression of 
RBPJ caused by si-circ_0001535 introduction (Fig. 7). In conclusion, circ_0001535 
played a regulatory role in CRC cells via miR-433-3p/RBPJ axis.

circ_0001535 Knockdown Could Inhibit the Tumor Growth In Vivo

SW480 cells transfected with sh-circ_0001535 were subcutaneously injected into 
nude mice to study whether circ_0001535 regulated CRC tumor growth in  vivo. 
As shown in Fig. 8A and B, compared with the control group, the tumor volume 
and weight in the circ_0001535 knockdown group were observably reduced. The 

Fig. 8   Suppression of circ_0001535 repressed tumor growth in  vivo. A After inoculation, tumor vol-
ume was recorded once a week (n = 6), and the representative images of xenografts were showed. B 
Tumor weight was measured after 4 weeks when the mice were killed (n = 6). (C–E) The expression of 
circ_0001535, miR-433-3p and RBPJ in these excised tumor tissues was measured by qRT-PCR or west-
ern blot (n = 3). (F) The expression of RBPJ, Ki67 and MMP-9 in each group of tumors was analyzed by 
IHC. ***P < 0.001 (Student’s t test)
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change of mouse body weight was showed in Supplementary file 1. Then, qRT-PCR 
and western blot analyses of tumor tissues showed that compared with the control 
group, circ_0001535 and RBPJ expression was decreased and miR-433-3p expres-
sion was increased (Fig. 8C–E). Furthermore, IHC results showed that there were 
fewer RBPJ, Ki67 and MMP-9 positive cells in sh-circ_0001535 group compared 
with the control group (Fig. 8F). In summary, circ_0001535 knockdown inhibited 
tumor growth in vivo.

Discussion

With the continuous improvement of living standards and changes in diet, the inci-
dence and mortality of colorectal cancer (CRC) are continuously increasing (Keum 
and Giovannucci 2019; Patel and Ahnen 2018). Although progress has been made in 
the diagnosis and treatment of CRC, the overall 5-year survival rate of CRC, espe-
cially in CRC patients with metastasis and recurrence, remains low (McQuade et al. 
2017). Therefore, it is very important to further explore the development, invasion 
and metastasis mechanism of CRC, so as to find new therapeutic targets for CRC.

CircRNA is a type of non-coding RNA, whose 5’ end and 3’ end are joined 
together to form a covalently closed circular RNA structure, which is highly con-
served and tissue specific (Li et al. 2020; Kristensen et al. 2019). Numerous stud-
ies have existed reporting that circRNA can act as cancer promoters to drive can-
cer progression (Yu et al. 2019; Zhao et al. 2019). For example, circRNA-002178 
as ceRNA could promote the development of lung adenocarcinoma (Wang et  al. 
2020b). Zeng et  al. discovered that circHIPK3 accelerated the growth and metas-
tasis of CRC (Zeng et  al. 2018). Circ_0001535 has previously been found to be 
up-regulated in hepatocellular carcinoma (Zhang et  al. 2020). In our research, we 
proved the up-regulated expression of circ_0001535 in CRC and discussed its spe-
cific effect on the progression of CRC. Furthermore, circ_0001535 knockdown sig-
nificantly weakened cell proliferation, migration, invasion and angiogenesis, as well 
as increased apoptosis of CRC in vitro. The in vivo studies proved that silencing of 
circ_0001535 significantly inhibited CRC tumor growth. These findings indicated 
that circ_0001535 was an oncogene in CRC.

CircRNA could release the interaction between miRNA and mRNA 3’ UTR 
by binding miRNA to regulate the expression level of downstream target gene of 
miRNA (Huang et al. 2020; Panni et al. 2020). It has previously been reported that 
circRIMS1 acted as an oncogene for bladder cancer through miR-433-3p-mediated 
CCAR1 expression (Wang et  al. 2020c). Li et  al. confirmed that circ_0023984 
knockdown inhibited the tumor occurrence of esophageal squamous cell carcinoma 
by targeting miR-433-3p (Li and Li 2021). Similarly, miR-433-3p was identified as 
a potential target for circ_0001535 in our study, and the expression of miR-433-3p 
was controlled by circ_0001535 in CRC cells. Additionally, miR-433-3p inhibition 
recovered the effects of circ_0001535 knockdown on cell proliferation, migration, 
invasion, angiogenesis and apoptosis. Therefore, we identified a direct targeting 
relationship between circ_0001535 and miR-433-3p.
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It was predicted that miR-433-3p had binding sites with RBPJ. RBPJ is a cru-
cial transcription factor in the Notch  pathway (Chen et  al. 2019). It has been 
reported that knockdown of RBPJ inhibited the growth of lung cancer (Lv et al. 
2015). Xiao et al. verified that RBPJ could inhibit the migration of endometrial 
cancer cells through the miR-155/NF-κB/ROS pathway (Xiao et  al. 2019). In 
this research, we discovered that the expression of RBPJ was promoted in CRC. 
Moreover, the expression of RBPJ in CRC cells transfected with si-circ_0001535 
was decreased, while inhibition of miR-433-3p restored its expression. Further-
more, rescued experiments showed that RBPJ overexpression rescued the effects 
of miR-433-3p on cell proliferation, migration, invasion, angiogenesis and apop-
tosis. More importantly, our findings confirmed that circ_0001535 served as a 
miR-433-3p sponge to alleviate the inhibitory effect of miR-433-3p on RBPJ, 
suggesting that circ_0001535 regulated the miR-433-3p/RBPJ axis in CRC. Con-
sequently, we suggested that circ_0001535 might be a potential therapeutic target 
for CRC.

Conclusion

Our results showed that circ_0001535 expression was elevated in CRC tissues. 
Circ_0001535 knockdown could effectively increase the expression of miR-433-3p 
and thus inhibit the expression of RBPJ, thereby inhibiting the development of CRC 
tumors. We concluded that inhibition of circ_0001535 might be a therapeutic target 
for CRC.
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