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Abstract
BACKGROUND
Colorectal cancer (CRC) imposes a tremendous burden on human health, with high morbidity and mortality. Circular ribonucleic acids (circRNAs), a new type of noncoding RNA, are considered to participate in cancer pathogenesis as microRNA (miRNA) sponges. However, the dysregulation and biological functions of circRNAs in CRC remain to be explored.

AIM
To identify potential circRNA biomarkers of CRC and explore their functions in CRC carcinogenesis.

METHODS
CircRNAs and miRNAs differentially expressed in CRC tissues were identified by analyzing expression profiles from the Gene Expression Omnibus (GEO) database. Circ_0000375 and circ_0011536 were selected as CRC biomarker candidates. Quantitative real-time polymerase chain reaction was utilized to evaluate the expression of these 2 circRNAs in CRC tissues, serums and cell lines. Receiver operating characteristic curves were generated to assess the diagnostic performances of these 2 circRNAs. Then, functional experiments, including cell counting kit-8, wound healing and Transwell invasion assays, were performed after the overexpression of circ_0000375 and circ_0011536 in CRC cell lines. Furthermore, candidate target miRNAs of circ_0000375 and circ_0011536 were predicted via bioinformatics analysis. The expression levels of these miRNAs were explored in CRC cell lines and tissues from GEO datasets. A luciferase reporter assay was developed to examine the interactions between circRNAs and miRNAs. Based on the target miRNAs and downstream genes, functional enrichment analyses were applied to reveal the critical signaling pathways involved in CRC carcinogenesis.

RESULTS
Downregulated circ_0000375 and circ_0011536 expression was observed in CRC tissues in GSE126095, clinical CRC tissue and serum samples and CRC cell lines. The areas under the curve for circ_0000375 and circ_0011536 were 0.911 and 0.885 in CRC tissue and 0.976 and 0.982 in CRC serum, respectively. Moreover, the serum levels of these 2 circRNAs were higher in patients at 30 d postsurgery than in patients before surgery, suggesting that the serum expression of circ_0000375 and circ_0011536 is related to CRC tumorigenesis. Circ_0000375 and circ_0011536 overexpression inhibited the proliferation, migration and invasion of CRC cells. Furthermore, miR-1182 and miR-1246, which were overexpressed in CRC tissues in GSE41655, GSE49246 and GSE115513, were verified as target miRNAs of circ_0000375 and circ_0011536, respectively, by luciferase reporter assays. The downstream genes of miR-1182 and miR-1246 were enriched in some CRC-associated pathways, such as the Wnt signaling pathway.

CONCLUSION
Circ_0000375 and circ_0011536 may function as tumor suppressors in CRC progression, serving as novel biomarkers for CRC diagnosis and as promising candidates for therapeutic exploration.
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[bookmark: OLE_LINK10]Core Tip: The dysregulation and biological functions of circular ribonucleic acids (circRNAs) in colorectal cancer (CRC) have not been well elucidated. In this study, circ_0000375 and circ_0011536 were observed to be downregulated in CRC tissues, serum samples and cell lines. These 2 circRNAs were validated as biomarker candidates in tissues and serum samples with high diagnostic performance. Overexpression of circ_0000375 and circ_0011536 inhibited the growth, migration and invasion of CRC cells. Furthermore, miR-1182 and miR-1246 were upregulated in CRC tissues as target microRNA of circ_0000375 and circ_0011536, respectively. Overall, circ_0000375 and circ_0011536 may serve as diagnostic biomarkers and function as tumor suppressors in CRC.

INTRODUCTION
[bookmark: OLE_LINK11]Colorectal cancer (CRC) is a common malignancy worldwide, with incidence and mortality rates ranking 3th and 2nd, respectively[1]. More than 50% of CRC patients are first diagnosed at an advanced stage, which creates enormous threats to human health and imposes a social burden[2]. The 5-year overall survival rate of CRC patients in stage Ⅰ can reach approximately 90%, while the rate is only 10% for stage Ⅳ patients[3], suggesting that the prognoses of patients with advanced CRC are notably poorer. The great challenges related to early diagnosis and successful therapy are attributed to the high potential for metastasis or relapse, treatment resistance, high heterogeneity and multistep initiation of CRC. Conventional tumor markers widely used in clinical practice, such as glycoprotein carcinoembryonic antigen, exhibit unsatisfactory specificity and sensitivity[4]. Thus, there is an urgent need to discover innovative and reliable diagnostic biomarkers to improve predictive accuracy, guide individualized treatment and assess clinical outcome.
[bookmark: OLE_LINK8]Recently, an increasing number of circular ribonucleic acids (circRNAs) have been identified through bioinformatic analysis and high-throughput sequencing technology. CircRNAs have drawn widespread attention as a class of single-stranded noncoding RNA molecules with a circular structure lacking 5’ and 3’ ends that are more stable than linear RNAs and resistant to RNA exonucleases[5]. CircRNAs are highly expressed in eukaryotes and exert diverse functions, including sponging microRNAs (miRNAs), regulating transcription and splicing in the nucleus, interacting with proteins and undergoing translation in the cytoplasm[6,7]. Accumulating evidence has demonstrated that circRNAs contain adequate miRNA-binding elements to sponge and sequester corresponding miRNAs, acting as competing endogenous RNAs at the posttranscriptional level[8,9]. Some circRNAs have been reported to be not only potential diagnostic and prognostic indicators for CRC but also regulators of carcinogenesis via their interactions with miRNAs and their target genes. For example, hsa_circ_0005273 (circPTK2) in CRC tissue is associated with tumor growth and metastasis as well as prognosis and might serve as a therapeutic target for CRC metastasis[10]. Serum exosomal hsa_circ_0004771 can act as a diagnostic biomarker of CRC[11]. Hsa_circ_0001955 and hsa_circ_0000977 were found to mediate the miRNA-mRNA regulatory network in CRC[12]. Collectively, circRNAs could play vital roles in the tumorigenesis of CRC and have potential as novel biomarkers for diagnosis and clinical outcome prediction.
MiRNAs are small single-stranded noncoding RNA molecules that are 19-25 nucleotides in size and mediate the posttranscriptional silencing of target genes by combining with the 3’ untranslated region of a mRNA transcript to contribute to translational inhibition and mRNA destabilization[13,14]. The miRNAs in tissue samples and cell-free biological fluids, have been reported as crucial gene regulators, promising candidate biomarkers and therapeutic targets[14,15]. Considerable miRNAs have been observed to regulate various biological and pathological processes in many diseases, especially cancer. For instance, many miRNAs differentially expressed in CRC can influence the growth, progression, autophagy, apoptosis and even microbiome of CRC cells[16-18], and act as noninvasive biomarkers of CRC[19]. 
The aim of this study was to identify promising circRNA biomarkers for CRC diagnosis and obtain insights into their functions in modulating the development of CRC. In the present study, we investigated the expression levels of 2 circRNAs, circ_0000375 and circ_0011536, in tissue and serum samples as well as in CRC cell lines. The biological functions of the 2 circRNAs were explored by evaluating the proliferation, migration and invasion of CRC cell lines. The expression of target miRNAs and their interactions with circRNAs were also investigated in CRC. Collectively, our findings revealed the circRNAs and their miRNA interactions that are critically important to the tumorigenesis of CRC, providing potential biomarkers for diagnosis and therapeutic options.

MATERIALS AND METHODS
[bookmark: OLE_LINK12]Bioinformatic analysis of circRNA and miRNA profiles
The expression profiles of circRNAs and miRNAs of CRC patients and negative controls (NCs) were obtained from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). The GSE126095 (10 CRCs vs 10 NCs) dataset was utilized for circRNA expression analysis, while GSE41655 (33 CRCs vs 15 NCs), GSE49246 (40 CRCs vs 40 NCs) and GSE115513 (750 CRCs vs 649 NCs) were used for miRNA analysis. The platform and series matrix files of the datasets were downloaded from the GEO database, and then the probe matrix was converted into the corresponding RNA name referring to the annotation from the platform files. The “limma” R package was used for normalization of raw data and identification of the differentially expressed circRNAs and miRNAs between CRC and NC samples. The target miRNAs were predicted with the circular RNA interactome database (CircInteractome, https://circinteractome.nia.nih.gov/). Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were employed to reveal the vital signaling pathways of miRNAs involved in the tumorigenesis of CRC using the “clusterProfiler” R package.

Human tissue and serum sample collection
In this study, patients with CRC and healthy control (HC) participants were enrolled from May 2019 to May 2021 at China-Japan Friendship Hospital. All patients included in our study were newly diagnosed with colorectal adenocarcinoma confirmed by postoperative pathological examination. Patients who had already received radiotherapy, chemotherapy or other molecular targeted therapy before surgery were screened out. Age- and sex-matched HC participants were recruited from a population of individuals without major abnormalities and with negative results after complete colonoscopy. In total, 34 tumor tissue samples from CRC patients and 24 colon tissue samples from HCs were obtained. Serum samples were collected from HCs before colonoscopy (n = 28), from CRC patients before curative surgery (n = 56) and from CRC patients at 30 d after surgery (n = 14). Demographic data and clinicopathological features, including age, gender, TNM stage, tumor size, tumor location and lymph node metastasis, were collected. Tissue samples taken from CRC patients or HCs were frozen in liquid nitrogen immediately and stored at -80 °C until further analysis. Serum specimens were immediately centrifuged at 4000 g for 10 min at 4 °C, and 1 mL of supernatant was stored at -80 °C. This study was approved by the Ethics Committee of the China-Japan Friendship Hospital (No. 2018-116-K85-1), and all participants signed written informed consent forms.

Cell culture
Three CRC cell lines (HCT, RKO, and SW480) and a human normal colonic epithelial cell line (FHC) were obtained from the American Type Culture Collection. All cell lines except RKO were cultured in Roswell Park Memorial Institute-1640 medium (RPMI-1640; Invitrogen, Carlsbad, United States), and RKO cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen). All the cell lines were supplemented with 100 IU/mL penicillin, 100 μg/mL streptomycin and 10% fetal bovine serum (FBS) and cultured at 37 °C in a humidified atmosphere with 5% CO2.

Cell transfection
An empty pcDNA3.1 vector and overexpression plasmids for circRNAs were synthesized by GenePharma (Shanghai, China). Then, Lipofectamine 3000 Transfection Reagent (Invitrogen) was utilized to transfect HCT116 and SW480 cells with the above plasmids according to the manufacturer’s instructions. 24 h later, CRC cells were collected for subsequent experiments.

[bookmark: OLE_LINK3536][bookmark: OLE_LINK3537][bookmark: OLE_LINK3534][bookmark: OLE_LINK3535]Quantitative reverse transcription-polymerase chain reaction and Sanger sequencing
Total RNA was isolated from tissues, serums and cells using the RNAprep Pure Cell Kit (Solarbio, Beijing, China) following the manufacturer’s protocol. Then, the isolated RNA was reverse transcribed into cDNA using the Hifair® Ⅱ 1st Strand cDNA Synthesis Kit (YESEN, Shanghai, China). Then, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was conducted using Hieff® qPCR SYBR® Green Master Mix (No Rox) (YESEN). The relative expression levels of circRNAs and miRNAs were quantified by the 2-ΔΔCt method, using GAPDH and U6 as internal reference genes, respectively. The primers for qRT-PCR were synthesized by Sangon Biotech and are listed in Supplementary Table 1. To further ascertain the back-splicing and junction sequence of each circRNA, Sanger sequencing of the amplification products of circRNAs was performed by Tsingke (Beijing, China).

RNase R treatment
To determine the stability characteristics of circRNAs, 2 circRNAs and their corresponding linear mRNAs were digested with RNase R. A 5-μg aliquot of total RNA was incubated with or without 1 μL of 10-fold reaction buffer and 0.5 μL of RNase R (20 U/μL) for 30 min at 37 °C. Then, the expression levels of the circRNAs and their corresponding linear mRNAs were quantified by PCR.

Cell counting kit-8 proliferation assay
A total of 1500 SW480 or HCT116 cells in 100 μL of medium were seeded in each well of a 96-well plate. After 24 h, the CRC cells were transfected with oe-circRNA plasmid or vector. Then, at 0 h, 24 h, 48 h and 72 h, 10 μL of cell counting kit-8 (CCK-8) reagent (Solarbio) and 90 μL of medium were added after the previous medium was removed. Then, the cells were incubated for 1 h at 37 °C with 5% CO2, and the optical density (OD) was detected at 450 nm using a microplate reader (BioTek Instruments, United States).

Wound healing assay
SW480 or HCT116 cells were cultured in 6-well plates for 24 h, and then, cell transfection was performed as described above. After incubation for 48 h, a wound was scratched with a 200 µL sterile pipette tip. Then, the cells were washed with PBS 3 times and incubated in serum-free medium. Representative images were captured at 0 h and 24 h after scratching. The total wound area was measured using ImageJ software, and the relative migration rate was calculated.

Transwell invasion assay
CRC cells were suspended in 200 μL of serum-free medium and seeded in the upper chambers coated with matrigel (Corning, United States). The bottom 24-well plates were filled with 600 μL of medium containing 10% FBS as a chemoattractant. After incubation for 72 h, the cells remaining in the upper chamber were gently removed with cotton swabs, and the cells on the lower surface were photographed and counted after being fixed with 4% paraformaldehyde and stained with 0.1% crystal violet.

Luciferase reporter assay
Fragments of circ_0000375 and circ_0011536 and corresponding mutant sequences were designed and inserted into a luciferase reporter vector (GP-miRGLO) to produce circ_0000375-WT, circ_0011536-WT, circ_0000375-MUT and circ_0011536-MUT, respectively (GenePharma, China). HEK293T cells obtained from the American Type Culture Collection were seeded in 12-well plates and then cotransfected with a mixture of these plasmids and miRNA mimics or mimics NC. After incubation for 24 h, firefly and Renilla luciferase activities were examined with a Dual-Luciferase Reporter Assay System (Promega, United States) in line with the manufacturer’s instructions.

Statistical analysis
[bookmark: OLE_LINK9]Statistical Program for Social Science version 26.0 (SPSS 26.0), R software (version 4.0.3) and GraphPad Prism (version 9) were used to perform statistical analysis. Quantitative data with a normal distribution are presented as the mean ± SD and were analyzed using Student’s t-test or one-way analysis of variance, while variables with a nonnormal distribution are presented as the median and interquartile range and were compared using a Mann-Whitney U test or Kruskal-Wallis test. Moreover, categorical variables were analyzed by the chi-square test or a nonparametric test. Receiver operating characteristic (ROC) curves were constructed to examine the diagnostic efficiency of RNA molecules by assessing the area under the curve (AUC). A two-tailed P < 0.05 was considered statistically significant.

RESULTS
Identification of two circRNAs differentially expressed in CRC
In GSE126095, the expression levels of circRNAs were compared between CRC (n = 10) and NC (n = 10) samples. The circRNAs differentially expressed between CRC and NC were obtained with the criteria |log2 fold change| > 1 and P value < 0.05 (Figure 1A). Based on the circRNA regulatory network identified in our previous study[20], we selected 2 circRNAs, namely, hsa_circ_0000375 (circ_0000375) and hsa_circ_0011536 (circ_0011536), which were downregulated in CRC (Figure 1B and C). The AUCs of circ_0000375 and circ_0011536 were 0.970 and 0.920, respectively (Figure 1D), suggesting that these 2 circRNAs were useful as CRC biomarkers in the GSE126095 dataset. To further confirm the value of the 2 circRNAs in CRC, we investigated the expression levels of the 2 circRNAs in cell lines. Compared with the normal colonic epithelial cell line FHC, CRC cell lines (HCT, RKO and SW480) showed significantly decreased expression levels of circ_0000375 and circ_0011536 (Figure 1E and F).

Sanger sequencing and RNase R digestion to determine the characteristics of circ_0000375 and circ_0011536
Circ_0000375 originates from head-to-tail splicing of exon 6 and exon 7 in the linear mRNA IFFO1, which is located on chromosome 12. According to the Sanger sequencing results for PCR products, the target sequence of circ_0000375 was verified to be the head-to-tail splicing site (Figure 2A). For circ_0011536, which is generated by back-splicing of exon 3 to exon 5 of the ZMYM4 gene, our primer covered the splicing site, so the inverse complementary sequence of the amplification products of circ_0011536 was consistent with that in the circBase database (Figure 2B). Subsequently, the expression level of circ_0000375 did not show an obvious decline after CRC tissues were degraded with RNase R, but its corresponding linear mRNA, IFFO1, was significantly downregulated (Figure 2C). Similar results were obtained for circ_0011536 and ZMYM4 (Figure 2D). These results revealed that circ_0000375 and circ_0011536 were more resistant to RNase R digestion than the corresponding linear mRNAs.

Expression and diagnostic value of circ_0000375 and circ_0011536 in CRC tissue and serum samples
The clinicopathological features of CRC patients and HCs are listed in Table 1. Downregulation of circ_0000375 and circ_0011536 was validated in CRC tissues compared with HC tissues (Figure 3A and B). ROC curve analysis revealed that the AUCs of circ_0000375 and circ_0011536 were 0.911 and 0.885, respectively. Combined with both circRNAs, the AUC was 0.928, indicating possible better performance based on these 2 circRNAs (Figure 3C). Furthermore, the median expression levels of circ_0000375 and circ_0011536 in tissues were used to divide the CRC patients into low and high expression groups, which were used for subgroup analysis of the clinicopathological characteristics of the CRC patients (Table 2). The results indicated that patients with lymph node metastasis or advanced TNM stage tended to exhibit high expression of circ_0011536. However, the expression of circ_0000375 in tissue was not related to clinicopathological indexes.
Furthermore, the expression levels of the 2 circRNAs in serum samples from CRC patients were lower than those in serum samples of HCs (Figure 3D and E). For CRC patients after surgery, the levels of circ_0000375 and circ_0011536 in the serum were elevated compared with the levels in preoperative patients but were still significantly lower than the levels in HCs significantly, indicating that circ_0000375 and circ_0011536 in the serum were closely related to CRC tumorigenesis. The AUCs of circ_0000375, circ_0011536 and combined circRNAs in CRC serum were 0.976, 0.982 and 0.997, respectively (Figure 3F), indicating that these 2 circRNAs could serve as new biomarkers for CRC diagnosis and that both circRNAs might yield better performance. The expression levels of circ_0000375 and circ_0011536 in the serum were not correlated with the clinicopathological indexes of CRC patients, which suggested the robustness of the expression of these 2 circRNAs among different subtypes of CRC patients (Supplementary Table 2).

Circ_0000375 and circ_0011536 suppressed the malignant behavior of CRC cells in vitro
To investigate the biological effects of circ_0000375 and circ_0011536 on CRC cells, SW480 and HCT116 cells were transfected with overexpression vectors for these 2 circRNAs (Figure 4A and B). CCK-8 assays revealed that upregulation of circ_0000375 or circ_0011536 remarkably inhibited the proliferation of CRC cells (Figure 4C and D), indicating that these 2 circRNAs inhibited the proliferation of CRC cells. Wound healing assays were utilized to verify the function of the 2 circRNAs related to the migration of CRC cells, suggesting that the migratory abilities of CRC cells were significantly restrained by overexpression of circ_0000375 or circ_0011536 (Figure 4E, F and I). Transwell assay results suggested that these 2 circRNAs also affected the invasion of CRC cells. Upregulation of circ_0000375 or circ_0011536 suppressed CRC cell invasion capability (Figure 4G, H and J). Therefore, circ_0000375 and circ_0011536 suppressed cell proliferation, migration and invasion in CRC cells.

Targeted miRNA predictions for circ_0000375 and circ_0011536
Given that mounting evidence has demonstrated that circRNAs serve as miRNA sponges, the miRNA binding abilities of circ_0000375 and circ_0011536 in CRC were explored using the CircInteractome database. We identified miR-1182 and miR-1246 as potential targets of circ_0000375 and circ_0011536, respectively, and then examined the interaction of these miRNAs with the circRNAs. The expression of miR-1182 was elevated in CRC cell lines compared with the FHC cell line (Figure 5A). MiR-1182 was downregulated in circ_0000375-overexpressing CRC cells (Figure 5B). Moreover, to examine the direct interaction between circ_0000375 and miR-1182, we conducted a dual-luciferase reporter assay. The results showed that the luciferase activity of circ_0000375-WT was significantly reduced in the miR-1182 mimics group compared with the mimics NC group, while no difference was observed with circ_0000375-MUT (Figure 5C). Similarly, miR-1246 was also upregulated in CRC cell lines (Figure 5D) but downregulated after overexpression of circ_0011536 (Figure 5E). MiR-1246 mimics led to decreased luciferase activity of circ_0011536-WT, but no change was found for circ_0011536-MUT (Figure 5F). Overall, circ_0000375 and circ_0011536 were confirmed to serve as sponges for miR-1182 and miR-1246, respectively, and the binding sites were uncovered in the present study.

MiR-1182 and miR-1246 were upregulated in CRC tissues in GEO datasets
We compared the miR-1182 and miR-1246 expression levels among 3 GEO datasets, GSE41655 (33 CRCs vs 15 NCs), GSE49246 (40 CRCs vs 40 NCs) and GSE115513 (750 CRCs vs 649 NCs). The results suggested that miR-1182 was overexpressed in CRC tissues in GSE41655, GSE49246 and GSE115513 (Figure 6A-C), supporting our discovery in vitro. Consistently, the expression of miR-1246 was also increased in CRC tissues in GSE41655, GSE49246 and GSE115513 (Figure 6D-F). The diagnostic performances of miR-1182 and miR-1246 in these 3 GEO datasets are shown in Figure 6G and H, suggesting that these miRNAs could serve as CRC indicators. These results revealed that miR-1182 and miR-1246, predicted as target miRNAs for circ_0000375 and circ_0011536 in our study, are overexpressed in CRC tissues and might act as potential biomarkers for CRC diagnosis.

Functional enrichment analysis of the downstream genes of two miRNAs
A total of 19 genes were predicted to be potential targets of miR-1182 and miR-1246 using the TargetScan, miRDB and miRTarBase databases. MTRNR2L8, TRIM25, DIRC2, ZNF609, GTF3C4, ARID1A, DARS and MAVS were recognized as downstream genes of miR-1182, and DYRK1A, GSK3B, AXIN2, CRADD, KIAA0895, GPATCH11, CALM2, CKS2, SKIL, RORA and ZNF502 were identified as targets for miR-1246 (Supplementary Table 3). Based on these 19 genes, the top 10 enrichment terms in GO analysis were revealed, including the apoptotic signaling pathway for biological processes, Wnt/beta-catenin signaling pathway and SWI/SNF complex for cellular components, beta-catenin binding and SMAD binding for molecular functions (Figure 7A). Meanwhile, KEGG analysis revealed that these genes were enriched in some tumorigenesis-associated pathways, including the signaling pathways regulating pluripotency of stem cells, the RIG-Ⅰ-like receptor signaling pathway, the Hippo signaling pathway and the Wnt signaling pathway (Figure 7B). Therefore, miR-1182 and miR-1246 and their target genes might play crucial roles in CRC tumorigenesis.

DISCUSSION
Although CRC treatment has been revolutionized in recent years, the current therapeutic strategies, including surgery, chemotherapy and molecular targeted therapy, still do not satisfy the ever-rising demand for early diagnostic and prognostic improvements for patients. Under this circumstance, it is pivotal to elucidate the mechanisms underlying CRC initiation and progression and to identify useful biomarkers for the early diagnosis of CRC. In this study, we first revealed that circ_0000375 and circ_0011536 are potential biomarkers for CRC diagnosis and then explored their function as tumor suppressors in CRC progression.
Compelling evidence indicates that circRNAs play crucial roles in diverse pathological processes in various cancer types. In our study, we compared the expression profiles in GSE126095 datasets and selected circ_0000375 and circ_0011536 as biomarker candidates. The expression levels of these 2 circRNAs were downregulated in CRC cell lines compared with normal colonic mucosa cells. Furthermore, we observed low circ_0000375 and circ_0011536 expression in CRC tissues and serum samples, with high diagnostic value, respectively, or combined. Interestingly, the serum expression levels of these 2 circRNAs were elevated in CRC patients 30 d postsurgery compared with preoperative patients, further supporting our discovery. Considering that serum exosomal circRNAs are abundant, stable and easy to test, circRNAs in the serum might have substantial advantages as promising noninvasive biomarkers for accurately diagnosing CRC, assessing disease stage and predicting prognosis. Previously, several circRNAs have been shown to be diagnostic biomarkers of CRC, including hsa_circ_0004771[11] and circ-PNN[21] in the serum. Metastasis and progression biomarkers of CRC have been revealed, including circPTK2[10] and circ-133[22], which might be new therapeutic targets. Four circRNAs, hsa_circ_0122319, hsa_circ_0087391, hsa_circ_0079480, and hsa_circ_0008039, were identified as reliable prognostic tools for postoperative recurrence of stage Ⅱ/Ⅲ CRC[23]. Furthermore, in the present study, we found that CRC patients with lymph node metastasis or advanced TNM stage tended to exhibit high circ_0011536 expression compared with patients in the early stage, suggesting that circ_0011536 is a more sensitive indicator for early CRC and that a complicated regulation system might impact the expression level of circ_0011536 in CRC tissues during CRC progression and metastasis. The expression levels of circ_0000375 in tissues and serum and circ_0011536 in serum samples from CRC patients were relatively stable and not associated with clinical features. Overall, we provide the first evidence of the potential of circ_0000375 and circ_0011536 as tumor biomarkers in tissues and serum samples from CRC patients, but the relationship of circRNA expression and clinicopathological features still needs to be confirmed by further investigation in a large cohort.
In our study, tumorigenic and metastatic properties, such as cell proliferation, migration and invasion, were suppressed by circ_0000375 and circ_0011536 overexpression in CRC cells. Next, miR-1182 and miR-1246 were predicted as target miRNAs of circ_0000375 and circ_0011536, respectively, through bioinformatics analysis, and these findings were validated by luciferase reporter assays. Furthermore, the expression levels of miR-1182 and miR-1246 in CRC cells were significantly decreased after transfection with circ_0000375 and circ_0011536 overexpression plasmids, further supporting our discovery. To date, an increasing number of studies have reported circRNAs as tumor regulators through direct binding to different miRNA molecules in CRC. For instance, CRC cell proliferation, metastasis and apoptosis can be regulated by circPACRGL via the miR-142-3p/miR-506-3p-TGF-β1 axis[24], and by circHIPK3 sponging of miR-7[25]. Moreover, circRNAs can play crucial roles in the therapeutic response of CRC as miRNA sponges. Hsa_circ_0005963 was reported to induce chemoresistance and modulate glycolysis in CRC through the miR-122-PKM2 axis[26]. Additionally, Liu et al[27] found that synthetic circRNA targeting miR-21 could efficiently inhibit cancer cell proliferation and achieve loss-of-function, revealing the enormous promise of circRNA sponges as innovative tools for molecular therapy in the future. In summary, our results described the tumor-suppressive role of circ_0000375 and circ_0011536 and identified the specific binding sites between circ_0000375 and miR-1182 and between circ_0011536 and miR-1246 for the first time, providing exploitable targets for CRC therapeutic strategies.
We next discovered significantly higher miR-1182 and miR-1246 expression levels in CRC cell lines than in normal colonic mucosa cells. Consistently, the expression levels of these 2 miRNAs were also upregulated in CRC tissues in three GEO datasets, GSE41655, GSE49246 and GSE115513. The critical roles of miR-1182 and miR-1246 have been investigated in some cancer types. For instance, miR-1182 was reported to attenuate proliferation and metastasis by targeting telomerase reverse transcriptase in gastric cancer[28]. Moreover, circCSPP1 in liver cancer[29], circ_0067934 in non-small cell lung cancer[30], circWHSC1 in ovarian cancer[31] and circFMN2 in CRC[32] can modulate the malignant behavior of tumors by sponging miR-1182. Moreover, miR-1246 plays an oncogenic role in metastasis by upregulating the methyltransferase METT3 in CRC[33]. Recent advances have indicated that infection with the CRC-associated bacterium Fusobacterium nucleatum might stimulate the generation of miR-1246/92b-3p/27a-3p-rich exosomes from tumor cells to promote the prometastatic ability of uninfected cells[34]. Mutant P53 might reprogram macrophages into tumor-supporting macrophages with anti-inflammatory immunosuppressive activity via exosomal miR-1246 in colon cancer cells, which could promote the progression and metastasis of CRC[35]. In summary, miR-1182 and miR-1246 might serve as biomarkers and function as oncogenic miRNAs in CRC carcinogenesis, but the diagnostic value of miR-1182 and miR-1246 in CRC tissues and serum samples still requires further investigation in the future.
In the present study, we also predicted the downstream genes of miR-1182 and miR-1246 as well as the potential signaling pathways involved in the regulation of these 2 miRNAs. The Wnt/beta-catenin signaling pathway is central to CRC tumorigenesis and might have promising value as a therapeutic target[36,37]. Zhao et al[30] found that miR-1182 might regulate the Wnt/beta-catenin pathway in lung cancer. In liver cancer, miR-1246 was reported to activate the Wnt/beta-catenin pathway in liver cancer stem cells[38] and regulate the RORalpha-Wnt/beta-catenin axis to promote liver cancer progression[39]. Moreover, miR-1246 was found to promote lung cancer metastasis and invasion through the Wnt/beta-catenin pathway by targeting GSK3B[40] and to induce apoptosis and overcome drug resistance by targeting AXIN2 and GSK3B[41]. DYRK1A was also reported to be a potential target of miR-1246 because overexpression of miR-1246 induced by P53 could downregulate the DYRK1A level[42]. In a nutshell, the targets of miR-1182 and miR-1246 were preliminarily identified in this study, and the Wnt/beta-catenin pathway might be involved in the regulation of these two miRNAs in CRC, which needs further exploration in the future.
In summary, we identified circ_0000375 and circ_0011536 as promising diagnostic biomarkers and tumor suppressors in CRC. To our knowledge, this is the first study to reveal the dysregulation of circ_0000375 and circ_0011536 in CRC tissues and serum samples and uncover their function in CRC pathogenesis. This is also the first study to investigate the interaction between circ_0000375 and miR-1182 and between circ_0011536 and miR-1246. However, some limitations also exist in our study. First, the robustness of these circRNAs and miRNAs as diagnostic and prognostic biomarkers should be confirmed with large-scale clinical samples. In addition, whether the tumor-suppressive effects of circ_0000375 and circ_0011536 can be counteracted by miR-1182 or miR-1246 remains unclear and should be validated through further comprehensive exploration. Finally, we tried to predict molecular mechanisms in this study, but the specific downstream genes and signaling pathways should be further elucidated later by performing experiments in vivo and in vitro.

CONCLUSION
To sum up, our findings demonstrated that circ_0000375 and circ_0011536 are downregulated in CRC cell lines, tissues and serum samples and exhibit potential diagnostic performances. Furthermore, these 2 circRNAs significantly suppress CRC cell proliferation, migration and invasion. As potential targets of circ_0000375 and circ_0011536, miR-1182 and miR-1246, respectively, are overexpressed in CRC cells and tissues. Our study not only further elucidates the mechanism of circRNA regulation in CRC cell growth and progression but also provides novel diagnostic biomarkers and promising therapeutic targets for CRC.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK13]Colorectal cancer (CRC) is a common tumor worldwide. Circular ribonucleic acids (circRNAs) have been reported to regulate CRC as microRNA (miRNA) sponges. However, the aberrant expression and biological functions of circRNAs in CRC remain to be further explored.

Research motivation
CircRNAs might serve as novel biomarker candidates for CRC diagnosis. Further exploration of useful biomarkers to improve CRC diagnosis and treatment is crucial.

Research objectives
[bookmark: OLE_LINK14]This study aimed to identify circRNAs that could be potential biomarkers of CRC and explore their functions in CRC carcinogenesis.

Research methods
[bookmark: OLE_LINK15]Cir_0000375 and circ_0011536 were selected as CRC biomarker candidates using the Gene Expression Omnibus (GEO) database. Quantitative real-time polymerase chain reaction was utilized to evaluate the expression levels of these 2 circRNAs in CRC tissues, serum samples and cell lines. Functional experiments, including cell counting kit-8 (CCK-8), wound healing and Transwell invasion assays, were carried out after overexpression of cir_0000375 and circ_0011536 in CRC cell lines. Furthermore, the expression levels of target miRNAs in CRC tissues were explored in GEO datasets and CRC cell lines. Then, the interactions of circRNAs and miRNAs and enrichment analysis of the miRNAs and target genes were further performed.

Research results
Our findings demonstrated that circ_0000375 and circ_0011536 were downregulated in CRC cell lines, tissues and serum samples and showed good diagnostic performance. Furthermore, these 2 circRNAs significantly inhibited CRC cell proliferation, migration and invasion. As potential targets of circ_0000375 and circ_0011536, miR-1182 and miR-1246, respectively, were overexpressed in CRC cells and tissues.

Research conclusions
Circ_0000375 and circ_0011536 may function as tumor suppressors and serve as novel biomarkers for CRC diagnosis and are promising candidates for therapeutic exploration.

Research perspectives
[bookmark: OLE_LINK16]Our findings uncover the mechanisms by which 2 circRNAs, circ_0000375 and circ_0011536, suppress CRC cell growth and progression and provide novel diagnostic biomarkers and promising therapeutic targets for CRC.
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Figure Legends
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[bookmark: OLE_LINK7]Figure 1 Expression profiles of circular ribonucleic acids in colorectal cancer tissues from GSE126095 datasets and in cell lines. A: Volcano plot of circular ribonucleic acids expression levels; B: The expression of circ_0000375 in colorectal cancer (CRC) tissues and negative control tissues; C: The expression of circ_0011536 in CRC tissues and negative control tissues; D: Receiver operating characteristic curves to evaluate the diagnostic value of circ_0000375 and circ_0011536 by assessing the area under the curve; E: The relative expression levels of circ_0000375 in a normal colon cell line (FHC) and CRC cell lines (HCT116, RKO and SW480); F: The relative expression levels of circ_0011536 in a normal colon cell line (FHC) and CRC cell lines (HCT116, RKO and SW480). aP < 0.001; bP < 0.01; cP < 0.05. NC: Negative control; AUC: Area under the curve; CRC: Colorectal cancer.
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[bookmark: OLE_LINK1]Figure 2 Characteristics of circ_0000375 and circ_0011536 in colorectal cancer tissues. 
A: Structures and back-splicing sequences of circ_0000375; B: Structures and back-splicing sequences of circ_0011536; C: The relative expression levels of circ_0000375 and the corresponding linear mRNA IFFO1 in colorectal cancer tissues treated with RNase R; D: The relative expression levels of circ_0011536 and ZMYM4 treated with RNase R. bP < 0.01; cP < 0.05. NS: Not significant.
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[bookmark: OLE_LINK2]Figure 3 Circ_0000375 and circ_0011536 were downregulated in colorectal cancer tissue and serum samples. A: The expression levels of circ_0000375 in healthy control (HC) and colorectal cancer (CRC) tissue samples; B: The expression levels of circ_0011536 in HC and CRC tissue samples; C: Receiver operating characteristic curves for circ_0000375, circ_0011536 and combined circular ribonucleic acids in CRC tissues with the area under the curve calculated; D: The expression levels of circ_0000375 in serum samples of HC, preoperative CRC and CRC after surgery; E: The expression levels of circ_0011536 in serum samples of HC, preoperative CRC and CRC after surgery; F: Receiver operating characteristic curves for Circular ribonucleic acids in CRC serum samples. aP < 0.001; bP < 0.01; cP < 0.05. CRC: Colorectal cancer; HC: Healthy control; AUC: Area under the curve; ROC: Receiver operating characteristic.
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[bookmark: OLE_LINK3]Figure 4 Overexpression of circ_0000375 and circ_0011536 suppresses proliferation, migration and invasion in colorectal cancer. A: The relative expression levels of circ_0000375 and circ_0011536 in SW480 cells transfected with overexpression plasmids; B: The relative expression levels of circ_0000375 and circ_0011536 in HCT116 cells transfected with overexpression plasmids; C: Cell counting kit-8 (CCK-8) assays were performed to determine the ability of proliferation in SW480 cells transfected with oe-circ_0000375 or oe-circ_0011536; D: CCK-8 assays were performed to determine the ability of proliferation in HCT116 cells transfected with oe-circ_0000375 or oe-circ_0011536; E: Wound healing assays were conducted to assess the cell migrative capability of SW480; F: Wound healing assays were conducted to assess the cell migrative capability of HCT116 cells; G: Transwell invasion assays were utilized to reveal the invasive ability of SW480; H: Transwell invasion assays were utilized to reveal the invasive ability of HCT116 cells; I: Results of wound healing assays of SW480 and HCT116 cell lines; J: Results of Transwell invasion assays of SW480 and HCT116 cell lines. aP < 0.001; bP < 0.01; cP < 0.05.
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[bookmark: OLE_LINK4]Figure 5 Circ_0000375 and circ_0011536 serve as sponges of miR-1182 and miR-1246 in colorectal cancer. A: The expression level of miR-1182 in a normal colon cell line (FHC) and colorectal cancer cell lines (HCT116, RKO and SW480); B: The relative expression level of miR-1182 in SW480 and HCT116 cells transfected with a circ_0000375 overexpression vector; C: Relative luciferase activities were detected in HEK293T cells after cotransfection with circ_0000375-WT, circ_0000375-MUT, miR-1182 mimics and negative control mimics; D: The expression level of miR-1246 in colorectal cancer cell lines; E: The relative expression level of miR-1246 in SW480 and HCT116 cells transfected with oe-circ_0011536; F: Luciferase reporter assays were performed after cotransfection with circ_0011536-WT, circ_0011536-MUT, miR-1246 mimics and negative control mimics. aP < 0.001; bP < 0.01; cP < 0.05. NC: Negative control; NS: Not significant.
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[bookmark: OLE_LINK5]Figure 6 MiR-1182 and miR-1246 were upregulated in colorectal cancer tissues in Gene Expression Omnibus datasets. A: The expression level of miR-1182 in GSE41655; B: The expression level of miR-1182 in GSE49246; C: The expression level of miR-1182 in GSE115513; D: The expression level of miR-1246 in GSE41655; E: The expression level of miR-1246 in GSE49246; F: The expression level of miR-1246 in GSE115513; G: The diagnostic value of miR-1182 in Gene Expression Omnibus (GEO) datasets was evaluated by the area under the curve; H: The diagnostic value of miR-1246 in GEO datasets was evaluated by the area under the curve. aP < 0.001; bP < 0.01; cP < 0.05. CRC: Colorectal cancer; NC: Negative control; AUC: Area under the curve.
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Figure 7 Enrichment analyses based on downstream genes of miR-1182 and miR-1246. A: Gene Ontology analysis of biological processes, cellular components, and molecular functions; B: Kyoto Encyclopedia of Genes and Genomes pathway analysis.
[bookmark: _Hlk85529430]
Table 1 Clinicopathological characteristics of participants
	
	Tissues
	Serums

	
	HC (n = 24)
	CRC (n = 34)
	HC (n = 28)
	CRC (n = 56)
	AS (n = 14)

	Age (yr) (M) (P25, P75)
	62.0 (55.0, 69.0)
	64.5 (58.8, 73.0)
	63.5 (56.3, 71.8)
	66.0 (60.3, 75.0)
	61.0 (49.5, 68.3)

	Gender
	
	
	
	
	

	
	Male
	17
	23
	15
	39
	9

	
	Female
	7
	11
	13
	17
	5

	TNM stage
	
	
	
	
	

	
	Ⅰ
	
	9
	
	9
	2

	
	Ⅱ
	
	9
	
	16
	4

	
	Ⅲ
	
	10
	
	21
	6

	
	Ⅳ
	
	6
	
	10
	2

	Tumor size
	
	
	
	
	

	
	≤ 5 cm
	
	20
	
	29
	9

	
	> 5 cm
	
	14
	
	27
	5

	Tumor location
	
	
	
	
	

	
	Left colon
	
	6
	
	12
	3

	
	Right colon
	
	5
	
	9
	2

	
	Rectum
	
	23
	
	35
	9

	Lymph node metastasis
	
	
	
	
	

	
	No
	
	19
	
	35
	6

	
	Yes
	
	15
	
	21
	8


HC: Healthy control; CRC: Colorectal cancer; AS: After surgery.

Table 2 Associations between the expressions of two Circular ribonucleic acids and clinicopathological features in colorectal cancer tissues
	
	
	n
	Circ_0000375 expression
	P value
	Circ_0011536 expression
	P value

	
	
	
	Low 
	High 
	
	Low 
	High 
	

	Age (yr)
	
	
	
	0.730
	
	
	0.300

	
	≤ 65
	19
	9
	10
	
	8
	11
	

	
	> 65
	15
	8
	7
	
	9
	6
	

	Gender 
	
	
	
	0.714
	
	
	

	
	Female
	11
	6
	5
	
	5
	6
	0.714

	
	Male
	23
	11
	12
	
	12
	11
	

	TNM stage
	
	
	
	0.169
	
	
	0.039a

	
	Ⅰ-Ⅱ
	18
	11
	7
	
	12
	6
	

	
	Ⅲ-Ⅳ
	16
	6
	10
	
	5
	11
	

	Tumor size
	
	
	
	0.486
	
	
	1.000

	
	≤ 5 cm
	20
	9
	11
	
	10
	10
	

	
	> 5 cm
	14
	8
	6
	
	7
	7
	

	Tumor location
	
	
	
	0.271
	
	
	0.714

	
	Colon
	11
	4
	7
	
	5
	6
	

	
	Rectum
	23
	13
	10
	
	12
	11
	

	Lymph node metastasis
	
	
	
	0.084
	
	
	0.016a

	
	No
	19
	12
	7
	
	13
	6
	

	
	Yes
	15
	5
	10
	
	4
	11
	


aP < 0.05.
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