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Background

Several studies have reported that circRNAs have a crucial function in the tumorigenesis of various cancers. However, the expression and function of circOMA1 in osteosarcoma is unknown.



Methods

circOMA1 was identified through bioinformatics analysis. qRT-PCR was used to assess the expressions of circOMA1, miR-1294, and c-Myc in osteosarcoma tissues. Further, we performed functional experiments to explore the biological function of circOMA1 in osteosarcoma. Moreover, a luciferase reporter assay, RNA immunoprecipitation (RIP), and fluorescence in situ hybridisation (FISH) assay were performed to demonstrate the association between circOMA1 and miR-1294.



Results

circOMA1 exhibited considerable upregulation in osteosarcoma tissues compared with adjacent normal tissues. Silencing circOMA1 suppressed osteosarcoma progression in vitro and in vivo. Mechanically, circOMA1 functioned as a sponge of miR-1294 to upregulate c-Myc expression.



Conclusion

circOMA1 played the role of an oncogene in osteosarcoma and promoted osteosarcoma progression by mediating the miR-1294/c-Myc pathway, which might be a new target for treating osteosarcoma.
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Introduction

Osteosarcoma (OS) is a primary malignant bone tumour with an annual incidence of approximately 4 per million (1). OS is characterised by a highly aggressive and metastatic ability and is common in children and adolescents (2). With the rapid development of surgical techniques, neoadjuvant chemotherapy regimens, and immunotherapy techniques, the prognosis of patients with OS has been significantly improved (3–5). However, patients with OS experience chemotherapy resistance, recurrence, and severe adverse immune reactions, affecting their quality of life (6). Therefore, it is essential to study the molecular mechanism of OS pathogenesis and identify new targets to improve early diagnosis and targeted therapy.

Circular RNAs (circRNAs) have a closed-loop structure connected by covalent bonds and are highly abundant, stable, and conserved (7–9). CircRNAs can regulate gene transcription and splicing, encode or interact with proteins, and play the role of competitive endogenous RNAs (ceRNAs) to sponge miRNAs (10). According to some studies, circRNAs exert an indispensable function in tumorigenesis through sponging miRNAs. For example, circ-0074027 could promote the malignant phenotype of lung cancer through sponging miR-2467-3P to induce RhoA expression (11). In addition, Liu (12) reported 252 differentially expressed circRNAs between normal osteoblasts and osteosarcoma cell lines, which suggested that circRNAs are a new strategy and direction to explore the molecular targets of OS. Under the GSE96964 dataset, we observed that circOMA1 (hsa_circ_0002316) was strongly expressed in OS tissues compared with adjacent normal tissues. To the best of our knowledge, no study has reported the function of circOMA1 in OS. Therefore, the specific function of circOMA1 in developing osteosarcoma needs to be further explored.

In our study, using bioinformatics and molecular biology techniques, we explored the biological functions of circOMA1/miR-1294/c-Myc axis in tumorigenesis and development of OS, aiming to provide new targets and strategies for clinically treating osteosarcoma.



Materials and Methods


Tissue Samples

Eighteen paired OS specimens, and adjacent normal tissues were collected and stored at −80°C until further application. This work acquired approval from the Ethics Committee of Renmin Hospital of Wuhan University.



Cell Culture and Transfection

Human osteoblast (hFOB1.19) and OS cell lines were cultured in DMEM with 10% foetal bovine serum (Gibco) at 37°C with 5% CO2. Short hairpin RNA over circOMA1 (sh-circOMA1) and the negative control shRNA (sh-NC) was obtained from Servicebo (Wuhan, China). miR-1294 mimics and negative control miRNA mimics (miR-NC) were synthesised by GenePharma (Shanghai, China). Lipofectamine (Invitrogen) was used to transfect these RNAs in OS cells per the manufacturer’s instructions.



Cell Proliferation and EdU Assay

The transfected cells were cultured for 24, 48, and 72 h. Further, 10 µL CCK-8 solution was added to the 96-well plate, and the optical density (OD) was measured at 450 nm using a microplate reader. Further, a 5-ethynyl-2′-deoxyuridine (EdU) assay was performed to evaluate cell proliferation using Click-iT EdU-488 Kit (Servicebio, Wuhan, China).



Transwell Assay and Wound Healing Assay

In transwell assay, 100 µL matrix gel was added to the upper chamber, and 600 µL DMEM with 10% FBS was added to the lower chamber. Subsequently, the cell suspension was added to the upper chamber and incubated for 2 days. Further, the cells were fixed, stained, and photographed. In the wound healing assay, the transfected cells were seeded in a 6-well plate at a density of 5 × 105 cells per well. When the confluency reached 90%, a pipette tip was used to scratch a wound line. Photographs were taken to record the healing of scratches at different times.



RNase R Treatment

Total RNA was treated with 3 U/mg of RNase R for 20 min. Further, qRT-PCR was performed for detecting the mRNA levels of circOMA1 and OMA1 mRNA.



qRT-PCR

TRIzol reagent (Invitrogen) was used to extract total RNA from tissues or cells. Nano-Drop 2000 spectrophotometer was used to measure the concentration of RNA. cDNA was generated using a cDNA Synthesis Kit (Takara, China). The circRNA miRNA and mRNA levels were quantified using qPCR with SYBR Green (Takara, China), with U6 as the internal control for miRNA and GAPDH for circRNA and mRNA. The primers are listed in Supplementary Table 1.



Western Blot

We extracted total proteins from tissues or cells from the lysis solutions (Servicebio, China). Next, the proteins were separated by SDS-PAGE and transferred to a PVDF membrane. Further, the membrane was rinsed with TBST and incubated with primary antibodies, namely, anti-c-Myc (Servicebio, China) and anti-β-actin (Servicebio, China). Subsequently, the membrane was incubated with secondary antibodies, and images were taken.



Luciferase Reporter Assay

The circOMA1 and c-Myc 3′‐UTR sequences containing the wild‐type or mutant miR-1294 binding sites were amplified by PCR. These sequences were loaded to pmirGLO vectors to construct recombinant plasmids. Further, we co-transfected the recombinant plasmids and miR-1294 mimics or miR-NC to 143B and U2OS. Luciferase activity was measured using Luciferase Assay Kit (Beyotime, China).



RNA Immunoprecipitation (RIP)

According to the standard protocol, the RIP assay was performed using Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Milibo, USA). Further, qRT-PCR was performed to detect ircOMA1 and miR-1294 expressions in samples.



Fluorescence In Situ Hybridisation (FISH) Assay

CircOMA1 probes and miR-1294 probes were synthesised by Servicebio (Wuhan, China). The cells were incubated with a hybridisation solution containing circOMA1 and miR-1294 probes overnight at 37°C. Confocal images were photographed using a Nikon Eclipse Ti microscope.



Animal Experiments

Briefly, six BALB/c nude mice were classified into two groups, namely, sh-circOMA1 and sh-NC groups. In the sh-circOMA1 group, the 143B cells with a knockdown of circOMA1 were injected in mice, whereas 143B cells transinfected with negative control were subcutaneously injected in the sh-NC group. We measured and recorded the tumour volume every 5 days. After 30 days, the tumours were removed, weighed, and subjected to qRT-PCR.



Bioinformatics Analysis

The circRNA expression profiles of OS were acquired from the GEO database. The interactions between circRNA and miRNA were predicted by Circinteractome and circBank, whereas miRNA–mRNA interactions were estimated using Targetscan, miRDB, and miRTarBase.



Statistical Analysis

We used SPSS 13.0 software for data analysis. ANOVA was performed to evaluate the differences among more than two groups. The student’s unpaired t-test was used for unpaired comparisons, and paired t-test was used for paired comparisons. P < 0.05 was considered significant.




Results


circOMA1 Is Highly Expressed in OS Tissues and Cells

Through analysing the GSE96964 dataset, it was observed that hsa_circ_0002316 (circOMA1) was highly denoted in OS cell lines (Figure 1A). circOMA1 is derived from 2–9 exons of the OMA1 gene on human chromosome 1. Subsequently, Sanger sequencing validated the circular structure of circOMA1 (Figure 1B). In addition, the circOMA1 was detected in cDNA with divergent primers but not in gDNA with divergent primers (Figure 1C). Similarly, the results revealed that circOMA1 had resistance to RNase R treatment, whereas linear OMA1 levels significantly decreased under RNase R treatment (Figure 1D). Furthermore, the expression of circOMA1 in OS tissues and cell lines (MG63, 143B, and U2OS) was assessed. circOMA1 expressions were notably denoted in OS cell lines and clinical samples (Figures 1E, F). Moreover, FISH assays demonstrated that circOMA1 was mainly localised in the cytoplasm (Figure 1G).




Figure 1 | Characterisation and expression of circOMA1 in OS tissues and cell lines. (A) The heatmap exhibited DEcircRNAs in GSE96964. (B) The back-spliced region of circOMA1 was identified using Sanger sequencing. (C) Gel electrophoresis was performed to confirm the presence of circOMA1. (D) The expression of circOMA1 was assessed after RNase R treatment. (E, F) circOMA1 expression in OS tissues and cell lines. (G) We performed a FISH assay for detecting the location of circOMA1 in 143B cells. *P < 0.05, **P < 0.01.





Silencing circOMA1 Expression Inhibited OS Progression In Vitro

To investigate the role of circOMA1 in OS, two shRNAs (sh-circOMA1#1 and sh-cirCOMA1#2) were transfected into 143B and U2OS cells. circOMA1 expression was notably downregulated after transfection with sh-circOMA1 in 143B and U2OS cells (Figure 2A). However, the level of OMA1 mRNA remained unchanged (Figure 2B). CCK-8 assay results demonstrated that the cell viability of both cell lines in the sh-circOMA1 group was significantly inhibited compared with the sh-NC group (Figure 2C). Additionally, depletion of circOMA1 could inhibit the proliferation of 143B and U2OS cells (Figures 2D, E). Similarly, silencing circOMA1 could impair the migratory and invasive capacity of OS cells (Figures 2F, G). Therefore, these data revealed that silencing circOMA1 expression inhibited OS progression in vitro. Sh-circOMA1#1 was selected for subsequent study because it had a better silencing efficiency.




Figure 2 | Knockdown of circOMA1 caused inhibition of OS progression. (A, B) The mRNA expression of circOMA1 and OMA1 in OS cells after transfection with sh-circOMA1 or sh-NC. (C) CCK8 assay was performed to assess cell viability. (D, E) Assessment of cell proliferation based on Edu (D) and colony formation assays (E) in OS cells. (F) The invasive ability of transfected cells was assessed using a transwell assay. (G) A wound-healing assay was performed to assess the migration of OS cells. *P < 0.05, **P < 0.01.





circOMA1 Acts as a Sponge for miR-1294

The circRNA–miRNA interactions were predicted using bioinformatics analysis. Three miRNAs might bind to circOMA1 (Figure 3A). To investigate the interactions between circOMA1 and its potential targeted miRNAs, the expressions of miR-654-3p, miR-330-3p, and miR-1294 were evaluated in transfected cells (Figure 3B). Because miR-1294 was upregulated after the knockdown of circOMA1 in both cells, it was selected for further study. The data indicated that miR-1294 might bind to circOMA1 (Figure 3C). Moreover, miR-1294 mimicking lowered the luciferase activity in the wild-type construct but not in the mutant construct (Figure 3D). Similarly, the RIP assay revealed that circOMA1 and miR-1294 complex was enriched in the Ago2 group (Figure 3E). The FISH assay was used for detecting the co-localization between circOMA1 and miR-1294. The results demonstrated that circOMA1 and miR-1294 were co-localised in the cytoplasm (Figure 3F). Additionally, this study identified miR-1294 expression in OS tissues and cell lines. As expected, miRNA expression was decreased in both OS cell lines and tissues (Figures 3G, H). The qRT-PCR results revealed that knockdown of circOMA1 resulted in the upregulation of miR-1270 expression in OS cells (Figure 3I). Interestingly, miR-1294 expression negatively correlated with circOMA1 (Figure 3J). Collectively, these results demonstrated that circOMA1 played the role of a sponge for miR-1294.




Figure 3 | circOMA1 sponged miR-1294 in OS cells. (A) The Venn plot demonstrated the overlapping miRNAs screened by Starbase and CircInteractome. (B) The expression of three potential miRNAs in transfected cells. (C) The binding sites between circOMA1 and miR-1294. (D) Luciferase activity could be identified in OS cells after co-transfection. (E) The binding between circOMA1 and miR-1294 was verified by RIP assay and immunoblotting. (F) The relationship between circZBTB40 and miR-1270 was assessed by the FISH assay. (G, H) miR-1270 expression in OS tissues and cell lines. (I) MiR-1294 expression was examined in OS cells after the knockdown of circOMA1. (J) The relationship between circOMA1 and miR-1294. *P < 0.05, **P < 0.01.





Downregulation of miR-1294 Reversed the Anti-Tumorigenic Impact of sh-circOMA1

To investigate the interaction between miR-1294 and circOMA1, OS cells were transfected with sh-circOMA1 and miR-1294 inhibitors. The results showed that miR-1294 expression was notably upregulated in OS cells after transfection with sh-circOMA1, whereas the miR-1294 inhibitor reversed the effect (Figure 4A). CCK-8 and colony-forming assay results indicated that mi-1294 inhibitor weakened the impact of sh-circOMA1 on cell viability and proliferation (Figures 4B, C). Similarly, sh-circOMA1 remarkably inhibited the invasive and migrant abilities of OS cells, whereas the impact was reversed by a miR-1294 inhibitor (Figures 4D, E). Therefore, downregulation of miR-1294 reversed the anti-tumorigenic effect of sh-circOMA1.




Figure 4 | Downregulation of miR-1294 could reverse the anti-tumorigenic impact of sh-circOMA1. (A) The mRNA levels of miR-1294 were assessed using qRT-PCR. (B, C) CCK-8 and colony-forming assays evaluated the impact of miR-1294 on cell viability and proliferation. (D, E) The impact of miR-1294 on cell invasion and migration was detected by transwell and wound healing assays. *P < 0.05, **P < 0.01.





circOMA1 Regulates the c-Myc Expression via miR-1294

Bioinformatics analysis revealed that FGFR1, c-Myc, and SURF4 were the three candidates for miR-1294 (Figure 5A). The expression of c-Myc was notably lowered in OS cells after transfection with miR-1294 mimic (Figure 5B). Targetscan database was used for detecting the binding sites between miR-1294 and circOMA1 (Figure 5C). Furthermore, the luciferase reporter assay confirmed the direct binding relationship between miR-1294 and c-Myc (Figure 5D). The c-Myc expressions in OS tissues were examined using qRT-PCR. It was observed that the expression of c-Myc was enhanced in OS tissues (Figure 5E). In addition, c-Myc mRNA and protein levels in both cells were downregulated following miR-1294 mimic (Figures 5F, G). Interestingly, c-Myc negatively correlated with miR-1294 expression (Figure 5H).




Figure 5 | circOMA1 upregulated c-Myc expression via sponging miR-1294. (A) The intersection of possible target genes predicted by bioinformatics analysis. (B) The expressions of the potential target genes were assessed in OS cells after transfection with miR-1294 mimic or miR-NC. (C) The binding sites between miR-1294 and c-Myc. (D) Luciferase reporter assay confirmed the relationship between miR-1294 and c-Myc. (E) The expression of c-Myc in OS tissues. (F, G) MiR-1270 mimics decreased c-Myc mRNA and protein levels in OS cells. (H) The correlation between miR-1294 and c-Myc. (I, J) Sh-circOMA1 decreased c-Myc mRNA and protein levels in OS cells. (K) The relationship between circOMA1 and c-Myc. (L, M) The mRNA and protein levels of c-Myc in transfected cells. *P < 0.05, **P < 0.01.



To explore whether circOMA1 could regulate c-Myc, the expression of c-Myc was identified after the knockdown of circOMA1. The obtained results indicated that silencing circOMA1 inhibited c-Myc mRNA and protein expressions in 143B and U2OS cells (Figures 5I, J). C-Myc exhibited a positive correlation with circOMA1 expression (Figure 5K). To further identify whether circOMA1 regulated c-Myc via miR-1294, sh-circOMA1 and miR-1294 inhibitor were co-transfected into OS cells. The reductions in the mRNA and protein levels of c-Myc after sh-circOMA1 transfection were reversed by transfection with miR-1294 inhibitor (Figures 5L, M). It can be concluded that circOMA1 controlled the c-Myc expression via miR-1294.



Silencing circOMA1 Inhibited OS Growth In Vivo

To further explore the impact of circOMA1 on OS cells in vivo, 143B cells transfected with sh-circOMA1 or sh-NC were injected subcutaneously in mice. The data indicated that silencing circOMA1 inhibited tumour volume and weight in the sh-circOMA1 group compared to the sh-NC group (Figures 6A–C). In addition, immunochemical findings revealed that the expression of the ki-67 protein was lowered in the sh-circOMA1 group (Figure 6D). According to qRT-PCR results, circOMA1 and c-Myc were downregulated in the sh-circOMA1 group, whereas miR-1294 expression exhibited upregulation in the sh-circOMA1 group (Figures 6E–G). The FISH assay showed that circOMA1 and miR-1294 were co-localised in the cytoplasm (Figure 6H).




Figure 6 | Silencing circOMA1 hindered the growth of tumour in vivo. (A) The images of tumour masses. (B, C) The tumour volume and weight are in two groups. (D) Ki-67 staining of tumour tissues. (E–G) The mRNA levels of circOMA1, miR-1294, and c-Myc were assessed using qRT-PCR. (H) FISH of circOMA1 and miR-1294 in tumors, **P < 0.01.






Discussion

CircRNA is a new type of non-coding RNA with various biological properties different from linear RNAs (13). Due to its unique circular structure, cirRNA has attracted increasing attention in recent years (14). Researchers have used second-generation sequencing and gene chip to screen for differentially expressed circRNAs in various tumours and observed that circRNAs have an essential function in tumour proliferation, metastasis, and drug resistance (15–18). For example, has_circ_0018414 accelerated malignant progression of lung adenocarcinoma via sponging miR-6807-3P (19). In addition, increasing evidence indicates that circRNA may be involved in tumorigenesis and progression as a tumour suppressor or activator (20–23).

OS is a normal aggressive malignant bone tumour (24). At present, the pathogenesis of OS is still unclear and believed to be complex and multifactorial (25). In addition, current treatment strategies are minimal for patients with early metastasis and recurrence, particularly in children and adolescents (26). Therefore, investigation of the potential mechanism of OS progression at the molecular level is urgently needed. circOMA1 is derived from 2–9 exons of the OMA1 gene on human chromosome 1.

Nevertheless, the biological role of circOMA1 in developing OS is not known. Through the analysis of the GSE96964 dataset, this study discovered that circOMA1 expression was notably upregulated in OS tissues compared with adjacent healthy tissues. It was further verified that circOMA1 was highly denoted in clinical samples of OS and cell lines. In addition, the results suggested that silencing circOMA1 impaired the migratory, invasive, and colony-forming abilities of OS cells. Moreover, animal experiments demonstrated that depletion of circOMA1 inhibited tumour growth. Collectively, these data proved that circOMA1 exhibited a carcinogenic function in developing OS.

Several studies confirmed that circRNAs regulate gene expression via sponging miRNA (27, 28). Therefore, we speculated that circOMA1 could modulate OS progression through this mechanism. Through bioinformatics analysis, we observed that miR-1294 might be a target of circOMA1. Further, FISH assay, a luciferase reporter assay, and RIP confirmed that circOMA1 could bind to miR-1294 in OS cells. Importantly, miR-1294 had a negative correlation with circOMA1 expression. These results demonstrated that circOMA1 played the role of a sponge for miR-1294.

C-Myc has been shown to have a vital function in tumorigenesis of various cancers (29, 30). Therefore, we investigated the relationship between cirOMA1, miR-1294, and c-Myc. Through luciferase reporter assay, we confirmed that c-Myc was a target of miR-1294. The finding was consistent with the results obtained by Rong et al., who verified the binding relationship between c-Myc and miR-1294 (31). Besides, the decrease in the mRNA and protein levels of c-Myc following circOMA1 shRNA transfection could be reversed by transfection with miR-1294 inhibitor. In addition, c-Myc expression exhibited a positive relationship with circOMA1, which verified the existence of a circOMA1/miR-1294/c-Myc axis in OS. These results indicated that circOMA1 could regulate the c-Myc expression via miR-1294.

In conclusion, this study suggested that circOMA1 played the role of an oncogene in OS and promoted OS progression by mediating the miR-1294/c-Myc pathway, which might be a novel target for OS therapy.
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