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Abstract: Glioblastoma (GBM) is the most malignant form of glioma and is difficult to diagnose, leading to high mortality rates. Circular RNAs (circRNAs) are noncoding RNAs with a covalently closed loop structure. CircRNAs are involved in various pathological processes and have been revealed to be important regulators of GBM pathogenesis. CircRNAs exert their biological effects by 4 different mechanisms: serving as sponges of microRNAs (miRNAs), serving as sponges of RNA binding proteins (RBPs), modulating parental gene transcription, and encoding functional proteins. Among the 4 mechanisms, sponging miRNAs is predominant. Their good stability, broad distribution and high specificity make circRNAs promising biomarkers for GBM diagnosis. In this paper, we summarized the current understanding of the characteristics and action mechanisms of circRNAs, illustrated the underlying regulatory mechanisms of circRNAs in GBM progression and explored the possible diagnostic role of circRNAs in GBM.
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Introduction

Glioblastoma is a malignant brain tumor and is also called glioblastoma multiforme (GBM) [1]. It produces many clinical symptoms such as headaches, nausea, vomiting, dystasia, speech disorders and epileptic seizures. Based on the WHO classification standard, gliomas are divided into 4 grades (I, II, III, IV) [2,3]. GBM is classified as grade IV, the most malignant grade [2,3]. GBM arises from astrocytes that support nerve cells in the brain. The five-year survival rate is less than 10% [4]. GBM develops rapidly and usually progresses to the late stage in 3–6 months. It is very difficult for doctors to treat GBM, and a complete cure is almost impossible. GBM occurs more often in older people, which further increases the difficulty of treatment. GBM has a high recurrence rate, and the overall survival rate is rather low [5,6]. Even with the best supportive care, the median survival time is less than 4 months in elderly patients [4]. With the development of clinical therapies, the median survival time has been increased to more than 15 months [7]. However, the survival time is still very short. Therefore, more efforts should be made to improve the diagnosis and prognosis and increase the median survival time of patients with GBM.

Circular RNAs (circRNAs) are noncoding RNAs and have been revealed to be closely related to tumor pathogenesis [8–10]. CircLMP2A can promote gastric carcinoma by regulating the KHSRP/VHL/HIF1α/VEGFA axis [11]. CircFoxo3 is involved in the progression of many cancers [12]. CircMAPK14 suppresses colorectal cancer progression via encoding a functional protein [13]. CircRNAs have also been revealed to regulate GBM progression [7,14]. In this paper, we summarize the classification, properties and functional mechanisms of circRNAs, explore the possible roles of circRNAs in GBM pathogenesis mainly discovered in the last three years, and elucidate the future clinical application of circRNAs in GBM diagnosis and treatment.

Characteristics of circRNAs

CircRNAs are covalently circularized RNAs without a 5′ cap and a 3′ polyadenylated tail [15]. They are widely involved in many physiological processes and the pathogenesis of many diseases [9,16]. CircRNAs are divided into three categories according to their origin: exonic circRNAs (ecRNAs) [17], exon-intron circRNAs (EIciRNAs) [18] and circular intronic RNAs (ciRNAs) [19]. EcRNAs contain only nucleotides from exons, EIciRNAs consist of nucleotides from both exons and introns and ciRNAs contain only nucleotides from introns. The majority of circRNAs are ecRNAs. EcRNAs exist mainly in the cytoplasm, while EIciRNAs and ciRNAs exist only in the nucleus because of their intronic sequences [16].

CircRNAs have some unique strengths. As circular loops, circRNAs are very stable [20]. They have good resistance to ribonuclease (RNase) degradation, and they have higher stability than linear RNAs [21]. Moreover, circRNAs exist extensively in all living beings containing nucleated cells [22–25]. In addition, circRNA expression is highly specific in different tissues and at different developmental stages [24,26,27]. These characteristics endow them with have high diagnostic and prognostic potential.

CircRNAs have been demonstrated to function through different mechanisms. EcRNAs can sponge microRNAs (miRNAs) or RNA binding proteins (RBPs) to regulate the activity of downstream targets and can be translated into functional proteins to affect different pathways [15,28–31]. EcRNAs contain miRNA response elements (MREs) that promote the binding of ecRNAs to miRNAs [32] (Fig. 1A). This binding decreases miRNA expression and thus elevates the levels of the miRNA targets [32,33]. Similarly, ecRNAs can interact with RBPs to upregulate the activity of downstream targets (Fig. 1B) [34,35]. In contrast to linear RNAs, ecRNAs lack elements necessary for translation, but they can initiate protein translation via some unique elements such as the internal ribosome entry site (IRES) and N-methyladenosine (m6A) (Fig. 1C) [36,37]. At present, there is only one action mechanism of EIciRNAs and ciRNAs. They can bind to Polymerase II to promote parental gene transcription (Fig. 1C) [18,19].
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Figure 1: Four action mechanisms of circRNAs. CircRNAs have 4 different action mechanisms, including binding to miRNAs (Fig. 1A) or RBPs (Fig. 1B), being translation templates (Fig. 1C), or modulating parental gene expression (Fig. 1D).

Functional mechanisms of circRNAs in GBM

CircRNAs regulate GBM by interacting with miRNAs

Being miRNA sponge is the main mechanism of action of circRNAs [35]. A number of circRNAs have been shown to regulate GBM progression by suppressing miRNA activity [38–40] (Fig. 2).
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Figure 2: CircRNAs regulate GBM by sponging miRNAs. CircRNAs bind to miRNAs to inhibit the activities of downstream proteins, thereby participating in different signaling pathways.

Circ_0001588 was found to be positively correlated with poor overall survival in GBM patients [38]. Circ_0001588 knockdown inhibited GBM cell proliferation, migration and invasion and attenuated properties of GBM tumors such as tumor growth. More experiments revealed that circ_0001588 could sponge miR-211-5p to increase the activity of the Yin Yang 1 (YY1) protein, a crucial transcription factor that participates in various tumors, including GBM [41,42]. Therefore, circ_0001588 plays an oncogenic role in GBM via the miR-211-5p-YY1 axis [38].

Luo et al. [43] found that circ_PTN had obviously elevated expression in both GBM cells and cisplatin (DDP)-resistant GBM cells. DDP is a widely used antitumor drug [44,45]. Circ_PTN knockdown suppressed the DDP resistance of GBM tumors and increased the DDP sensitivity of GBM cells, while overexpression of circ_PTN enhanced DDP resistance [43]. Mechanistically, circ_PTN could bind to miR-542-3p and then upregulate the activity of the phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) protein, a receptor that activates PI3K/AKT pathway [46]. This evidence conclusively indicates that, circ_PTN elevates the DDP resistance of GBM cells by regulating the miR-542-3p-PIK3R3 pathway [43], opening an avenue for the treatment of GBM via DDP.

Li et al. [47] discovered an upregulated circular RNA, circARID1A, in GBM tissues and cells. CircARID1A knockdown inhibited GBM growth and suppressed GBM cell migration and invasion. CircARID1A was found to sponge miR-370-3p, which might target the gene encoding the transforming growth factor beta receptor 2 (TGFBR2) protein [47]. TGFBR2 is a receptor for TGF-β1 and participates in tumor migration and invasion [48]. Altogether, these observations indicate that circARID1A serves as an oncogene to promote GBM progression by binding to miR-370-3p and then upregulating TGFBR2 activity [47].

CircABCC3 was revealed to participate in GBM [49]. The expression level of circABCC3 was positively correlated with GBM stages. CircABCC3 knockdown suppressed GBM cell proliferation, migration and invasion, repressed angiogenesis and inhibited the PI3K/AKT pathway which can prevent apoptosis [49]. Mechanistic exploration demonstrated that circABCC3 could bind to miR-770-5p to upregulate SOX2 protein levels [49]. SOX2 could induce the PI3K/AKT signaling pathway. All these observations show that circABCC3 promotes GBM progression via the miR-770-5p-SOX2 axis to activate the PI3K/AKT signaling pathway [49].

CircASPM is produced from the ASPM gene, which has been shown to promote glioma progression [50]. Hou et al. [51] revealed that circASPM played a promoting role in GBM progression. The circASPM level was positively correlated with a poor prognosis. CircASPM knockdown inhibited GBM cell proliferation [51]. CircASPM was found to interact with miR-130b-3p and abolish its inhibitory effect on the activity of E2F transcription factor 1 (E2F1), which is related to several cancers and poor overall survival [52]. In general, all of these findings indicate that circASPM enhances GBM tumorigenesis by modulating the miR-130b-3p-E2F1 axis [51].

High circBFAR levels were found to indicate poor overall survival in GBM patients [53]. CircBFAR knockdown suppressed GBM cell proliferation and invasion. CircBFAR was identified as a sponge of miR-548b and found to inhibit the activity of miR-548b [53]. MiR-548b could target FOXM1, a transcription factor regulating the cell cycle [54]. CircBFAR knockdown elevated the expression of miR-548b and then attenuated FoxM1 activity. These results demonstrate that circBFAR might promote GBM progression through the miR-548b-FOXM1 axis [53].

CircCDC45 is an obviously highly expressed circRNA in GBM tissues and cells [55]. CircCDC45 knockdown inhibited the proliferation, invasion and migration of GBM cells and suppressed GBM tumor growth, implying the oncogenic role of circCDC45. CircCDC45 was found to sponge miR-485-5p to reduce the activity of miR-485-5p [55]. Colony-stimulating factor 1 (CSF-1) is a direct target of miR-485-5p. CSF-1 is involved in cell proliferation and invasion [56,57]. CSF-1 downregulation was found to have a similar effect as circCDC45 knockdown on GBM progression [55]. Therefore, circCDC45 could positively regulate the CSF-1 level by repressing miR-485-5p activity. In conclusion, circCDC45 plays a promoting role in GBM pathogenesis by modulating the miR-485-5p-CSF-1 pathway [55].

CircCLSPN is derived from the CLSPN gene that is involved in the cell cycle [58]. Downregulation of circCLSPN resulted in reductions in the viability, proliferation, invasion and migration of GBM cells and enhanced their apoptosis [59], suggesting the promoting effect of circCLSPN on GBM progression. Furthermore, miR-370-3p was validated to be the target of circCLSPN and shown to have decreased expression in GBM cells. MiR-370-3p could interact with USP39, an oncogene [60], and suppressed its activity [59]. Therefore, circCLSPN may facilitate GBM progression via the miR-370-3p-USP39 pathway.

CircENTPD7 (hsa_circ_0019421) is produced by the ENTPD7 gene [61]. Survival analysis revealed that a high circENTPD7 level indicated a poor overall survival rate [61]. CircENTPD7 silencing suppressed GBM cell proliferation and metastasis. Further analyses determined that miR-101-3p was the target of circENTPD7 and that miR-101-3p could interact with ROS1 to inhibit its activity [61]. ROS1 is a tyrosine kinase insulin receptor that has been recognized to play a role in cancer development [62]. CircENTPD7 might bind to miR-101-3p to upregulate ROS1 activity. Overall. circENTPD7 promotes GBM by the miR-101-3p-ROS1 pathway [61].

Fibroblast growth factor receptor 1 (FGFR1) can promote cancer progression [63,64]. CircFGFR1 is derived from the FGFR1 gene [65]. CircFGFR1 was shown to enhance GBM tumorigenesis in vivo and in vitro. Cell surface chemokine receptor (CXCR4) regulates tumor development [66,67]. The CXCR4 level was positively associated with the circFGFR1 level [65]. CXCR4 knockout eliminated the promoting effect of circFGFR1 on GBM. More experiments demonstrated that hsa-miR-224-5p could interact with both circFGFR1 and CXCR4, suggesting that circFGFR1 might sponge hsa-miR-224-5p to elevate the CXCR4 level [65]. Taken together, these findings indicate that circFGFR1 exerts an oncogenic effect on GBM by enhancing CXCR4 activity through sponging hsa-miR-224-5p [65].

CircRNA filamin A (circFLNA) is derived from the FLNA gene and has been found to participate in several cancers [68,69]. Sun et al. [70] revealed the role of circFLNA in GBM. Knockdown of circFLNA inhibited GBM cell proliferation and invasion. MiR-199-3p was found to be the target of circFLNA and had a negative correlation with circFLNA [70]. These results indicate that circFLNA may serve as an oncogene in GBM by sponging miR-199-3p.

Fan et al. [71] identified an upregulated circRNA in GBM tissues, circFOXM1. CirFOXM1 has been discovered to be related to the malignant development of several cancers [72,73]. CircFOXM1 silencing suppressed GBM cell growth and metastasis and GBM tumor growth [71]. CircFOXM1 could sponge miR-577 to inhibit its activity. E2F transcription factor 5 (E2F5) was revealed to be a target of miR-577 and was negatively regulated by miR-577. E2F5 regulates tumor cell proliferation and tumor growth [74,75]. E2F5 downregulation had a similar effect as circFOXM1 silencing [71]. Taken together, circFOXM1 might exacerbate GBM symptoms via targeting the miR-577-E2F5 axis.

CircGLIS3 was illustrated to be important regulator in GBM [76]. Downregulation of circGLIS3 inhibited GBM cell proliferation and induced GBM cell apoptosis [76], implying the promoting role of circGLIS3. CircGLIS3 could bind to miR-449c-5p and repress its expression [76]. Capping actin protein, gelsolin-like (CAPG) is an actin regulatory protein [77]. CAPG and GLIS3 were identified to be two targets of miR-449c-5p. CircGLIS3 positively modulated CAPG and GLIS3 levels by sponging miR-449c-5p [76]. CircGLIS3 might enhance GBM pathogenesis through the miR-449c-5p-GLIS3/CAPG axis [76].

CircHECTD1, derived from the HECTD1 gene, has been revealed to be involved in heart diseases and some cancers [78,79]. Li et al. [80] explored the role of circHECTD1 in GBM. CircHECTD1 knockdown markedly decreased the proliferation and migration activities of GBM cells and attenuated their tumorigenicity [80]. CircHECTD1 was found to target miR-320-5p and inhibit its activity. Furthermore, miR-320-5p could interact with SLC2A1 to block its function [80]. SLC2A1 overexpression partially rescued the effect of circHECTD1 knockdown on GBM development. Overall, these results indicate that the circHECTD1-miR-320-5p-SLC2A1 axis might promote the pathogenesis of GBM [80].

Hsa_circ_0033009 (circLGMN) is derived from the mammalian legumain (LGMN) gene, which has been revealed to promote tumor progression [81,82]. A high circLGMN level was positively correlated with poor prognosis in GBM patients [83]. CircLGMN overexpression was found to facilitate GBM cell proliferation and invasion. CircLGMN could interact with miR-127-3p and function by sponging miR-127-2p [83]. MiR-127-3p was found to inhibit LGMN expression. Altogether, these observations demonstrate that circLGMN may aggravate GBM symptoms by suppressing miR-127-3p, thus upregulating LGMN expression [83].

Zhou et al. [84] discovered the promoting role of circMELK in glioma stem cells (GSCs) which contribute to the relapse of GBM after surgical resection. GSCs and epithelial-mesenchymal transition (EMT) promote tumor development [85]. CircMELK knockdown inhibited the progression of GBM and decreased GSC growth and migration [84], suggesting that circMELK might facilitate EMT in GBM patients and GSC maintenance. Bioinformatic analyses and experiments showed that circMELK could bind to miR-593 to repress its activity [84]. MiR-593 was then revealed to target the gene encoding the Eph receptor B2 (EphB2) protein which plays an oncogenic role in tumorigenesis [86]. CircMELK knockdown obviously decreased the EphB2 level. MiR-593 inhibitor treatment reversed the inhibitory effect of circMELK knockdown on GBM [84]. In general, these findings demonstrate that circMELK enhances GBM tumorigenesis by regulating the miR-593-EphB2 pathway.

CircNUP98 is derived from the NUP98 gene and has been shown to be involved in renal cell carcinoma [87]. Its role in GBM was also illustrated by Lu et al. [88]. MiR-519a-3p downregulation can promote the growth of gastric cancer and hepatocellular carcinoma [89,90]. CircNUP98 was upregulated in GBM tissues, while miR-519a-3p was downregulated. Overexpression of circNUP98 facilitated GBM cell growth, whereas miR-519a-3p overexpression reduced GBM cell proliferation and viability [88]. CircNUP98 was found to bind pre-miR-519a-3p but not mature miR-519a-3p [88]. CircNUP98 might sponge pre-miR-519a-3p to block its translocation to the cytoplasm, thereby inhibiting its maturation. Therefore, circNUP98 may promote GBM tumorigenesis by suppressing the maturation of miR-519a-3p [88].

CircPIK3C2A is a highly expressed circRNA in GBM cell lines [91]. The ectopic expression of circPIK3C2A enhanced GBM cell proliferation and invasion, while circPIK3C2A knockdown decreased GBM cell proliferation and invasion [91]. CircPIK3C2A downregulation remarkably diminished tumor growth and prolonged survival in a mouse tumor model [91]. Luciferase reporter assays revealed that circPIK3C2A could sponge miR-877-5p and that miR-877-5p could target FOXM1 [91]. MiR-877-5p overexpression decreased FOXM1 expression, whereas circPIK3C2A overexpression reversed the inhibitory effect of miR-877-5p on FOXM levels [91]. These results indicate that circPIK3C2A acts as an oncogene in GBM by upregulating FOXM1 activity via sponging miR-877-5p.

CircPOSTN was found to have significantly upregulated levels in GBM tissues and cell lines [92]. CircPOSTN overexpression was found to facilitate GBM cell proliferation, migration and neovascularization, whereas circPOSTN silencing showed the opposite effects [92], suggesting a promoting role of circPOSTN in GBM. Further experiments revealed that miR-219a-2-3p was the direct target of circPOSTN and that miR-219a-2-3p could target STC1. CircPOSTN suppressed miR-219a-2-3p activity and then increased the expression of STC1 [92], thus promoting tumorigenesis. Moreover, circPOSTN was revealed to facilitate GBM neovascularization by inducing VEGFA secretion. To sum up, circPOSTN plays a tumor-promoting role in GBM via the miR-219a-2-3p-STC1-VEGFA axis [92].

CircRFX3 is generated from the RFX3 gene [93]. A high circRFX3 expression level was related to poor prognosis in GBM patients. Overexpression of circRFX3 promoted GBM cell proliferation, invasion and migration [93]. Dual-luciferase and RNA pull-down assays revealed that circRFX3 could sponge miR-587 and that PDIA3 was a direct target of miR-587 [93]. MiR-587 inhibitor treatment partially abolished the inhibitory effect of circRFX3 knockdown on GBM development. PDIA3 knockdown inhibited the Wnt/β-catenin pathway [93]. Taken together, circRFX3 might promote GBM progression by sponging miR-587 to upregulate PDIA3 expression, and thereby regulating the Wnt/β-catenin pathway.

Circ_0060055 was found to be derived from the EIF6 gene [40]. Circ_0060055 might play a role in mediating radioresistance in GBM. Circ_0060055 knockdown repressed the growth and invasion, promoted the apoptosis and elevated the radiosensitivity of GBM cells [40]. Bioinformatic analyses, dual-luciferase assay and RNA pull-down assay revealed the interaction between circ_0060055 and miR-197-3p. MiR-197-3p inhibitor treatment eliminated the effects of circ_0060055 silencing on GBM progression and radiosensitivity [40]. Therefore, circ_0060055 might contribute to GBM development and radioresistance by sponging miR-197-3p. Furthermore, miR-197-3p was shown to target API5 that inhibits apoptosis and is correlated with poor prognosis [94,95]. Taken together, these findings demonstrate that circ_0060055 might facilitate GBM tumorigenesis via the miR-197-3p-API5 axis [40].

Chen et al. [96] discovered an aberrantly upregulated circRNA, circPOLR2A, in GBM cells. CircPOLR2A depletion obviously inhibited the proliferation and enhanced the apoptosis of GBM cells. Further experiments found that circPOLR2A could bind to miR-2113 and suppress its inhibitory effect on POU3F2 expression [96]. POU3F2 has been reported to promote GBM development [97]. Moreover, POU3F2 was found to interact with the SOX9 promoter and activate its transcription [96]. SOX9 upregulation reversed the effect of circPOLR2A depletion on GBM cells. In conclusion, circPOLR2A contributes to GBM development via the miR-2113-POU3F2-SOX9 axis [96].

CircRNA-0002109 is generated from the MCM10 gene, an oncogene [98]. CircRNA-0002109 downregulation diminished GBM cell proliferation, migration and invasion and suppressed tumorigenesis in vivo. Further mechanistic investigations revealed that circRNA-0002109 could sponge miR-19-5p to upregulate the activity of epithelial membrane protein-2 (EMP2) [98]. EMP2 is related to tumorigenesis and is positively correlated with poor prognosis [99]. MiR-19-5p overexpression attenuated the malignant phenotype of GBM cells. EMP2 overexpression reversed the inhibitory effect of circRNA-0002109 knockdown on GBM progression [98]. All these results suggest that circRNA-0002109 plays a promoting role in GBM via the miR-129-5P-EMP2 pathway.

Wei et al. [100] investigated the biological role of circASAP1 in tumorigenesis and temozolomide (TMZ) resistance in GBM patients. TMZ is an oral agent that has been used as an important part of clinical therapy for GBM clinical treatment [101]. CircASAP1 expression was increased in both GMB tissues and TMZ-resistant cells [100]. EIF4A3 participates in exon splicing and promotes circRNA generation [102]. EIF4A3 was found to increase the expression of circASAP1. Overexpression of circASAP1 facilitated GBM cell growth and TMZ resistance. CircASAP1 knockdown effectively restored TMZ sensitivity in a TMZ-resistant mouse model. Mechanistically, circASAP1 could serve as a sponge of miR-502-5p and upregulate NRAS activity by inhibiting miR-502-5p activity [100]. CircASAP1 knockdown was shown to inactivate the NRAS-MEK1/ERK1-2 signaling pathway. Therefore, these observations demonstrate that circASAP1 modulates the miR-502-5p-NRAS-MEK1/ERK1-2 signaling pathway to enhance GBM pathogenesis [100].

CircSERPINE2 has been revealed to facilitate gastric carcinoma pathogenesis [103]. Li and colleagues explored its role in GBM [104]. CircSERPINE2 had elevated expression in GBM tissues and a high circSERPINE2 level was correlated with poor overall survival in GBM patients [104]. CircSERPINE2 knockdown inhibited GBM cell proliferation and enhanced their apoptosis. CircSERPINE2 could sponge both miR-324-5p and miR-361-3p to decrease their levels. Further analyses showed that BCL2, an antiapoptotic regulator, was the direct target of both miR-324-5p and miR-362-3p [104]. More experiments revealed that circSERPINE2 could promote GBM pathogenesis by upregulating BCL2 expression via decreasing miR-361-3p/miR-324-5p levels [104].

CircZNF652 was found to have upregulated expression in GBM tissues and cell lines [105]. A high circZNF652 level indicated poor prognosis. CircZNF652 silencing abolished GBM progression in vivo and in vitro [105]. The underlying regulatory pathway was investigated. CircZNF652 could interact with miR-486-5p [105]. MiR-486-5p inhibitor treatment abolished the inhibitory effect of circZNF652 knockdown on GBM development. Furthermore, SERPINE1, a fibrinolytic inhibitor [106], was found to be targeted by miR-486-5p. CircZNF652 silencing reduced SERPINE1 expression [105]. Collectively, these findings indicate that circZNF652 aggravates GBM tumorigenesis via the miR-486-5p-SERPINE1 axis.

CircRNA_0043278 has been demonstrated to regulate the progression of several tumors [107,108]. Its role in GBM was also explored [39]. Downregulation of circ_0043278 inhibited GBM pathogenesis in vivo and in vitro. Further analysis determined that circ_0043278 directly interacted with miR-638. MiR-638 inhibitor treatment could reverse the effect of circ_0043278 knockdown [39]. MiR-638 was then revealed to interact with HOXA9, an activator of the Wnt/β-catenin signaling pathway. MiR-638 decreased HOXA9 expression, and thereby inhibited the expression of two Wnt signaling effectors, c-Myc and Cyclin D1, resulting in blockade of cell proliferation [39]. These findings conclusively show that circ_0043278 acts as an oncogene in GBM by sponging miR-638 to upregulate HOXA9 activity, thus activating the Wnt/β-catenin signaling pathway [39].

CircPTK2 can function as a tumor promoter or a tumor suppressor in different cancers [109,110]. Chen et al. [111] elaborated on the role of circPTK2 in GBM. CircPTK2 expression was reduced in GBM tissues. Overexpression of circPTK2 repressed GBM cell invasion and migration [111]. The miR-23a level was found to be inversely associated with the circPTK2 level. MiR-23a upregulation reversed the inhibitory biological effects of circPTK2 overexpression on GBM progression [111]. Taken together, these observations indicate that circPTK2 might inhibit GBM progression by decreasing miR-23a expression.

Circ-0010117 was found to be downregulated in GBM tissues [112]. Circ-0010117 depletion enhanced the proliferation and invasion of GBM cells and reduced their apoptosis, while circ-0010117 upregulation suppressed GBM tumorigenesis [112]. Circ-0010117 was found to sponge miR-6779-5p and miR-6779-5p overexpression attenuated the effect of circ-0010117 depletion on GBM. SPEN was discovered to be the direct target of miR-6779-5p and could suppress GBM progression [112]. Therefore, circ-0010117 may suppress GBM pathogenesis by upregulating SPEN by inhibiting the activity of miRNA-6779-5p.

Hsa_circ_0114014 (circLRRC7) is an ecRNA produced from the LRRC7 gene [113]. Low circLRRC7 expression in GBM tissues was revealed to indicate poor prognosis. CircLRRC7 could repress GBM development. Analysis showed that miR-1281 might be a downstream target of circLRRC7 and that PDXP, a protein that participates in tumor metabolism [114], was the direct target of miR-1281 [113]. A high level of PDXP suggested a long overall survival time in GBM patients [113]. In summary, circLRRC7 might act as a tumor suppressor in GBM by regulating the miR-1282-PDXP pathway.

CircRNAs regulate GBM by encoding proteins

Although circRNAs mainly function by serving as miRNA sponges, studies in the past five years has also discovered an increasing number of functional proteins encoded by circRNAs. CircRNA-encoded proteins have also been shown to regulate GBM progression (Fig. 3).
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Figure 3: The functional roles of circRNAs in GBM and the diagnostic potential. CircRNAs regulate GBM pathogenesis via different mechanisms. Circulating circRNAs are possible biomarkers for GBM diagnosis.

Circular E-cadherin (circ-E-Cad) RNA was found to be an upregulated circRNA in GBM tissues [115]. Circ-E-Cad can encode a protein in an IRES dependent manner. The encoded protein has 254 amino acids and is named circRNA-encoded E-cadherin (C-E-Cad). C-E-Cad was found to be highly expressed in GBM tissues and cells. The level of C-E-Cad was negatively correlated with prognosis in GBM patients [115]. C-E-Cad exacerbated malignant symptoms of GBM. Mechanistically, C-E-Cad could bind to the epidermal growth factor receptor (EGFR) protein to activate the EGFR signaling pathway which has been determined to promote GBM progression [115]. Altogether, circ-E-Cad can enhance GBM progression by encoding the C-E-Cad protein to stimulate the EGFR signaling pathway.

The Hedgehog (HH) pathway is important for tumorigenesis [116,117]. The G protein-coupled-like receptor smoothened (SMO) is a key factor in HH signaling [118]. CircSMO is generated from the SMO gene and is upregulated in GBM tissues [119]. CircSMO can be translated into a protein with 193 amino acids (referred to as SMO-193a.a.) in a manner facilitated by an IRES. A high SMO-193a.a. level was determined to indicate a low survival rate [119]. SMO-193a.a. was revealed to directly interact with SMO to induce cholesterol modification of SMO and then restore the SMO levels [119]. All these results demonstrate that circSMO serves as an oncogene by encoding a protein that regulates the HH signaling pathway.

Circ-SHPRH, derived from the SNF2 histone linker PHD RING helicase (SHPRH) gene, showed reduced expression in GBM tissues and cells [120]. Driven by an IRES, circ-SHPRH could be translated into the SHPRH-146aa protein. SHPRH-146aa overexpression inhibited GBM cell proliferation and tumor growth [120]. SHPRH-146aa stabilized the SHPRH protein level and then enhanced the degradation of PCNA which could induce cell proliferation [121], resulting in disrupted GBM progression [120]. Taken together, circ-SHPRH and SHPRH-146aa can suppress GBM pathogenesis.

CircHEATR5B was found to be expressed at low levels in GBM cell lines and was revealed to inhibit GBM cell proliferation [122]. CircHEATR5B can be translated into a protein with 881 amino acids (termed HEATR5B-881aa) in an IRES dependent manner [122]. HEATR5B-881aa upregulation significantly repressed glycolysis in GBM cells, thereby inhibiting GBM cell proliferation. The antitumor role of circHEATR5B in GBM was dependent on HEATR5B-881aa. Mechanistic investigation showed that HEATR5B-881aa could phosphorylate JMJD5, a protein that modulates cell metabolism, to induce its degradation [123]. Therefore, circHEATR5B and its encoded protein exert suppressive effects on GBM tumorigenesis by decreasing JMJD5 activity [122].

Circ-AKT3, derived from the AKT3 gene, is a downregulated ecRNA in GBM tissues [124]. AKT3 is a component of an important tumor-related pathway-the RTK/PI3K/AKT pathway [125,126]. Circ-AKT3 can encode a protein containing 174 amino acids (AKT3-174aa) [124]. AKT3-174aa overexpression alleviated the malignant phenotype and reduced radioresistance. AKT3-174aa expression was shown to be positively correlated with overall survival in GBM patients [124]. The functional role of circ-AKT3 was found to be dependent on AKT3-174aa. AKT3-174aa interacted with phosphorylated PDK1 to suppress the activation of AKT. Circ-AKT3 overexpression decreased the AKT level [124]. In conclusion, AKT3-174aa functions as an antitumor regulator in GBM by regulating the PI3K/AKT pathway.

CircRNAs regulate GBM by interacting with RBPs

Hsa_circ_0072309 was an obviously downregulated circRNA in GBM tissues [127]. Hsa_circ_0072309 overexpression abolished the proliferation and invasion of GBM cells and inhibited cytoskeletal organization in GBM cells [127]. HSP27 is a key regulator in cytoskeletal stabilization and might enhance the metastasis of tumor cells [128]. Hsa_circ_0072309 overexpression reduced the HSP27 level. HSP27 overexpression could reversed the effect of hsa_circ_0072309 overexpression on GBM development [127]. These results indicate that hsa_circ_0072309 might attenuate GBM pathogenesis by decreasing the HSP27 level (Fig. 3).

CircRNAs as Biomarkers for GBM

Currently, the most frequently used clinical diagnostic biomarkers for cancers are proteins [129]. However, proteins are easily degraded and usually have a short half-life [130]. CircRNAs have high stability and specificity, which are important characteristics for biomarkers. Recent studies have indicated that circRNAs in the circulatory system might be valuable diagnostic biomarkers for GBM (Fig. 3).

The circSMARCA5 and circHIPK3 levels in serum extracellular vesicles (sEVs) were found to be significantly decreased in GBM patients [131]. Receiver operating characteristic curve (ROC) analysis revealed that sEV-derived circSMARCA5 and circHIPK3 had high ability to distinguish GBM patients from control subjects [131], suggesting their diagnostic potential. Furthermore, multivariate ROC analysis, performed by combining sEV-derived circSMARCA5 and circHIPK3 with known biomarkers for GBM diagnosis, resulted in improved diagnostic accuracy in GBM. All findings demonstrate that sEV-derived circSMARCA5 and circHIPK3 might be effective biomarkers for GBM diagnosis [131].

Chen et al. [132] identified three upregulated plasma circRNAs (circNT5E, circFOXO3 and circ_0001946) in GBM patients. Risk score analysis revealed that they could differentiate GBM samples from the control subject samples [132]. ROC analysis confirmed this finding and revealed that the combination of these three circRNAs had the highest ability to distinguish the GBM samples from the controls [132]. Therefore, these three circRNAs might have high potential for GBM diagnosis.

Xia et al. [133] performed a circRNA array analysis and detected three significantly upregulated circRNAs (hsa_circ_0055202, hsa_circ_0074920 and hsa_circ_0043722) in exosomes isolated from the plasma of GBM patients. ROC analysis was performed to determine their diagnostic potential. hsa_circ_0055202, hsa_circ_0074920 and hsa_circ_0043722 all had high AUCs and their combination showed the highest AUC [133], suggesting the ability of these circRNAs to predict GBM. In conclusion, these exosome-derived circRNAs (hsa_circ_0055202, hsa_circ_0074920 and hsa_circ_0043722) might be important diagnostic biomarkers for GBM patients [133].

Taken together, these studies highlight that circulating circRNAs might serve as effective biomarkers for GBM diagnosis (Table 1).

[image: images]

Conclusions and Future Perspectives

All the above mentioned results show that circRNAs are important regulators of GBM pathogenesis (Table 2 and Fig. 3). The diagnosis of GBM relies on examinations in the hospital, including imaging tests and biopsy. These examinations are complicated and time-consuming and might cause damage to human patients. Therefore, innocuous and more rapid diagnostic methods are needed. CircRNAs exist in all kinds of human cells, including brain cells and GBM cells. They are highly stable compared with linear noncoding RNAs especially in circulating fluids such as plasma and serum [134]. Moreover, the process for obtaining circulating circRNAs is minimally invasive. Therefore, circRNAs are highly valuable in the diagnosis of GBM. However, the current method of circRNA detection, RT-PCR, can only be used in laboratories and still costs a long time. So it is not convenient for home use. To solve this problem, we recommend the test strip method, based on the stability of circRNAs. The test strip method has been applied for early detection of pregnancy, measurement of blood sugar, detection of influenza virus infection, and so on. During the COVID-19 pandemic, this method has also been used to detect SARS-CoV-2 antigens. The test strip method requires only a small amount of body fluid or blood, and results can be displayed in only a few seconds. Interpretation of the results is very easy and can be done at home, thereby making self-diagnosis possible. Moreover, biological probes such as gold nanocomposite probes and bioluminescence probes can be used to increase the stability of biomarkers. Therefore, the use of test strips containing circRNA-based biological probes might be an effective clinical therapy for GBM diagnosis.

[image: images]

In addition to their diagnostic value, circRNAs may also have other types of clinical potential. CircRNAs can encode functional proteins that may be more effective and convenient therapeutic targets for the development of antitumor drugs. Moreover, as demonstrated by some patents, circRNA can be used as carriers for RNAs in vaccine preparation. Currently, these applications of circRNAs have not been used in clinical practice, but these roles of circRNAs in clinical therapies are highly anticipated.

There are still several problems that should be solved before clinical application. First, based on studies from different laboratories, a single circRNA may participate in the same disease via different mechanisms. However, are there any links between these mechanisms? Which mechanism plays the main regulatory role? All these questions need further and thorough research. Second, the method for naming circRNAs is confusing. For example, one gene can give rise to more than one circRNA, all of which have the name. These circRNAs have different sequences, and their functions may also be different: circUBAP2 [135,136] and circPTK2 [109,110,137] are examples. At least two circRNAs can be generated from the UBAP2 gene, but both are named circUBAP2 [135,136]. At least three circRNAs with different nucleic acid sequences can be produced from the PTK2 gene, but they are all called circPTK2 [109,110,137]. Due to the sequence differences, circPTK2 performs different functions in tumors. This phenomenon causes confusion for readers and hinders follow-up research. Therefore, the method for naming circRNAs can be further improved. Third, despite the existing studies, the action mechanisms of many circulating circRNAs are still unknown or insufficiently known, constituting a hidden barrier to clinical application. More efforts should be made to address these problems.

In summary, circRNAs are widely involved in the development of GBM by suppressing the activities of downstream targets (miRNAs/RBPs) or encoding functional proteins. All these findings provide new ideas for the prevention and treatment of GBM. Although studies have demonstrated that circRNAs have high clinical value, their clinical implementation still has a long way to go. How to solve the problems from basic research to clinical application will be a key point of future research. We have great confidence in the clinical actualization of circRNAs in GBM.
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TABLE 2

CircRNAs with GBM

CircRNAs Effect Mechanisms Pathway References
Circ_0001588 Promotion Sponging miRNAs Circ_0001588-miR-211-5p-YY1 [38]
Circ_PTN Promotion Sponging miRNAs Circ_PTN-miR-542-3p-PIK3R3 [43]
CircARIDIA Promotion Sponging miRNAs CircARID1A-miR-370-3p-TGFBR2 [47]
CircABCC3 Promotion Sponging miRNAs CircABCC3-miR-770-5p-SOX2 [49]
CircASPM Promotion Sponging miRNAs CircASPM-miR-130b-3p-E2F1 [51]
CircBFAR Promotion Sponging miRNAs CircBFAR-miR-548b-FOXM1 [53]
CircCDC45 Promotion Sponging miRNAs CircCDC45-miR-485-5p-CSF-1 [55]
CircCLSPN Promotion Sponging miRNAs CircCLSPN-miR-370-3p-USP39 [59]
CircENTPD?7 Promotion Sponging miRNAs CircENTPD7-miR-101-3p-ROS1 [61]
CircFGFR1 Promotion Sponging miRNAs CircFGFR1-hsa-miR-224-5p-CXCR4 [65]
CircFLNA Promotion Sponging miRNAs CircFLNA-miR-199-3p [70]
CircFOXM1 Promotion Sponging miRNAs CircFOXM1-miR-577-E2F5 [71]
CircGLIS3 Promotion Sponging miRNAs CircGLIS3-miR-449¢-5p-GLIS3/CAPG [76]
CircHECTD1 Promotion Sponging miRNAs CircHECTD1-miR-320- 5p-SLC2A1 [80]
CircLGMN Promotion Sponging miRNAs CircLGMN-miR-127-3p-LGMN [83]
CircMELK Promotion Sponging miRNAs CircMELK-miR-593-EphB2 [84]
CircNUP98 Promotion Sponging miRNAs CircNUP98-miR-519a-3p [88]
CircPIK3C2A Promotion Sponging miRNAs CircPIK3C2A-miR-877-5p-FOXM1 [91]
CircPOSTN Promotion Sponging miRNAs CircPOSTN-miR-219a-2-3p-STC1-VEGFA [92]
CircRFX3 Promotion Sponging miRNAs CircRFX3-miR-587- PDIA3-Wnt/B-catenin [93]
Circ_0060055 Promotion Sponging miRNAs Circ_0060055-miR-197-3p-API5 [40]
CircPOLR2A Promotion Sponging miRNAs CircPOLR2A-miR-2113-POU3E2-SOX9 [96]
circRNA-0002109 Promotion Sponging miRNAs CircRNA-0002109-miR-129-5P-EMP2 [98]
CircASAP1 Promotion Sponging miRNAs CircASAP1-miR-502-5p-NRAS [100]
CircSERPINE2 Promotion Sponging miRNAs CircSERPINE2-miR-361-3p/miR-324-5p-BCL2 [104]
CircZNF652 Promotion Sponging miRNAs CircZNF652-miR-486-5p-SERPINE1 [105]
Circ_0043278 Promotion Sponging miRNAs CircRNA_0043278-miR-638-HOXA9-Wnt/ [39]
B-catenin

CircPTK2 Inhibition Sponging miRNAs CircPTK2-miR-23a [111]
Circ-0010117 Inhibition Sponging miRNAs Circ-0010117-miR-6779-5p-SPEN [112]
CircLRRC7 Inhibition Sponging miRNAs CircLRRC7-miR-1282-PDXP [113]
Circ-E-Cad Promotion Encoding protein Circ-E-Cad-C-E-Cad-EGFR [115]
CircSMO Promotion Encoding protein CircSMO-SMO-193a.a.-SMO [119]
Circ-SHPRH Inhibition Encoding protein Circ-SHPRH-SHPRH-146aa-SHPRH-PCNA [120]
CircHEATR5B Inhibition Encoding protein CircHEATR5B-HEATR5B-881aa-JMJD5 [122]
Circ-AKT3 Inhibition Encoding protein Circ-AKT3-AKT3-174aa-PDK1-AKT [124]
Hsa_circ_0072309 Inhibition Sponging RBPs Hsa_circ_0072309-HSP27 [127]
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Circulating circRNAs as biomarkers of GBM

TABLE 1

Circular RNA Source Regulation Clinical value References
CircSMARCA5 Serum extracellular vesicle Down Diagnostic biomarker [131]
CircHIPK3 Serum extracellular vesicle Down Diagnostic biomarker [131]
CircNT5E Plasma Up Diagnostic biomarker [132]
CircFOXO3 Plasma Up Diagnostic biomarker [132]
Circ_0001946 Plasma Up Diagnostic biomarker [132]
Hsa_circ_0055202 Plasma exosomes Up Diagnostic biomarker [133]
Hsa_circ_0074920 Plasma exosomes Up Diagnostic biomarker [133]
Hsa_circ_0043722 Plasma exosomes Up Diagnostic biomarker [133]
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