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Circular RNAs (circRNAs) are a type of long non-coding RNA with covalently closed loops that are naturally resistant to exoribonuclease. With the rapid development of high-throughput sequencing technologies and bioinformatics, increasing data suggest that circRNAs are abnormally expressed in renal cell carcinoma (RCC) and act as important regulators of RCC carcinogenesis and progression. CircRNAs play important biological roles in modulating cell proliferation, migration, invasion, apoptosis, and gemcitabine chemoresistance in RCC. Most of the circRNAs studied in RCC have been reported to be significantly associated with many clinicopathologic characteristics and survival parameters of RCC. The stability and specificity of circRNAs enable them potential molecular markers for RCC diagnosis and prognosis. Moreover, circRNAs have emerged as targets for developing new therapies, because they can regulate various signaling pathways associated with RCC initiation and progression. In this review, we briefly summarize the biogenesis, degradation, and biological functions of circRNAs as well as the potential clinical applications of these molecules for RCC diagnosis, prognosis, and targeted therapy.
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INTRODUCTION
Renal cell carcinoma (RCC), the most common kidney neoplasm, originates in renal tubular epithelial cells and affects over 430,000 individuals all over the world per year (Sung et al., 2021). The incidence of RCC is increasing at a rate of about 2% year by year, growing the third most common urogenital malignancy (Znaor et al., 2015). Clear cell renal cell carcinoma (ccRCC), the most common and the most aggressive form of kidney cancer, accounts for up to 80% of the RCC new cases with high mortality. The other subtypes include papillary, chromophobe RCC, and collecting-duct carcinoma. Because of its high rates of metastasis and difficult diagnosis, poor prognosis is a typical feature of RCC. Up to 60% of RCC are detected by chance, due to the lack of obvious symptoms in the early stage (Petejova and Martinek, 2016). Nowadays, surgical resection is the first-line treatment and important intervention for local RCC. Unfortunately, about 30% of patients will develop local recurrence or relapse in distant sites even after radical nephrectomy (Ahrens et al., 2019). Moreover, most RCC patients are resistant to both chemotherapy and radiotherapy once the recurrence and metastasis occurred (Lara and Evans, 2019). The overall prognosis of patients with metastatic RCC is very poor and the 5-year survival rate at diagnosis is less than 10%, especially those high-stage patients. Over the past decade, the rise of kinase and immune checkpoint inhibitors has expanded therapeutic options available and brought great prospects for the treatment of RCC. Targeted therapies targeting vascular endothelial growth factor (VEGF) and mammalian target of rapamycin (mTOR) pathways have been developed, but these treatments are still palliative with limited effectiveness and most patients eventually suffer a relapse (Motzer et al., 2013; Motzer et al., 2014). Hence, it is necessary to explore the molecular mechanism of RCC and develop new targeted drugs.
Gene mutation and epigenetic disorder play an important role in the occurrence and development of RCC. It is well known that the von Hippel-Lindau (VHL) gene, one of the most common tumor suppressor mutated genes in RCC, is frequently inactivated in over 80% of ccRCC patients (Zhai et al., 2017). This leads to a blockage in the degradation of the α subunit of hypoxia-inducible transcription factors (HIF1 and HIF2) (Gossage et al., 2015), which results in increased expression of angiogenic factors including VEGF that plays a significant role in the growth and progression of RCC (Gudas et al., 2014). The phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathway, which plays a crucial role in regulating cell growth, has also been shown to be constitutively activated in RCC (Elfiky et al., 2011). In recent years, the epigenetic changes of RCC, including non-coding RNA (ncRNAs), have become one of the research hotspots. The discovery of ncRNAs contributes to further understanding of the pathogenesis and treatment of RCC.
CircRNAs, a novel subclass of non-coding RNAs, are characterized with the covalently closed structure without 5′caps and 3′poly(A) tails. Due to the absence of free ends, circRNAs are naturally resistant to exoribonuclease and more stable than linear RNA both inside cells and in extracellular plasma, including blood, saliva, urine, and exosomes (Li et al., 2015a; Bahn et al., 2015; Zhang et al., 2017; Necula et al., 2019). Moreover, circRNAs have organ and tissue specific expression patterns, which have inspired numerous studies on their application as promising biomarkers of cancer (Kristensen et al., 2021). Unfortunately, circRNAs were initially regarded as splicing errors, and their important roles in gene regulation seem to be overlooked. In 1976, The existence of circRNAs was first reported in RNA viruses, like plant viruses (Sanger et al., 1976). A few years later, circRNAs were observed in the cytoplasm of eukaryotic cells (Arnberg et al., 1980). Until circular transcripts were detected in the testes of adult mice with sex-determining region Y genes, circRNAs were recognized to possess potent function (Dolci et al., 1997). In 2012, the abundance and ubiquity of circRNAs in eukaryotes were identified with the development of RNA high-throughput sequencing and novel computational approaches for non-polyadenylated RNA transcripts. Moreover, a report that ciRS-7 (also known as CDR1as) could regulate the gene expression serving as the microRNA (miRNA) sponge, initiated a burst in the research field of circRNAs (Hansen et al., 2013). In recent years, it has been demonstrated that numerous circRNAs are dysregulated and have been identified as important regulators of multiple diseases, such as cancers and cardiovascular diseases (Okholm et al., 2017; Zhou and Yu, 2017; Song and Li, 2018). It has been demonstrated that aberrant circRNA expression is common in cancer and they involved in the regulation of tumorigenic behaviors such as apoptosis, invasion, migration, and proliferation (Rajappa et al., 2020). In this review, we briefly summarize the biogenesis, degradation, and functions of circRNAs and elucidate circRNAs as novel biomarkers and therapeutic targets in RCC.
BIOLOGICAL CHARACTERIZATION OF CIRCRNAS
Biogenesis of CircRNAs
Precursor messenger RNA (pre-mRNA) is canonically spliced into functional linear RNA transcript with 5′ to 3′ polarity via removing introns. However, circRNAs are generally generated by back-splicing of precursor mRNAs(pre-mRNAs), a process of binding between the downstream 5′ splice donor site and upstream 3′ splice acceptor (Zhang et al., 2016a). According to their composition, circRNAs can be classified into four categories: exonic circRNAs (ecircRNAs); circular intronic RNAs (ciRNAs); exon–intron circRNAs (EIciRNAs); and transfer RNA (tRNA) intronic circRNAs (tricRNAs). Note that tricRNAs are formed by precursor tRNA. Three hypothetical models for circRNAs biogenesis mechanisms have been widely accepted (Figure 1): lariat-driven circularization; pairing-driven circularization; RBP-mediated circularization. The first model is that the nonadjacent exons are pulled closer due to the partial folding of RNA, then a downstream 5 splice site of an exon joins an upstream 3 splice site resulting in exon skipping. After that, the introns are removed to form ecircRNAs or EIcirRNAs (Jeck et al., 2013). The generation of ciRNAs is a special situation in the lariat-driven model, where intronic lariats escape from debranching (Zhang et al., 2013). Pairing-driven circularization can be mediated by base pairing in the exons between inverted repeat elements (such as Alu elements) (Ivanov et al., 2015; Kelly et al., 2015), but sometimes from non-repetitive complementary sequences (Zhang et al., 2014). The third model is that RNA binding proteins (RBPs) bind both sides of flanking intron sequences, and bring splice donors and splice acceptors sufficiently close with the RBPs (Such as Quaking (QKI) (Conn et al., 2015), and FUS (Errichelli et al., 2017)) attracting to each other, resulting in a bridge formed between the introns.
[image: Figure 1]FIGURE 1 | Biogenesis and functions of circular RNAs (circRNAs). According to their composition, circRNAs can be classified into four categories: ecircRNAs, ciRNAs, EIciRNAs, and tricRNAs. CircRNA biogenesis competes with linear pre-mRNA splicing. CircRNAs enhance the transcription and splicing of their parental genes by interacting with RNA pol II or U1 small nuclear snRNP. CircRNAs bind to RBPs to regulate their biological activity. CircRNAs function as miRNA sponges. CircRNAs can be translated into proteins. CircRNAs function as protein scaffolds. CircRNAs-derived pseudogenes. CircRNAs are eliminated by extracellular vesicles into extracellular space, and can be absorbed by other cells or could enter the circulation.
Emerging data have identified that circRNAs formation is modulated by cis-regulatory elements and trans-acting factors. Several recent studies have suggested that the processing of circRNAs can be accelerated by either RNA pairing of reversely complementary sequences across their flanking introns (Jeck et al., 2013; Liang and Wilusz, 2014; Zhang et al., 2014; Ivanov et al., 2015) or protein factors binding to pre-mRNAs to bridge flanking introns together (Ashwal-Fluss et al., 2014; Conn et al., 2015). For example, the immune factors NF90 and NF110 can promote the production of circRNAs by stabilizing intronic RNA pairs (Li et al., 2017a; Legnini et al., 2017). However, some RBPs suppress the biogenesis of circRNAs, such as adenosine deaminase acting on RNA 1 (ADAR1) (Ivanov et al., 2015) and ATP- dependent RNA helicase A (also known as DHX9) (Aktaş et al., 2017). In addition, the biogenesis of circular RNA is also affected by epigenetic changes within histones and gene bodies (Shukla et al., 2011; Bentley, 2014), heteronuclear ribonucleoprotein L (hnRNP), and SR protein (Kramer et al., 2015; Fei et al., 2017). In conclusion, evidence indicates that the regulation of circRNAs biogenesis is strictly regulated by different cis-elements and trans factors in cells, but the detailed mechanism needs to be further explored.
Degradation of CircRNAs
Up to now, the elimination and degradation of circRNAs in cells remain poorly understood. Most of the exon-containing circRNAs are transported from the nucleus to the cytoplasm in a size-dependent manner through ATP-dependent RNA helicase ddx39 (Huang et al., 2018). Because circRNAs lack 5′ and 3′ ends, they are inherently resistant to the major enzymes of mRNA degradation (Ghosh and Jacobson, 2010). There is evidence that circRNAs are enriched and stable in exosomes and can be detected in blood and urine (Yan et al., 2017; Wang et al., 2019). For example, ciRS-7 and circHIPK3 are enriched in extracellular vesicles, which may be eliminated by extracellular vesicles and further removed by the reticuloendothelial system or secreted by the liver and the kidney (Li et al., 2015a; Lasda and Parker, 2016). Recently, RNase L, a secreted circRNAs endonuclease, has been identified to globally degrade circRNAs upon poly (I:C) stimulation or viral infection (Liu et al., 2019). Moreover, it has been demonstrated that a subset of circRNAs containing m6A is preferentially downregulated by RNase P/MRP (endoribonucleases) (Park et al., 2019). In addition, the Argonaute2 (AGO2) protein may involve in the cleavage of specific circRNAs by binding to miRNAs. For example, the degradation of CDR1as dependent on Ago2-mediated cleavage mediated by miR-671 (Hansen et al., 2011). It needs to mention that, ciRS-7 and ciRS-122 in exosomes can maintain their circular properties, and extracellular vesicles can be absorbed by other cells, and eventually function upon release in recipient cells, suggesting that excreted circRNAs may be involved in signaling pathways (Wang et al., 2020a).
Functions of CircRNAs
The potential functions and biological activities of circRNAs have been extensively studied. The main functions of circRNAs include modulating the parental genes expression, regulating gene transcription, acting as miRNA sponges, translating into proteins or peptides, serving as protein scaffolding and reservoir, forming pseudogenes, and acting as biomarkers (Figure 1).
CircRNAs Can Modulate Parental Gene Expression
CircRNAs play an important role in regulating parental genes by interacting with proteins and RBPs. On the one hand, certain circRNAs containing introns, both EIciRNAs and ciRNAs, can interact with RBP and affect the mRNA expression of parental genes. For example, EIciRNAs interact with U1 small nuclear ribonucleoprotein (snRNP) to further combine with polymerase II (Pol II) and regulate the promoter region of host gene transcription (Li et al., 2015b). Additionally, ciRNAs and Pol II complex can directly interact to regulate parental gene transcription (Dolci et al., 1997; Li et al., 2015b). On the other hand, in the process of circRNAs formation, competitive complementary pairing between introns can reach a balance with linear RNA, which can affect mRNA expression and even protein translation. For example, circMBL impacts linear RNA formation, and circPABPN1 can inhibit PABPN1 mRNA translation through competing with PABPN1 mRNA for binding to the HuR protein (Abdelmohsen et al., 2017). Moreover, due to the lack of a translation start site, EcircRNAs play important roles in the regulation of protein expression by inducing translation failure as mRNA traps (Jeck and Sharpless, 2014).
CircRNAs as miRNA Sponges
Among its biological functions, circRNAs mainly exert their function as a miRNAs sponge. By binding to the 3′UTR of mRNAs, miRNAs affect the stability of mRNAs and modulate gene expression in the nucleus and cytoplasm (Salmena et al., 2011; Salmanidis et al., 2014). There is increasing evidence that quite a few of circRNAs could serve as competitive endogenous RNA (ceRNAs) or miRNAs sponge via binging with miRNAs through miRNA response elements (MREs) to downregulate their functions. Thus, circRNAs may indirectly regulate the translation of mRNAs, and exert a post-transcriptional regulatory effect on the target mRNAs (Bahn et al., 2015). CDR1as was the first miRNA sponge reported to negatively regulate miR-7, which was found to be highly and stably expressed in several cancers and the mammalian brain (Hansen et al., 2013; Yu et al., 2016; Piwecka et al., 2017; Tang et al., 2017). Research revealed that CDR1as contains over 70 binding sites for miR-7 and acts as a miR-7 sponge, where it increases the translation of the miR-7 targeted mRNA (Hansen et al., 2013). Of note, circRNAs can regulate the activity of multiple miRNAs. For example, circHIPK3 can suppress the activity of miR-558 (Li et al., 2017b), miR-124-3p (Chen et al., 2020a), and miR-7 (Zeng et al., 2018) under certain conditions. Although circRNAs functioning as molecular sponges has been widely reported, a recent study proved that most circular RNAs could not function as “bona fide” miRNA sponges (Militello et al., 2017).
CircRNAs Can Be Translated Into Proteins or Peptides
Though circRNAs do not contain a 5′ methylguanosine (m7G) cap structure and a poly (A) tail, several studies have shown that engineered circRNAs can encode proteins when they contain internal ribosome entry sites (IRESs) that can promote direct binding of initiation factors or the ribosome to the translatable circRNAs (Chen and Sarnow, 1995; Wang and Wang, 2015; Li et al., 2017a). Moreover, it has been demonstrated that circMBL, circZNF609, and circPINTexon2, containing an internal ribosome entry site, were able to encode a protein in a cap-independent manner (Legnini et al., 2017; Pamudurti et al., 2017; Zhang et al., 2018). Another mechanism of circRNAs translation involves the modification of N6-methyladenosine (m6A). Modification of m6A RNA in the 5′ untranslated region (UTR) promotes the efficient initiation of translation from circRNAs in human cells (Zhou et al., 2015; Yang et al., 2017). Additionally, the circRNAs with infinite small open reading frames (ORFs) can encode a functional peptide by rolling loop amplification in an IRES -independent manner (Abe et al., 2013). Nevertheless, it remains to be investigated whether these proteins or peptides formed from circRNAs have important functions.
Protein Scaffolding and Reservoir
CircRNAs maybe serve as protein scaffolding to provide binding sites for the assembly of multiple proteins, such as enzymes and their substrates, thus forming large protein complexes (Jeck and Sharpless, 2014; Hansen et al., 2016). For example, the interaction of circ-Foxo3 with MDM2 and p53 could promote MDM2-induced p53 ubiquitination and subsequent degradation (Du et al., 2017a). CircACC1 works with AMPK β and γ regulatory subunits to form ternary complexes to promote the activity of AMPK holoenzyme (Li et al., 2019). In addition to promoting chemical reactions, circRNAs can also block the protein function as protein scaffolds. For example, circFOXO3 can interact with both cell cycle proteins cyclin-dependent kinase 2 (CDK2) and p21 and prevents CDK2 from interacting with cyclin A and E, which arrest cell cycle progression (Du et al., 2016). circFOXO3 has been found to promote cardiac-cell senescence by interacting the senescence-related proteins ID-1 and E2F1 with the stress-related proteins focal adhesion kinase (FAK) and hypoxia-inducible factor 1α (HIF1α) in the cytoplasm, thereby restraining their function through preventing FAK localization to mitochondria or HIF1α translocation to the nucleus in stressed cells (Du et al., 2017b). An earlier study revealed that circRNAs could be used as a molecular reservoir (Li et al., 2017a). CircRNAs can form short and incomplete intramolecular double-stranded RNAs (dsRNAs) to bind NF90, NF110, and interferon-induced, dsRNA-activated protein kinase (PKR). Once the virus is infected, the abundance of circRNAs is significantly reduced, resulting in the release of NF90, and NF110, which promotes antiviral immune response (Li et al., 2017a; Liu et al., 2019).
CircRNAs-Derived Pseudogenes
A pseudogene is defined as any genomic sequence that contains a defective copy of a gene, which is similar to another gene and has no capacity for coding protein due to the accumulation of mutations (Vanin, 1985). In 2016, The pseudogenes that originated from circRNAs in the mammalian genome were first demonstrated. Soon after, researchers found the circSATB1-derived pseudogene region can specifically bind to CCCTC-binding factor, which could reshape chromosome configuration, suggesting that this circRNAs-derived can regulate gene expression. In addition, retrotransposed circRNAs can be inserted into the genome to alter the genome structure, interrupt host genome integrity and the potential for gene regulation (Dong et al., 2016). This finding may indicate a novel function of circRNAs, that is, circRNAs can change the composition of genomic DNA by inserting its retrotranscription product.
CIRCRNAS IN RENAL CARCINOMA
More and more studies have shown that circRNAs play pivotal roles in the occurrence and development of cancer and might function as cancer biomarkers and novel therapeutic targets (Song et al., 2018; Altesha et al., 2019; Arnaiz et al., 2019). A result from The Cancer Genome Atlas and Gene Expression Omnibus database showed that a total of 114 circRNAs were found to be associated with tumor initiation, progression, and metastasis after the intersection in ccRCC (Wei et al., 2020). The aberrant circRNAs commonly exist in RCC, playing the oncogenic or suppressive role and regulating cellular functions. In particular, dysregulated circRNAs are correlated with clinicopathological features, prognosis and survival in RCC patients, suggesting that these stable circRNAs can be promising biomarkers for cancer diagnosis and prognosis. What’s more, circRNAs play crucial regulatory roles in upstream of various signaling pathways related to RCC carcinogenesis and progression, which makes them attractive therapeutic targets for RCC.
CircRNAs Profiles in RCC
Early detection of circRNAs was rare and limited because of the stable circular structure. With the development of detecting techniques and bioinformatics tools, investigations on circRNAs have been significantly increased and substantial progress has been made in the identification of differential expression of circRNAs in RCC. Genome-wide detection plays an essential role in circRNAs detection, and RNA sequencing (RNA-seq) was the first technology used for the detection of circRNAs genomes. A few years ago, a study using circRNAs microarrays found that 542 circRNAs were abnormally expressed in ccRCC, of which 324 circRNAs were significantly down-regulated, while 218 circRNAs were up-regulated in ccRCC tumors (Ma et al., 2020). In 2019, analysis of 7 matched ccRCC samples using the ArrayStar microarray approach showed that 78 up-regulated and 91 down-regulated circRNAs had more than 2-fold differences compared with adjacent normal tissue samples (Franz et al., 2019). Moreover, the transcriptome data downloaded from the Gene Expression Omnibus dataset, showed that 961 circRNAs were differentially expressed between ccRCC and normal tissues, and 255 circRNAs were differentially expressed between metastatic ccRCC and primary tumor tissues in total (Wei et al., 2020). These high-throughput results strongly suggest the important roles of these circRNAs in RCC development and progression.
CircRNAs in RCC and Molecular Mechanisms
The aberrant circRNAs commonly exist in RCC (Table1), regulating cell proliferation, apoptosis, migration, invasion and gemcitabine chemoresistance via cancer-associated signaling pathways (Figure2) and circRNA-miRNA-mRNA interaction networks (Papatsirou et al., 2021) (Figure3).
TABLE 1 | Dysregulated circRNAs in renal cell carcinoma (RCC).
[image: Table 1][image: Figure 2]FIGURE 2 | Involvement of circRNAs in the cancer-associated signaling pathways in RCC.
[image: Figure 3]FIGURE 3 | CircRNAs involve in miRNA-associated gene regulatory pathway to regulate RCC cell proliferation, apoptosis, migration, invasion, chemoresistance and metabolism. Selected samples of circRNAs and their genomic targets are exhibited for tumour progression. CircRNAs in red represent up-regulated in RCC, and circRNAs in blue represent downregulated in RCC. Nanoparticles act as delivery vehicles for siRNAs and circRNA expression vectors provide a circRNA -based therapeutic strategy for RCC. CRISPR/cas9 -mediated knockout may be applied to RCC treatment.
Cancer-Associated Signaling Pathways
Several signaling pathways, such as PI3K/AKT and mTOR, MAP-ERK and AMPK, that play a key role in the development of RCC, have been reported to be associated with dysregulated circRNAs in RCC. For example, the hsa-circ-0072309 exerted anti-tumor effects through inactivating PI3K/AKT and mTOR pathways in the RCC cell lines. Over-production of hsa-circ-0072309 inhibits cell proliferation, migration, and invasion, as well as the PI3K/AKT and mTOR cascade, but enhances cell apoptosis (Chen et al., 2019). However, circNRIP1 plays an oncogenic role in RCC, which activates adenylate-activated protein kinase (AMPK) and PI3K/AKT/mTOR pathways by targeting miR-505 (Dong et al., 2020). In recent years, the Janus kinase 1/signal transducer and activator of transcription 3 (JAK1/STAT3) and extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK signaling pathways have been widely reported to involve in cancer development (Kang et al., 2011; Deng et al., 2018; Gao et al., 2019; Cui et al., 2020). It has also been proved that some circRNAs play vital roles in the development of RCC by affecting these pathways. For example, circFNDC3B plays an oncogenic role in RCC through activation of JAK1/STAT3 and MEK/ERK signaling pathways to enhance cell viability, colony, and migration (Chen et al., 2020b). Similarly, circZNF652 increased proliferation and EMT of RCC cells by stimulating the Ras/Raf/MEK/ERK and JAK1/STAT3 signaling pathways (Zhang and Guo, 2020). In the past year, several more articles have reported that circRNAs regulate similar signaling pathways. Circ-APBB1IP was found to be significantly overexpressed in ccRCC tissues and play a carcinogenic role in RCC by activating ERK1/2 signaling pathway. Knockdown of circ-APBB1IP by siRNA suppressed the proliferation, migration, and invasion and increased the apoptosis of ccRCC cells (Mo et al., 2020). A novel circular RNA circTXNDC11, which is upregulated in RCC patients, was identified to promote ccRCC progression by activating the MAPK/ERK pathway (Yang et al., 2021). Knocking down circTXNDC11 suppressed cell proliferation and invasion in vitro and reduced tumor growth in vivo, which offered a potential therapeutic target for RCC treatment. Another study revealed that CircPUM1 upregulated FABP7 expression by competitively binding to miR-340-5p, and then activated the MEK/ERK pathway, thus promoting ccRCC progression (Zeng et al., 2021). A limited number of circRNAs have been reported to play roles in RCC- associated signaling pathways, most of which have been shown to exert oncogenic effects. The underlying mechanisms by which circRNAs regulate these signaling pathways remain unclear. Undoubtedly, substantial efforts will be undertaken to reveal the function of circRNAs in the initiation and development of RCC.
CircRNA-miRNA-mRNA Networks
In addition, circRNA-miRNA-mRNA interaction networks play important roles in regulating the proliferation and progression of RCC. Up-regulated circRNAs promote tumorigenic functions of RCC cell lines while down-regulated transcripts repress them.
Oncogenic CircRNAs
The majority of up-regulated circRNAs in RCC so far have been shown to play a carcinogenic role by acting as miRNA sponges. For instance, hsa_circ_0054537 is functioned as a competitive endogenous RNA to regulate c-Met expression via sponging miR-130a-3p in RCC, thereby enhancing the cell proliferation and inhibiting cell apoptosis (Li et al., 2020a). CircSDHC can also play the same role in RCC through the miR-127-3p/CDKN3/E2F1 axis, thereby leading to RCC malignant progression (Cen et al., 2021). E2F1, one of E2F transcription factors (E2Fs), participates in the development of many different types of cancer (Iwamoto et al., 2004; Lee et al., 2010), including RCC (Ma et al., 2013). E2Fs are a group of transcription factors that play a pivotal role in cellular proliferation, differentiation, and apoptosis (Ertosun et al., 2016). CircAGAP1 has been reported to increase the expression of E2F3, one of the E2F family transcription factors, by sponging miR-15a-5p, thus enhancing the viability, invasion, and inhibiting the apoptosis of ccRCC cells (Lv et al., 2021). ZEB2 is a DNA-binding transcriptional regulator and plays a major role in the epithelial-to-mesenchymal transition (EMT) (Fardi et al., 2019), which plays a key role in tumor invasion and metastasis in multiple cancers (Wang et al., 2017a). CircPCNXL2 was found to promote the expression of ZEB2 by sponging miR-153 (Zhou et al., 2018). Moreover, circPCNXL2 inhibition suppressed the proliferation and invasion of RCC cells. Like circPCNXL2, circ_0005875 was highly expressed in RCC tumors and cell lines and increased ZEB2 expression via sponging miR-145-5p (Lv et al., 2020). According to another study, the circPRRC2A, generated from the PRRC2A gene, was significantly upregulated in RCC. circPRRC2A upregulated TRPM3 by sponging miR-514a-5p and miR-6776-5p, thereby inducing EMT and invasiveness in patients with RCC (Li et al., 2020b). Extracellular matrix degradation is an important mechanism for tumor invasion and metastasis. Matrix metalloproteinases (MMPs) are zinc-containing endopeptidases that are essential to the degradation of extracellular matrix proteins (Boziki and Grigoriadis, 2018). MMPs permit cells to traverse the ECM to reach distant position, and are therefore closely associated with tumor metastasis (Zhao et al., 2018). CircPTCH1 was found to promote RCC metastasis via sponging the miR-485-5p to upregulate MMP14, a member of the matrix metalloproteinases (MMPs) family (Liu et al., 2020a). Circ_0005875 was identified to promote RCC cell proliferation, migration, and invasion, and inhibit apoptosis and cell cycle arrest by sponging miR-502-5p to upregulate ETS1 (Luo et al., 2021), which might transactive matrix-degrading protease genes (Bolon et al., 1995). These studies suggest that circRNAs can promote RCC metastasis by inducing EMT and the degradation of extracellular matrix. Cell proliferation requires increased uptake of nutrients, and it has been reported that aerobic glycolysis can meet the metabolic requirements of cell proliferation (Lunt and Vander Heiden, 2011). Circ_0035483 has been reported to induce glycolysis of RCC cells through miR-31-5p/HMGA1T axis. The glucose consumption and lactate production in RCC cells were inhibited after circ_0035483 was downregulated, suggesting that circ_0035483 promoted glycolytic metabolism in RCC (Liu et al., 2021). CircRNAs may play a role in angiogenesis, which is essential for tumor cell survival and aggressiveness of RCC. Vascular endothelial growth factor (VEGF), a marker gene of angiogenesis, plays a key role in inducing angiogenesis during tumour growth and metastasis. CircPRRC2A has been reported to induce angiogenesis to promote RCC metastasis by increasing the level of VEGFA (Li et al., 2020b), which is one of the most potent inducers of angiogenesis during tumour growth and metastasis (Tischer et al., 1989). Additionally, Li et al. (2020c) identified that circTLK1 plays an oncogenic role in RCC through the miR-136-5p/CBX4 axis. Moreover, CBX4 expression was positively correlated with VEGFA expression in RCC tissues. Several other regulatory cascades with similar function are as follows, circZNF609/miR-138-5p/FOXP4 (Xiong et al., 2019), circ_001842/miR-502-5p/SLC39A14 (Zhang et al., 2016b), circ-SAR1A/miR-382/YBX1 (Zhao et al., 2020), circ_0039569/miR-34a-5p/CCL22 (Jin et al., 2019), circMYLK/miR-513a-5p/VEGFC (Li et al., 2020d), circ_400068/miR-210-5p/SOCS1 (Xiao and Shi, 2020), circAKT1/miR-338–3p/CAV1 (Zhu et al., 2020), CircPDK1/miR-377-3P/NOTCH1 (Huang et al., 2020), circDHX33/miR-489-3p/MEK1 (Wang et al., 2020b), circ_000926/miR-411/CDH2 (Zhang et al., 2019), circTLK1/miR-495-3p/CBL (Lei et al., 2021), circ_001287/miR-144/CEP55 (Feng et al., 2020), circ_001504/miR-149/NUCB2 (Xin et al., 2021). Hsa_circ_0085576/miR-498/YAP1 (Liu et al., 2020b) and hsa_circ_001895/miR-296-5p/SOX12 (Chen et al., 2020c), circNUP98/miR‐567/PRDX3 (Yu et al., 2020), circ-EGLN3/miR-1299/IRF7 (Lin and Cai, 2020), circ-EGNL3/miR-1224-3p/HMGXB3 (Zhang et al., 2021), circ_101341/miR-411/EGNL3 (Yue et al., 2020), circHIPK3miR-508-3p/CXCL13 (Han et al., 2020).
Yet it’s worth noting that some circRNAs can function as miRNA “reservoirs” to regulate the progression of renal cell carcinoma, which is different from the classical function of circRNAs as a “miRNA sponge”. For example, circCSNK1G3 can promote cell proliferation, migration, and invasiveness of RCC cells via miR-181b/TIMP3 axis. In this research, circCSNK1G3 has a positive regulatory effect on miR-181b, which inhibits the expression of tumor suppressor gene TIMP3, resulting in tumor growth and metastasis in RCC (Li et al., 2021a). Another study reported that circATP2B1 enhanced ccRCC cell invasion by increasing miR-204-3p stability to inhibit FN1 (Han et al., 2018). Previous studies have focused on circRNAs’ function as miRNAs sponges. However, several circRNAs can work as miRNA reservoirs to positively regulate miRNAs, suggesting that circRNAs can regulate miRNAs’ availability and function in a different way.
Tumor Suppressor CircRNAs
In addition, circRNAs also have tumor suppressive effect in RCC. For instance, circESRP1 is poor expressed in cancer cells and kidney cancer tissues and acts as a suppressor of tumor through miR-3942/CTCF axis (Gong et al., 2021). CTCF also specifically promote the circESRP1 transcript expression and form a positive feedback loop. Overexpression of circESRP1 inhibits clear cell renal cell carcinoma progression by suppressing c-Myc-mediated EMT pathway. In another study, circ_0001368 suppressed renal cells proliferation and invasion through sponging miR-492 to upregulate tumor suppressor geneLATS2 (Chen et al., 2020d). Moreover, a recent study showed that circ_RPL23A exerted its anti-tumor effect by up-regulating the suppressor gene ACAT2 through competitively binding miR-1233 (Cheng et al., 2021). ACAT2 is an enzyme involved in lipid metabolism, which has been reported to be inversely correlated with the prognosis of ccRCC patients, whereas the underlying mechanism of ACAT2 in ccRCC remains unclear (Zhao et al., 2016). Whether ACAT2 mediates cellular metabolic reprogramming to participate in the regulation of ccRCC progression needs further investigation. Other regulatory cascades have been reported to act as tumor suppressors in RCC included CircRAPGEF5/miR‐27a/TXNIP (Chen et al., 2020e), circAKT3/miR-296-3p/E-cadherin (Xue et al., 2019), and circ-ITCH/miR-106b-5p/PDCD4 (Gao et al., 2021). Like circCSNK1G3, circHIAT1 was identified to inhibit AR-dependent migration and invasion of ccRCC cells by serving as a miRNA “reservoir”. This study revealed that circHIAT1 could increase miR-195-5p/29a-3p/29c-3p activity to inhibit CDC42 expression, thereby suppressing ccRCC progression (Wang et al., 2017b).
Overall, these studies illustrate that circRNAs could act as tumor suppressors or oncogenes to regulate the occurrence and development of RCC, which provide perspectives for the future clinical significances of circRNAs as therapeutic targets and treatment strategies.
Relationships Between CircRNAs Levels and Clinicopathologic Characteristics in RCC
It has been reported that circRNAs were significantly correlated with many clinicopathological features of renal cell carcinoma, including tumor size, grade, stage, lymph node metastasis (LNM), number of tumors, distant metastasis and recurrence. For instance, circPTCH1 is upregulated in RCC cell lines and tumor samples, and higher levels of circPTCH1 are significantly correlated with advanced Fuhrman grade and greater risk of metastases (Liu et al., 2020a). According to Li et al. (2020b), the circPRRC2A is upregulated in RCC tissues, and its levels are positively correlated with the larger tumor size of RCC. Clinically, high levels of circESRP1 are negatively associated with the advanced tumor size, TNM stage and distant metastasis of ccRCC (Gong et al., 2021). Feng et al. (2020) observed that circ_001287 is highly expressed in RCC tissues and cells, and its levels are strongly correlated with the pathological grade, lymph node, tumor size, tumor node metastasis (TNM) stage, and distant metastasis of RCC patients. Hsa_circ_0085576 has also been reported to be upregulated in ccRCC tissues and cell lines, and its levels are positively correlated with the clinical stage, tumor stage, and distant metastasis (Liu et al., 2020b). Zhao et al. (2020) demonstrated that circ-SAR1A is significantly overexpressed in RCC tissues and cell lines and that its levels are correlated to advanced Fuhrman grade, and lymph node metastasis in RCC patients. CircHIPK3 has been shown to be upregulated in ccRCC tissues and cell lines, and its levels are closely associated with a high TNM grade, lymph node metastasis, distant metastasis, bigger tumor size, and higher Fuhrman grade (Han et al., 2020). Similarly, hsa_circ_0005875 expression levels are significantly associated with tumor size, pathological TNM stage, histological differentiation, and lymphatic metastasis (Lv et al., 2020). Furthermore, the expression levels of circPDK1 expression are significantly increased in RCC, and its levels are positively correlated with lymph node metastasis and distant metastasis of RCC (Huang et al., 2020). The current data showed that the high expression of circAKT1 (Zhu et al., 2020) and circTXNDC11 (Yang et al., 2021) are positively associated with TNM stage, lymph node metastasis. In addition, other circRNAs, such as circSDHC (Cen et al., 2021), circMYLK (Li et al., 2020d), circNUP98 (Yu et al., 2020), circ_001842 (Zeng et al., 2020), circ-ABCB10 (Huang et al., 2019), Hsa_circ_0001451 (Wang et al., 2018), circDHX33 (Wang et al., 2020b), ciRS-7 (Mao et al., 2021), Hsa_circ_001895 (Chen et al., 2020c), circAGAP1 (Lv et al., 2021), circ-AKT3 (Xue et al., 2019), and circ_0001368 (Chen et al., 2020d), have also been proved to be associated with various clinicopathologic characteristics in RCC (Table 2).
TABLE 2 | Utility of circRNAs for the clinical management of RCC.
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Since circRNAs are very stable and conserved molecules, along with their cell-type-specific and tissue-specific expression patterns, reflecting their potentials as novel biomarkers. Early diagnosis and accurate evaluation of the prognosis of RCC are vital for improving treatment efficacy and reducing the mortality of patients with RCC. Therefore, specific biomarkers are urgently needed for the early diagnosis of primary patients and early identification of the local recurrence or distant metastasis after surgical resection in RCC.
CircRNAs as Diagnostic Biomarkers for RCC
Increasing studies identified that the expression of circRNAs shows disease specificity and clinical relevance. For instance, the area under the receiver operating characteristic curve (AUC-ROC) of hsa_circ_0001451 was 0.704 for ccRCC diagnosis, with sensitivity and specificity of 0.755 and 0.608, respectively (Wang et al., 2018). Additionally, according to receiver operating characteristic curve analysis, circHIPK3 was a valuable diagnosis biomarker with AUC of 0.95322 in ccRCC (Han et al., 2020). What’s more, a study showed that the diagnostic value of circRNAs combined with the linear transcripts was higher than that of individual circRNAs. For instance, three circRNAs (circEGLN3, circNOX4, and circRHOBTB3) were identified potential diagnostic biomarkers (Franz et al., 2019). The AUC-ROC of circNOX4 and circRHOBTB3 in RCC tissues were 0.81 and 0.82, respectively, while circEGLN3 showed more reliable diagnostic value with AUC-ROC of 0.98. Further, the combined detection of circEGLN3 and linEGLN3 increased the AUC-ROC to 0.99, with 95% sensitivity and 99% specificity.
CircRNAs as Prognostic Biomarkers for RCC
Additionally, some circRNAs play an important role as a prognostic biomarker, such as overall survival (OS), disease-free survival (DFS), and progression-free survival (PFS). A study indicated that high circPRRC2A expression was an independent risk factor of worse OS and poorer metastasis-free survival (Li et al., 2020b). Studies have proved that RCC patients with high expression of circTLK1 (Li et al., 2020c), circNUP98 (Yu et al., 2020), and hsa_circ_0085576 (Liu et al., 2020b) had a lower OS and DFS rate. In contrast, circRAPGEF5 expression was decreased in RCC and its downregulation was significantly associated with poor OS and relapse-free survival (RFS) in patients (Chen et al., 2020e). Studies have shown that high circEHD2 and low circNETO2 levels were an independent predictor of a shortened progression-free survival, cancer-specific survival, and overall survival in patients with ccRCC undergoing nephrectomy (Frey et al., 2021). Kaplan–Meier survival curve revealed that the overall survival of ccRCC patients with high circ_101341 expression was always lower than with low circ_101341 expression (Yue et al., 2020). Furthermore, the OS was worse in ccRCC patients with high tumor tissue circ-ABCB10 expression compared with ccRCC patients with low expression of circ-ABCB10 in tumor tissue (Huang et al., 2019). Similarly, the patient survival rate among the group with high circ_001842 expression was found to be lower than those with low circ_001842 expression level, indicating a positive correlation between circ_001842 and the degree of RCC (Zeng et al., 2020). In addition, other circRNAs, such as Hsa_circ_0001451 (Wang et al., 2018), hsa_circ_001895 (Chen et al., 2020c), circ‐EGLN3 (Lin and Cai, 2020), circHIPK3 (Han et al., 2020), circSDHC (Cen et al., 2021), ciRS-7 (Mao et al., 2021), and circPTCH1 (Liu et al., 2020a) are also significantly correlated with worse OS of patients with ccRCC (Table 2).
The above examples demonstrated that some circRNAs could be promising biomarkers for the diagnosis and prognosis of RCC. However, the differential expression of these circRNAs in tissues cannot be shown in plasma or serum. Therefore, the clinical application of circRNAs as biomarkers still needs further research.
Therapeutic Role of CircRNAs in Renal Cancer
As mentioned above, aberrant circRNAs are related to the occurrence and development of tumors by modulating various signaling pathways, which are potential targets for novel drugs in RCC. Overexpression or knockdown of related circRNAs might be an effective intervention strategy for RCC progression. Considering that the PI3K/Akt/mTOR signaling pathway is an important regulator of cell survival and proliferation, targeting circRNAs to inhibit PI3K/Akt/mTOR pathway may be an effective way to treat renal cell carcinoma. Studies have shown that overexpression of hsa-circ-0072309 (Chen et al., 2019) and circNRIP (Dong et al., 2020) could exert antitumor effects by deactivating the PI3K/Akt/mTOR signaling pathway. So far, several methods have been developed to change the expression of circRNAs, including siRNA, CRISPR/cas9 -mediated knockout, and extracellular vesicles and nanoparticles for the delivery of circRNAs (Zhang and Xin, 2018). A recent study suggested that PBAE/si-ciRS-7 nanocomplexes targeting CIRS-7 had a stronger inhibition effect on RCC tumor growth and metastasis, and may be a promising gene therapy strategy for RCC (Mao et al., 2021).
At present, drug resistance is a tremendous obstacle to cancer treatment, which needs to be solved urgently. According to the research, high expression of hsa-circ_0035483 was associated with gemcitabine resistance in RCC (Yan et al., 2019). Gemcitabine is a cytotoxic chemotherapeutic drug, which is a deoxycytidine nucleoside analogue. It has an obvious curative effect on renal cell carcinoma, but drug resistance often appears. Overexpression of hsa-circ_0035483 can promote gemcitabine resistance by upregulating cyclin B1 through sponging miR-335 in RCC (Yan et al., 2019). In addition, as described above, downregulation of hsa-circ_0035483 can inhibit cell glycolytic metabolism (Liu et al., 2021). Glycolytic activity is increased in proliferating cells, which is also used as a target site in the therapy of kidney cancer. Therefore, hsa_circ_0035483 could be a promising target for preventing gemcitabine resistance and affecting glycolytic activity in RCC therapy. The contribution and mechanism of circRNAs in the development of antitumor drug resistance in the context of tumors are still at a nascent stage and have not been fully elucidated.
In addition, circRNAs have an impact on the efficacy of some drugs, such as curcumin. Curcumin could suppress renal carcinoma tumorigenesis in vitro and in vivo. A study reported that overexpression of circ-FNDC3B may weaken the effects of curcumin on inhibiting proliferation and promoting apoptosis of RCC cell through regulating the miR-138-5p/IGF2 axis, which provides a new perspective for the treatment of renal cell carcinoma (Xue et al., 2021).
As circRNAs’ regulatory roles in cancer are gradually being unveiled, circRNAs might be developed as novel effective therapeutic targets. The real clinical application of circRNAs as drugs or targets needs more details. In general, the research on circRNAs as potential therapeutic targets will be a hot spot in the field of oncology.
CONCLUSION
In the past decade, the role of circRNAs in carcinogenesis has been widely investigated by researchers. As outlined in this review, a large amount of data indicates that circRNAs are strongly associated with tumorigenesis and progression of RCC. We summarized the differentially expressed circRNAs in RCC and their regulatory pathways on cancer-related biological behaviours. The regulatory role of circRNAs in RCC carcinogenesis and progression reflects their potential therapeutic targets for RCC. CircRNAs are significantly associated with many clinicopathologic characteristics and survival parameters in RCC patients which along with their acceptable diagnostic values render them potential diagnostic and prognostic biomarkers for RCC.
It is worth noting that there are limitations of current research and many challenges remain to be overcome in this field. CircRNAs have a variety of important biological functions, but almost all reported circRNAs in RCC focused on their function as miRNAs sponges. However, it is unclear whether other functions of circRNAs are involved in regulation at the same time, such as regulating gene transcription, functioning as protein decoys, and translating into proteins or peptides, which are worth further research. In addition, circRNAs’ roles in serving as protein decoys and translating into peptide may be promising, which may be involved in the pathogenesis of RCC by regulating the expression of disease-related proteins. CRISPR-Cas13 technique, which can knock out circRNAs without affecting homologous mRNAs (Li et al., 2021b), may become a useful tool for circRNA discovery and functional studies in the future (Koch, 2021). Furthermore, the vast majority of aberrantly expressed circRNAs have not been studied functionally and the effects of circRNAs on the RCC microenvironment and drug resistance have remained elusive until recently. Evidence suggests tumor microenvironment can impact tumor initiation and progression, and drug resistance remains a principal limiting factor to achieve cures in patients with cancer. Therefore, elucidating the role of circRNAs in tumor microenvironment and drug resistance will contribute to the identification of possible targets for therapeutic intervention, which may bring better therapeutic effects. The stability, specificity, and detectability of circRNAs make them promising biomarkers in invasive liquid biopsy. However, most of dysregulated circRNAs in RCC are not specific and sensitive enough for clinical appliance. The selection of optimal time and the cut-off value of circRNAs also requires repeated testing. In the future, more clinical studies should be carried out and more standardized techniques and bioinformatics methods are desired to reliably detect these circRNAs. Since exosomes and nanoparticle have been proved to be good targeted drug delivery tools and could act as delivery vehicles for small interfering RNAs (siRNAs) and circRNA expression vectors (He et al., 2021), gene therapy targeting circRNAs for RCC is promising. However, the efficacy, safety and potential side effects of circRNA-based therapeutic interventions remain unclear, which may be one of the focuses for future research. Therapeutic potential of circRNAs need to be verified in animal models and more research is needed on how to efficiently deliver circRNAs to recipient cells to function without immunologic rejection and with sustained long-term effects. It is becoming clear that increasing exploration into the potential roles of circRNAs will extend our knowledge of pathogenesis mechanisms of RCC and hopefully will be popular topics in the near future. We propose that novel diagnostic and prognosis biomarkers and therapeutic strategies based on circRNAs will serve clinical practice effectively in the future.
AUTHOR CONTRIBUTIONS
XL edited the manuscript and conceptualized the idea. YZ conceived the structure of the manuscript and drafted the initial manuscript. CL, ZW, ST revised the manuscript. YL and HZ edited the manuscript. All authors approved final the version and contributed to the principal layout of the article.
FUNDING
This work was supported by the National Natural Science Foundation of China (81602443 to XL), the Natural Science Foundation of Hunan Province, China (2019JJ50550 to XL), Clinical Medical Technology Innovation Guide Project of Hunan (2020SK51827 to XL), Project of Scientific Research Plan of Hunan Provincial Health Commission (202103100127 to XL).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdelmohsen, K., Panda, A. C., Munk, R., Grammatikakis, I., Dudekula, D. B., De, S., et al. (2017). Identification of HuR Target Circular RNAs Uncovers Suppression of PABPN1 Translation by CircPABPN1. RNA Biol. 14, 361–369. doi:10.1080/15476286.2017.1279788
 Abe, N., Hiroshima, M., Maruyama, H., Nakashima, Y., Nakano, Y., Matsuda, A., et al. (2013). Rolling circle Amplification in a Prokaryotic Translation System Using Small Circular RNA. Angew. Chem. Int. Ed. 52, 7004–7008. doi:10.1002/anie.201302044
 Ahrens, M., Scheich, S., Hartmann, A., and Bergmann, L. (2019). Non-Clear Cell Renal Cell Carcinoma - Pathology and Treatment Options. Oncol. Res. Treat. 42, 128–135. doi:10.1159/000495366
 Aktaş, T., Avşar Ilık, İ., Maticzka, D., Bhardwaj, V., Pessoa Rodrigues, C., Mittler, G., et al. (2017). DHX9 Suppresses RNA Processing Defects Originating from the Alu Invasion of the Human Genome. Nature 544, 115–119. doi:10.1038/nature21715
 Altesha, M. A., Ni, T., Khan, A., Liu, K., and Zheng, X. (2019). Circular RNA in Cardiovascular Disease. J. Cel Physiol 234, 5588–5600. doi:10.1002/jcp.27384
 Arnaiz, E., Sole, C., Manterola, L., Iparraguirre, L., Otaegui, D., and Lawrie, C. H. (2019). CircRNAs and Cancer: Biomarkers and Master Regulators. Semin. Cancer Biol. 58, 90–99. doi:10.1016/j.semcancer.2018.12.002
 Arnberg, A. C., Van Ommen, G. J., Grivell, L. A., Van Bruggen, E. F., and Borst, P. (1980). Some Yeast Mitochondrial RNAs Are Circular. J. Cel 19, 313–319. doi:10.1016/0092-8674(80)90505-x
 Ashwal-Fluss, R., Meyer, M., Pamudurti, N. R., Ivanov, A., Bartok, O., Hanan, M., et al. (2014). circRNA Biogenesis Competes with Pre-mRNA Splicing. Mol. Cel. 56, 55–66. doi:10.1016/j.molcel.2014.08.019
 Bahn, J. H., Zhang, Q., Li, F., Chan, T.-M., Lin, X., Kim, Y., et al. (2015). The Landscape of microRNA, Piwi-Interacting RNA, and Circular RNA in Human Saliva. Clin. Chem. 61, 221–230. doi:10.1373/clinchem.2014.230433
 Bentley, D. L. (2014). Coupling mRNA Processing with Transcription in Time and Space. J. Nat. Rev. Genet. 15, 163–175. doi:10.1038/nrg3662
 Bolon, I., Gouyer, V., Devouassoux, M., Vandenbunder, B., Wernert, N., Moro, D., et al. (1995). Expression of C-Ets-1, Collagenase 1, and Urokinase-type Plasminogen Activator Genes in Lung Carcinomas. Am. J. Pathol. 147, 1298–1310. 
 Boziki, M., and Grigoriadis, N. (2018). An Update on the Role of Matrix Metalloproteinases in the Pathogenesis of Multiple Sclerosis. Med. Chem. 14, 155–169. doi:10.2174/1573406413666170906122803
 Cen, J., Liang, Y., Huang, Y., Pan, Y., Shu, G., Zheng, Z., et al. (2021). Circular RNA circSDHC Serves as a Sponge for miR-127-3p to Promote the Proliferation and Metastasis of Renal Cell Carcinoma via the CDKN3/E2F1 axis. Mol. Cancer 20, 19. doi:10.1186/s12943-021-01314-w
 Chen, C.-y., and Sarnow, P. (1995). Initiation of Protein Synthesis by the Eukaryotic Translational Apparatus on Circular RNAs. Science 268, 415–417. doi:10.1126/science.7536344
 Chen, L., Wu, D., and Ding, T. (2020). Circular RNA Circ_0001368 Inhibited Growth and Invasion in Renal Cell Carcinoma by Sponging miR-492 and Targeting LATS2. Gene 753, 144781. doi:10.1016/j.gene.2020.144781
 Chen, Q., Liu, T., Bao, Y., Zhao, T., Wang, J., Wang, H., et al. (2020). CircRNA cRAPGEF5 Inhibits the Growth and Metastasis of Renal Cell Carcinoma via the miR-27a-3p/TXNIP Pathway. Cancer Lett. 469, 68–77. doi:10.1016/j.canlet.2019.10.017
 Chen, T., Shao, S., Li, W., Liu, Y., and Cao, Y. (2019). The Circular RNA Hsa-Circ-0072309 Plays Anti-tumour Roles by Sponging miR-100 through the Deactivation of PI3K/AKT and mTOR Pathways in the Renal Carcinoma Cell Lines. Artif. Cell nanomedicine, Biotechnol. 47, 3638–3648. doi:10.1080/21691401.2019.1657873
 Chen, T., Yu, Q., Shao, S., and Guo, L. (2020). Retracted : Circular RNA circFNDC3B Protects Renal Carcinoma by miR‐99a Downregulation. J. Cel Physiol 235, 4399–4406. doi:10.1002/jcp.29316
 Chen, X., Mao, R., Su, W., Yang, X., Geng, Q., Guo, C., et al. (2020). Circular RNA circHIPK3 Modulates Autophagy via MIR124-3p-STAT3-Prkaa/ampkα Signaling in STK11 Mutant Lung Cancer. Autophagy 16, 659–671. doi:10.1080/15548627.2019.1634945
 Chen, Z., Xiao, K., Chen, S., Huang, Z., Ye, Y., and Chen, T. (2020). Circular RNA Hsa_circ_001895 Serves as a Sponge of microRNA‐296‐5p to Promote clear Cell Renal Cell Carcinoma Progression by Regulating SOX12. Cancer Sci. 111, 713–726. doi:10.1111/cas.14261
 Cheng, L., Cao, H., Xu, J., Xu, M., He, W., Zhang, W., et al. (2021). Circ_RPL23A Acts as a miR-1233 Sponge to Suppress the Progression of clear Cell Renal Cell Carcinoma by Promoting ACAT2. J. Bioenerg. biomembranes . doi:10.1007/s10863-021-09901-8
 Conn, S. J., Pillman, K. A., Toubia, J., Conn, V. M., Salmanidis, M., Phillips, C. A., et al. (2015). The RNA Binding Protein Quaking Regulates Formation of circRNAs. Cell 160, 1125–1134. doi:10.1016/j.cell.2015.02.014
 Cui, J., Li, H., Wang, Y., Tian, T., Liu, C., Wang, Y., et al. (2020). Skullcapflavone I Has a Potent Anti‐pancreatic Cancer Activity by Targeting miR‐23a. BioFactors 46, 821–830. doi:10.1002/biof.1621
 Deng, N., Li, L., Gao, J., Zhou, J., Wang, Y., Wang, C., et al. (2018). Hsa_circ_0009910 Promotes Carcinogenesis by Promoting the Expression of miR-449a Target IL6R in Osteosarcoma. Biochem. biophysical Res. Commun. 495, 189–196. doi:10.1016/j.bbrc.2017.11.028
 Dolci, S., Grimaldi, P., Geremia, R., Pesce, M., and Rossi, P. (1997). Identification of a Promoter Region Generating Sry Circular Transcripts Both in Germ Cells from Male Adult Mice and in Male Mouse Embryonal Gonads. Biol. Reprod. 57, 1128–1135. doi:10.1095/biolreprod57.5.1128
 Dong, R., Zhang, X.-O., Zhang, Y., Ma, X.-K., Chen, L.-L., and Yang, L. (2016). CircRNA-derived Pseudogenes. Cell Res 26, 747–750. doi:10.1038/cr.2016.42
 Dong, Z., Liu, Y., Wang, Q., Wang, H., Ji, J., Huang, T., et al. (2020). Retracted : The Circular RNA‐NRIP1 Plays Oncogenic Roles by Targeting microRNA‐505 in the Renal Carcinoma Cell Lines. J. Cel Biochem 121, 2236–2246. doi:10.1002/jcb.29446
 Du, W. W., Yang, W., Chen, Y., Wu, Z. K., Foster, F. S., Yang, Z., et al. (2017). Foxo3 Circular RNA Promotes Cardiac Senescence by Modulating Multiple Factors Associated with Stress and Senescence Responses. Eur. Heart J. 38, 1402–1412. doi:10.1093/eurheartj/ehw001
 Du, W. W., Fang, L., Yang, W., Wu, N., Awan, F. M., Yang, Z., et al. (2017). Induction of Tumor Apoptosis through a Circular RNA Enhancing Foxo3 Activity. Cell Death Differ 24, 357–370. doi:10.1038/cdd.2016.133
 Du, W. W., Yang, W., Liu, E., Yang, Z., Dhaliwal, P., and Yang, B. B. (2016). Foxo3 Circular RNA Retards Cell Cycle Progression via Forming Ternary Complexes with P21 and CDK2. Nucleic Acids Res. 44, 2846–2858. doi:10.1093/nar/gkw027
 Elfiky, A. A., Aziz, S. A., Conrad, P. J., Siddiqui, S., Hackl, W., Maira, M., et al. (2011). Characterization and Targeting of Phosphatidylinositol-3 Kinase (PI3K) and Mammalian Target of Rapamycin (mTOR) in Renal Cell Cancer. J. Transl Med. 9, 133. doi:10.1186/1479-5876-9-133
 Errichelli, L., Dini Modigliani, S., Laneve, P., Colantoni, A., Legnini, I., Capauto, D., et al. (2017). FUS Affects Circular RNA Expression in Murine Embryonic Stem Cell-Derived Motor Neurons. Nat. Commun. 8, 14741. doi:10.1038/ncomms14741
 Ertosun, M. G., Hapil, F. Z., and Osman Nidai, O. (2016). E2F1 Transcription Factor and its Impact on Growth Factor and Cytokine Signaling. Cytokine Growth Factor. Rev. 31, 17–25. doi:10.1016/j.cytogfr.2016.02.001
 Fardi, M., Alivand, M., Baradaran, B., Farshdousti Hagh, M., and Solali, S. (2019). The Crucial Role of ZEB2: From Development to Epithelial-To-Mesenchymal Transition and Cancer Complexity. J. Cell. Physiol 2001 (7), 1267–1278. doi:10.1002/jcp.28277
 Fei, T., Chen, Y., Xiao, T., Li, W., Cato, L., Zhang, P., et al. (2017). Genome-wide CRISPR Screen Identifies HNRNPL as a Prostate Cancer Dependency Regulating RNA Splicing. Proc. Natl. Acad. Sci. U S A. 114, E5207–e5215. doi:10.1073/pnas.1617467114
 Feng, J., Guo, Y., Li, Y., Zeng, J., Wang, Y., Yang, Y., et al. (2020). Tumor Promoting Effects of circRNA_001287 on Renal Cell Carcinoma through miR-144-Targeted CEP55. J. Exp. Clin. Cancer Res. 39, 269. doi:10.1186/s13046-020-01744-2
 Franz, A., Ralla, B., Weickmann, S., Jung, M., Rochow, H., Stephan, C., et al. (2019). Circular RNAs in Clear Cell Renal Cell Carcinoma: Their Microarray-Based Identification, Analytical Validation, and Potential Use in a Clinico-Genomic Model to Improve Prognostic Accuracy. Cancers (Basel) 11, 11. doi:10.3390/cancers11101473
 Frey, L., Klümper, N., Schmidt, D., Kristiansen, G., Toma, M., Ritter, M., et al. (2021). CircEHD2, CircNETO2 and CircEGLN3 as Diagnostic and Prognostic Biomarkers for Patients with Renal Cell Carcinoma. Cancers 13 (9), 2177. doi:10.3390/cancers13092177
 Gao, D., Qi, X., Zhang, X., Fang, K., Guo, Z., and Li, L. (2019). hsa_circRNA_0006528 as a Competing Endogenous RNA Promotes Human Breast Cancer Progression by Sponging miR-7-5p and Activating the MAPK/ERK Signaling Pathway. Mol. Carcinogenesis 58, 554–564. doi:10.1002/mc.22950
 Gao, P., Huang, Y., Hou, Y., Li, Q., and Wang, H. (2021). Circular Rna Itch Is A Tumor Suppressor in Clear Cell Renal Cell Carcinoma Metastasis through Mir-106b-5p/Pdcd4 Axis. J. Immunol. Res. 2021, 5524344. doi:10.1155/2021/5524344
 Ghosh, S., and Jacobson, A. (2010). RNA Decay Modulates Gene Expression and Controls its Fidelity. WIREs RNA 1, 351–361. doi:10.1002/wrna.25
 Gong, L.-J., Wang, X.-Y., Yao, X.-d., Wu, X., and Gu, W.-Y. (2021). CircESRP1 Inhibits clear Cell Renal Cell Carcinoma Progression through the CTCF-Mediated Positive Feedback Loop. Cell Death Dis 12, 1081. doi:10.1038/s41419-021-04366-4
 Gossage, L., Eisen, T., and Maher, E. R. (2015). VHL, the story of a Tumour Suppressor Gene. Nat. Rev. Cancer 15, 55–64. doi:10.1038/nrc3844
 Gudas, L. J., Fu, L., Minton, D. R., Mongan, N. P., and Nanus, D. M. (2014). The Role of HIF1α in Renal Cell Carcinoma Tumorigenesis. J. Mol. Med. 92, 825–836. doi:10.1007/s00109-014-1180-z
 Han, B., Shaolong, E., Luan, L., Li, N., and Liu, X. (2020). CircHIPK3 Promotes Clear Cell Renal Cell Carcinoma (ccRCC) Cells Proliferation and Metastasis via Altering of miR-508-3p/CXCL13 Signal. Ott Vol. 13, 6051–6062. doi:10.2147/ott.s251436
 Han, Z., Zhang, Y., Sun, Y., Chen, J., Chang, C., Wang, X., et al. (2018). Erβ-Mediated Alteration of circATP2B1 and miR-204-3p Signaling Promotes Invasion of Clear Cell Renal Cell Carcinoma. Cancer Res. 78, 2550–2563. doi:10.1158/0008-5472.can-17-1575
 Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C. K., et al. (2013). Natural RNA Circles Function as Efficient microRNA Sponges. Nature 495, 384–388. doi:10.1038/nature11993
 Hansen, T. B., Venø, M. T., Damgaard, C. K., and Kjems, J. (2016). Comparison of Circular RNA Prediction Tools. Nucleic Acids Res. 44, e58. doi:10.1093/nar/gkv1458
 Hansen, T. B., Wiklund, E. D., Bramsen, J. B., Villadsen, S. B., Statham, A. L., Clark, S. J., et al. (2011). miRNA-dependent Gene Silencing Involving Ago2-Mediated Cleavage of a Circular Antisense RNA. EMBO J. 30, 4414–4422. doi:10.1038/emboj.2011.359
 He, A. T., Liu, J., Li, F., and Yang, B. B. (2021). Targeting Circular RNAs as a Therapeutic Approach: Current Strategies and Challenges. Sig Transduct Target. Ther. 6, 185. doi:10.1038/s41392-021-00569-5
 Huang, C., Liang, D., Tatomer, D. C., and Wilusz, J. E. (2018). A Length-dependent Evolutionarily Conserved Pathway Controls Nuclear export of Circular RNAs. Genes Dev. 32, 639–644. doi:10.1101/gad.314856.118
 Huang, Y., Zhang, Y., Jia, L., Liu, C., and Xu, F. (2019). Circular RNA ABCB10 Promotes Tumor Progression and Correlates with Pejorative Prognosis in clear Cell Renal Cell Carcinoma. Int. J. Biol. Markers 34, 176–183. doi:10.1177/1724600819842279
 Huang, Z., Ding, Y., Zhang, L., He, S., Jia, Z., Gu, C., et al. (2020). Upregulated circPDK1 Promotes RCC Cell Migration and Invasion by Regulating the miR-377-3p-NOTCH1 Axis in Renal Cell Carcinoma. Ott Vol. 13, 11237–11252. doi:10.2147/ott.s280434
 Ivanov, A., Memczak, S., Wyler, E., Torti, F., Porath, H. T., Orejuela, M. R., et al. (2015). Analysis of Intron Sequences Reveals Hallmarks of Circular RNA Biogenesis in Animals. Cel Rep. 10, 170–177. doi:10.1016/j.celrep.2014.12.019
 Iwamoto, M., Banerjee, D., Menon, L. G., Jurkiewicz, A., Rao, P. H., Kemeny, N. E., et al. (2004). Overexpression of E2F-1 in Lung and Liver Metastases of Human colon Cancer Is Associated with Gene Amplification. Cancer Biol. Ther. 3, 395–399. doi:10.4161/cbt.3.4.733
 Jeck, W. R., and Sharpless, N. E. (2014). Detecting and Characterizing Circular RNAs. Nat. Biotechnol. 32, 453–461. doi:10.1038/nbt.2890
 Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., et al. (2013). Circular RNAs Are Abundant, Conserved, and Associated with ALU Repeats. Rna 19, 141–157. doi:10.1261/rna.035667.112
 Jin, C., Shi, L., Li, Z., Liu, W., Zhao, B., Qiu, Y., et al. (2019). Circ_0039569 Promotes Renal Cell Carcinoma Growth and Metastasis by Regulating miR-34a-5p/CCL22. Am. J. Transl Res. 11, 4935–4945.
 Kang, N. J., Jung, S. K., Lee, K. W., and Lee, H. J. (2011). Myricetin Is a Potent Chemopreventive Phytochemical in Skin Carcinogenesis. Ann. N.Y Acad. Sci. 1229, 124–132. doi:10.1111/j.1749-6632.2011.06122.x
 Kelly, S., Greenman, C., Cook, P. R., and Papantonis, A. (2015). Exon Skipping Is Correlated with Exon Circularization. J. Mol. Biol. 427, 2414–2417. doi:10.1016/j.jmb.2015.02.018
 Koch, L. (2021). CRISPR-Cas13 Targets circRNAs. Nat. Rev. Genet. 22, 68. doi:10.1038/s41576-020-00318-4
 Kramer, M. C., Liang, D., Tatomer, D. C., Gold, B., March, Z. M., Cherry, S., et al. (2015). Combinatorial Control of Drosophila Circular RNA Expression by Intronic Repeats, hnRNPs, and SR Proteins. Genes Dev. 29, 2168–2182. doi:10.1101/gad.270421.115
 Kristensen, L. S., Jakobsen, T., Hager, H., and Kjems, J. (2021). The Emerging Roles of circRNAs in Cancer and Oncology. Nat. Rev. Clin. Oncol. doi:10.1038/s41571-021-00585-y
 Lara, P. N., and Evans, C. P. (2019). Cytoreductive Nephrectomy in Metastatic Renal Cell Cancer. JAMA Oncol. 5, 171–172. doi:10.1001/jamaoncol.2018.5503
 Lasda, E., and Parker, R. (2016). Circular RNAs Co-precipitate with Extracellular Vesicles: A Possible Mechanism for circRNA Clearance. PloS one 11, e0148407. doi:10.1371/journal.pone.0148407
 Lee, J.-S., Leem, S.-H., Lee, S.-Y., Kim, S.-C., Park, E.-S., Kim, S.-B., et al. (2010). Expression Signature ofE2F1and its Associated Genes Predict Superficial to Invasive Progression of Bladder Tumors. Jco 28, 2660–2667. doi:10.1200/jco.2009.25.0977
 Legnini, I., Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O., et al. (2017). Circ-ZNF609 Is a Circular RNA that Can Be Translated and Functions in Myogenesis. Mol. Cel. 66, 22–37.e9. doi:10.1016/j.molcel.2017.02.017
 Lei, X., Yang, M., Xiao, Z., Zhang, H., and Tan, S. (2021). circTLK1 Facilitates the Proliferation and Metastasis of Renal Cell Carcinoma by Regulating miR-495-3p/CBL axis. Open Life Sci. 16, 362–374. doi:10.1515/biol-2021-0041
 Li, J., Huang, C., Zou, Y., Ye, J., Yu, J., and Gui, Y. (2020). CircTLK1 Promotes the Proliferation and Metastasis of Renal Cell Carcinoma by Sponging miR-136-5p. Mol. Cancer 19, 103. doi:10.1186/s12943-020-01225-2
 Li, J., Huang, C., Zou, Y., Yu, J., and Gui, Y. (2020). Circular RNA MYLK Promotes Tumour Growth and Metastasis via Modulating miR‐513a‐5p/VEGFC Signalling in Renal Cell Carcinoma. J. Cel Mol Med 24, 6609–6621. doi:10.1111/jcmm.15308
 Li, Q., Wang, Y., Wu, S., Zhou, Z., Ding, X., Shi, R., et al. (2019). CircACC1 Regulates Assembly and Activation of AMPK Complex under Metabolic Stress. Cel Metab. 30, 157–173.e7. doi:10.1016/j.cmet.2019.05.009
 Li, R., Luo, S., and Zhang, D. (2020). Circular RNA Hsa_circ_0054537 Sponges miR-130a-3p to Promote the Progression of Renal Cell Carcinoma through Regulating cMet Pathway. Gene 754, 144811. doi:10.1016/j.gene.2020.144811
 Li, S., Li, X., Xue, W., Zhang, L., Yang, L.-Z., Cao, S.-M., et al. (2021). Screening for Functional Circular RNAs Using the CRISPR-Cas13 System. Nat. Methods 18, 51–59. doi:10.1038/s41592-020-01011-4
 Li, W., Song, Y. Y., Rao, T., Yu, W. M., Ruan, Y., Ning, J. Z., et al. (2021). CircCSNK1G3 Up-Regulates miR-181b to Promote Growth and Metastasis via TIMP3-Mediated Epithelial to Mesenchymal Transitions in Renal Cell Carcinoma. J. Cell. Mol. Med. doi:10.1111/jcmm.15911
 Li, W., Yang, F.-Q., Sun, C.-M., Huang, J.-H., Zhang, H.-M., Li, X., et al. (2020). circPRRC2A Promotes Angiogenesis and Metastasis through Epithelial-Mesenchymal Transition and Upregulates TRPM3 in Renal Cell Carcinoma. Theranostics 10, 4395–4409. doi:10.7150/thno.43239
 Li, X., Liu, C.-X., Xue, W., Zhang, Y., Jiang, S., Yin, Q.-F., et al. (2017). Coordinated circRNA Biogenesis and Function with NF90/NF110 in Viral Infection. Mol. Cel. 67, 214–227.e7. doi:10.1016/j.molcel.2017.05.023
 Li, Y., Zheng, F., Xiao, X., Xie, F., Tao, D., Huang, C., et al. (2017). Circ HIPK 3 Sponges miR‐558 to Suppress Heparanase Expression in Bladder Cancer Cells. EMBO Rep. 18, 1646–1659. doi:10.15252/embr.201643581
 Li, Y., Zheng, Q., Bao, C., Li, S., Guo, W., Zhao, J., et al. (2015). Circular RNA Is Enriched and Stable in Exosomes: a Promising Biomarker for Cancer Diagnosis. Cel Res 25, 981–984. doi:10.1038/cr.2015.82
 Li, Z., Huang, C., Bao, C., Chen, L., Lin, M., Wang, X., et al. (2015). Exon-intron Circular RNAs Regulate Transcription in the Nucleus. Nat. Struct. Mol. Biol. 22, 256–264. doi:10.1038/nsmb.2959
 Liang, D., and Wilusz, J. E. (2014). Short Intronic Repeat Sequences Facilitate Circular RNA Production. Genes Dev. 28, 2233–2247. doi:10.1101/gad.251926.114
 Lin, L., and Cai, J. (2020). Circular RNA circ‐EGLN3 Promotes Renal Cell Carcinoma Proliferation and Aggressiveness via miR‐1299‐mediated IRF7 Activation. J. Cel Biochem 121, 4377–4385. doi:10.1002/jcb.29620
 Liu, C.-X., Li, X., Nan, F., Jiang, S., Gao, X., Guo, S.-K., et al. (2019). Structure and Degradation of Circular RNAs Regulate PKR Activation in Innate Immunity. Cell 177, 865–880.e21. doi:10.1016/j.cell.2019.03.046
 Liu, G., Zhou, J., Piao, Y., Zhao, X., Zuo, Y., and Ji, Z. (2020). Hsa_circ_0085576 Promotes clear Cell Renal Cell Carcinoma Tumorigenesis and Metastasis through the miR-498/YAP1 axis. Aging 12, 11530–11549. doi:10.18632/aging.103300
 Liu, H., Hu, G., Wang, Z., Liu, Q., Zhang, J., Chen, Y., et al. (2020). circPTCH1 Promotes Invasion and Metastasis in Renal Cell Carcinoma via Regulating miR-485-5p/MMP14 axis. Theranostics 10, 10791–10807. doi:10.7150/thno.47239
 Liu, Z., Wang, R., and Zhu, G. (2021). Circ_0035483 Functions as a Tumor Promoter in Renal Cell Carcinoma via the miR-31-5p-Mediated HMGA1 Upregulation. Cmar Vol. 13, 693–706. doi:10.2147/cmar.s282806
 Lunt, S. Y., and Vander Heiden, M. G. (2011). Aerobic Glycolysis: Meeting the Metabolic Requirements of Cell Proliferation. Annu. Rev. Cel Dev. Biol. 27, 441–464. doi:10.1146/annurev-cellbio-092910-154237
 Luo, S., Deng, F., Yao, N., and Zheng, F. (2021). Circ_0005875 Sponges miR-502-5p to Promote Renal Cell Carcinoma Progression through Upregulating E26 Transformation Specific-1. Anti-cancer drugs 33 (1), e286–e298. doi:10.1097/cad.0000000000001205
 Lv, Q., Ma, C., Li, H., Tan, X., Wang, G., Zhang, Y., et al. (2020). Circular RNA Microarray Expression Profile and Potential Function of Circ0005875 in clear Cell Renal Cell Carcinoma. J. Cancer 11, 7146–7156. doi:10.7150/jca.48770
 Lv, Q., Wang, G., Zhang, Y., Shen, A., Tang, J., Sun, Y., et al. (2021). CircAGAP1 Promotes Tumor Progression by Sponging miR-15-5p in clear Cell Renal Cell Carcinoma. J. Exp. Clin. Cancer Res. 40, 76. doi:10.1186/s13046-021-01864-3
 Ma, C., Qin, J., Zhang, J., Wang, X., Wu, D., and Li, X. (2020). Construction and Analysis of Circular RNA Molecular Regulatory Networks in clear Cell Renal Cell Carcinoma. J. Mol. Med. Rep. 21, 141–150. doi:10.3892/mmr.2019.10811
 Ma, X., Gao, Y., Fan, Y., Ni, D., Zhang, Y., Chen, W., et al. (2013). Overexpression of E2F1 Promotes Tumor Malignancy and Correlates with TNM Stages in clear Cell Renal Cell Carcinoma. PloS one 8, e73436. doi:10.1371/journal.pone.0073436
 Mao, W., Wang, K., Xu, B., Zhang, H., Sun, S., Hu, Q., et al. (2021). ciRS-7 Is a Prognostic Biomarker and Potential Gene Therapy Target for Renal Cell Carcinoma. Mol. Cancer 20, 142. doi:10.1186/s12943-021-01443-2
 Militello, G., Weirick, T., John, D., Döring, C., Dimmeler, S., and Uchida, S. (2017). Screening and Validation of lncRNAs and circRNAs as miRNA Sponges. Brief Bioinform 18, 780–788. doi:10.1093/bib/bbw053
 Mo, J., Zhao, Y., Ao, Z., Chen, L., Lin, S., Zeng, W., et al. (2020). Circ-APBB1IP as a Prognostic Biomarker Promotes Clear Cell Renal Cell Carcinoma Progression through the ERK1/2 Signaling Pathway. Int. J. Med. Sci. 17, 1177–1186. doi:10.7150/ijms.44550
 Motzer, R. J., Hutson, T. E., Cella, D., Reeves, J., Hawkins, R., Guo, J., et al. (2013). Pazopanib versus Sunitinib in Metastatic Renal-Cell Carcinoma. N. Engl. J. Med. 369, 722–731. doi:10.1056/nejmoa1303989
 Motzer, R. J., Hutson, T. E., McCann, L., Deen, K., and Choueiri, T. K. (2014). Overall Survival in Renal-Cell Carcinoma with Pazopanib versus Sunitinib. N. Engl. J. Med. 370, 1769–1770. doi:10.1056/nejmc1400731
 Necula, L., Matei, L., Dragu, D., Neagu, A. I., Mambet, C., Nedeianu, S., et al. (2019). Recent Advances in Gastric Cancer Early Diagnosis. Wjg 25, 2029–2044. doi:10.3748/wjg.v25.i17.2029
 Okholm, T. L. H., Nielsen, M. M., Hamilton, M. P., Christensen, L.-L., Vang, S., Hedegaard, J., et al. (2017). Circular RNA Expression Is Abundant and Correlated to Aggressiveness in Early-Stage Bladder Cancer. Npj Genomic Med. 2, 36. doi:10.1038/s41525-017-0038-z
 Pamudurti, N. R., Bartok, O., Jens, M., Ashwal-Fluss, R., Stottmeister, C., Ruhe, L., et al. (2017). Translation of CircRNAs. Mol. Cel. 66, 9–21.e7. doi:10.1016/j.molcel.2017.02.021
 Papatsirou, M., Artemaki, P. I., Karousi, P., Scorilas, A., and Kontos, C. K. (2021). Circular RNAs: Emerging Regulators of the Major Signaling Pathways Involved in Cancer Progression. Cancers (Basel) 13, 2744. doi:10.3390/cancers13112744
 Park, O. H., Ha, H., Lee, Y., Boo, S. H., Kwon, D. H., Song, H. K., et al. (2019). Endoribonucleolytic Cleavage of m6A-Containing RNAs by RNase P/MRP Complex. Mol. Cel. 74, 494–507. doi:10.1016/j.molcel.2019.02.034
 Petejova, N., and Martinek, A. (2016). Renal Cell Carcinoma: Review of Etiology, Pathophysiology and Risk Factors. Biomed. Pap. 160, 183–194. doi:10.5507/bp.2015.050
 Piwecka, M., Glažar, P., Hernandez-Miranda, L. R., Memczak, S., Wolf, S. A., Rybak-Wolf, A., et al. (2017). Loss of a Mammalian Circular RNA Locus Causes miRNA Deregulation and Affects Brain Function. Science 357, eaam8526. doi:10.1126/science.aam8526
 Rajappa, A., Banerjee, S., Sharma, V., and Khandelia, P. (2020). Circular RNAs: Emerging Role in Cancer Diagnostics and Therapeutics. Front. Mol. Biosci. 7, 577938. doi:10.3389/fmolb.2020.577938
 Salmanidis, M., Pillman, K., Goodall, G., and Bracken, C. (2014). Direct Transcriptional Regulation by Nuclear microRNAs. Int. J. Biochem. Cel Biol. 54, 304–311. doi:10.1016/j.biocel.2014.03.010
 Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA Hypothesis: the Rosetta Stone of a Hidden RNA Language?. Cell 146, 353–358. doi:10.1016/j.cell.2011.07.014
 Sanger, H. L., Klotz, G., Riesner, D., Gross, H. J., and Kleinschmidt, A. K. (1976). Viroids Are Single-Stranded Covalently Closed Circular RNA Molecules Existing as Highly Base-Paired Rod-like Structures. Proc. Natl. Acad. Sci. 73, 3852–3856. doi:10.1073/pnas.73.11.3852
 Shukla, S., Kavak, E., Gregory, M., Imashimizu, M., Shutinoski, B., Kashlev, M., et al. (2011). CTCF-promoted RNA Polymerase II Pausing Links DNA Methylation to Splicing. Nature 479, 74–79. doi:10.1038/nature10442
 Song, M., Xia, L., Sun, M., Yang, C., and Wang, F. (2018). Circular RNA in Liver: Health and Diseases. Adv. Exp. Med. Biol. 1087, 245–257. doi:10.1007/978-981-13-1426-1_20
 Song, Y.-Z., and Li, J.-F. (2018). Circular RNA Hsa_circ_0001564 Regulates Osteosarcoma Proliferation and Apoptosis by Acting miRNA Sponge. Biochem. biophysical Res. Commun. 495, 2369–2375. doi:10.1016/j.bbrc.2017.12.050
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tang, W., Ji, M., He, G., Yang, L., Niu, Z., Jian, M., et al. (2017). Silencing CDR1as Inhibits Colorectal Cancer Progression through Regulating microRNA-7. Ott Vol. 10, 2045–2056. doi:10.2147/ott.s131597
 Tischer, E., Gospodarowicz, D., Mitchell, R., Silva, M., Schilling, J., Lau, K., et al. (1989). Vascular Endothelial Growth Factor: a New Member of the Platelet-Derived Growth Factor Gene Family. Biochem. biophysical Res. Commun. 165, 1198–1206. doi:10.1016/0006-291x(89)92729-0
 Vanin, E. F. (1985). Processed Pseudogenes: Characteristics and Evolution. Annu. Rev. Genet. 19, 253–272. doi:10.1146/annurev.ge.19.120185.001345
 Wang, G., Xue, W., Jian, W., Liu, P., Wang, Z., Wang, C., et al. (2018). The Effect of Hsa_circ_0001451 in clear Cell Renal Cell Carcinoma Cells and its Relationship with Clinicopathological Features. J. Cancer 9, 3269–3277. doi:10.7150/jca.25902
 Wang, J., Zhang, J.-Q., Zhao, X.-L., Lu, J.-Y., Weng, Z.-M., Ding, Z.-M., et al. (2020). Circular RNA DHX33 Promotes Malignant Behavior in ccRCC by Targeting miR-489-3p/MEK1 axis. Aging 12, 14885–14896. doi:10.18632/aging.103550
 Wang, K., Sun, Y., Tao, W., Fei, X., and Chang, C. (2017). Androgen Receptor (AR) Promotes clear Cell Renal Cell Carcinoma (ccRCC) Migration and Invasion via Altering the circHIAT1/miR-195-5p/29a-3p/29c-3p/CDC42 Signals. Cancer Lett. 394, 1–12. doi:10.1016/j.canlet.2016.12.036
 Wang, L., Wu, H., Wang, L., Zhang, H., Lu, J., Liang, Z., et al. (2017). Asporin Promotes Pancreatic Cancer Cell Invasion and Migration by Regulating the Epithelial-To-Mesenchymal Transition (EMT) through Both Autocrine and Paracrine Mechanisms. Cancer Lett. 398, 24–36. doi:10.1016/j.canlet.2017.04.001
 Wang, X., Zhang, H., Yang, H., Bai, M., Ning, T., Deng, T., et al. (2020). Exosome‐delivered circRNA Promotes Glycolysis to Induce Chemoresistance through the miR‐122‐PKM2 axis in Colorectal Cancer. Mol. Oncol. 14, 539–555. doi:10.1002/1878-0261.12629
 Wang, Y., Liu, J., Ma, J., Sun, T., Zhou, Q., Wang, W., et al. (2019). Exosomal circRNAs: Biogenesis, Effect and Application in Human Diseases. Mol. Cancer 18, 116. doi:10.1186/s12943-019-1041-z
 Wang, Y., and Wang, Z. (2015). Efficient Backsplicing Produces Translatable Circular mRNAs. Rna 21, 172–179. doi:10.1261/rna.048272.114
 Wei, X., Dong, Y., Chen, X., Ren, X., Li, G., Wang, Y., et al. (2020). Construction of circRNA-Based ceRNA Network to Reveal the Role of circRNAs in the Progression and Prognosis of Metastatic clear Cell Renal Cell Carcinoma. Aging 12, 24184–24207. doi:10.18632/aging.104107
 Xiao, H., and Shi, J. (2020). Exosomal Circular RNA_400068 Promotes the Development of Renal Cell Carcinoma via the miR-210-5p/SOCS1 axis. Mol. Med. Rep. 22, 4810–4820. doi:10.3892/mmr.2020.11541
 Xin, R., Qu, D., Xu, H., and Chen, D. (2021). circ_001504 Promotes the Development of Renal Cell Carcinoma by Sponging microRNA-149 to Increase NUCB2. Cancer Gene Ther. 28, 667–678. doi:10.1038/s41417-020-00247-8
 Xiong, Y., Zhang, J., and Song, C. (2019). CircRNA ZNF609 Functions as a Competitive Endogenous RNA to Regulate FOXP4 Expression by Sponging miR‐138‐5p in Renal Carcinoma. J. Cel Physiol 234, 10646–10654. doi:10.1002/jcp.27744
 Xue, D., Wang, H., Chen, Y., Shen, D., Lu, J., Wang, M., et al. (2019). Circ-AKT3 Inhibits clear Cell Renal Cell Carcinoma Metastasis via Altering miR-296-3p/E-Cadherin Signals. Mol. Cancer 18, 151. doi:10.1186/s12943-019-1072-5
 Xue, L., Tao, Y., Yuan, Y., Qu, W., and Wang, W. (2021). Curcumin Suppresses Renal Carcinoma Tumorigenesis by Regulating Circ-FNDC3B/miR-138-5p/IGF2 axis. Anticancer Drugs 32, 734–744. doi:10.1097/CAD.0000000000001063
 Yan, L., Liu, G., Cao, H., Zhang, H., and Shao, F. (2019). Hsa_circ_0035483 Sponges Hsa-miR-335 to Promote the Gemcitabine-Resistance of Human Renal Cancer Cells by Autophagy Regulation. Biochem. biophysical Res. Commun. 519, 172–178. doi:10.1016/j.bbrc.2019.08.093
 Yan, Y., Fu, G., Ye, Y., and Ming, L. (2017). Exosomes Participate in the Carcinogenesis and the Malignant Behavior of Gastric Cancer. Scand. J. Gastroenterol. 52, 499–504. doi:10.1080/00365521.2016.1278458
 Yang, C.-Y., Wang, J., Zhang, J.-Q., and Cai, H.-m. (2021). Human Circular RNA hsa_circRNA_101705 (circTXNDC11) Regulates Renal Cancer Progression by Regulating MAPK/ERK Pathway. Bioengineered 12, 4432–4441. doi:10.1080/21655979.2021.1955579
 Yang, Y., Fan, X., Mao, M., Song, X., Wu, P., Zhang, Y., et al. (2017). Extensive Translation of Circular RNAs Driven by N6-Methyladenosine. Cel Res 27, 626–641. doi:10.1038/cr.2017.31
 Yu, L., Gong, X., Sun, L., Zhou, Q., Lu, B., and Zhu, L. (2016). The Circular RNA Cdr1as Act as an Oncogene in Hepatocellular Carcinoma through Targeting miR-7 Expression. PloS one 11, e0158347. doi:10.1371/journal.pone.0158347
 Yu, R., Yao, J., and Ren, Y. (2020). A Novel circRNA, circNUP98, a Potential Biomarker, Acted as an Oncogene via the miR‐567/PRDX3 axis in Renal Cell Carcinoma. J. Cel Mol Med 24, 10177–10188. doi:10.1111/jcmm.15629
 Yue, Y., Cui, J., Zhao, Y., Liu, S., and Niu, W. (2020). Circ_101341 Deteriorates the Progression of Clear Cell Renal Cell Carcinoma through the miR- 411/EGLN3 Axis. Cmar Vol. 12, 13513–13525. doi:10.2147/cmar.s272287
 Zeng, F., Luo, L., Song, M., and Li, D. (2021). Silencing of Circular RNA PUM1 Inhibits clear Cell Renal Cell Carcinoma Progression through the miR-340-5p/FABP7 axis. J. Receptors Signal Transduction , 1–10. doi:10.1080/10799893.2020.1870494
 Zeng, J., Feng, Q., Wang, Y., Xie, G., Li, Y., Yang, Y., et al. (2020). Circular RNA Circ_001842 Plays an Oncogenic Role in Renal Cell Carcinoma by Disrupting microRNA‐502‐5p‐mediated Inhibition of SLC39A14. J. Cel Mol Med 24, 9712–9725. doi:10.1111/jcmm.15529
 Zeng, K., Chen, X., Xu, M., Liu, X., Hu, X., Xu, T., et al. (2018). CircHIPK3 Promotes Colorectal Cancer Growth and Metastasis by Sponging miR-7. Cel Death Dis 9, 417. doi:10.1038/s41419-018-0454-8
 Zhai, W., Sun, Y., Jiang, M., Wang, M., Gasiewicz, T. A., Zheng, J., et al. (2017). Erratum: Differential Regulation of LncRNA-SARCC Suppresses VHL-Mutant RCC Cell Proliferation yet Promotes VHL-normal RCC Cell Proliferation via Modulating Androgen receptor/HIF-2α/C-MYC axis under Hypoxia. Oncogene 36, 4525. doi:10.1038/onc.2016.514
 Zhang, D., Yang, X.-J., Luo, Q.-D., Fu, D.-L., Li, Z.-L., Zhang, P., et al. (2019). Down-Regulation of Circular RNA_000926 Attenuates Renal Cell Carcinoma Progression through miRNA-411-dependent CDH2 Inhibition. Am. J. Pathol. 189, 2469–2486. doi:10.1016/j.ajpath.2019.06.016
 Zhang, G., Wang, J., Tan, W., Han, X., Han, B., Wang, H., et al. (2021). Circular RNA EGLN3 Silencing Represses Renal Cell Carcinoma Progression through the miR-1224-3p/HMGXB3 axis. Acta Histochem. 123, 151752. doi:10.1016/j.acthis.2021.151752
 Zhang, L., and Guo, Y. (2020). RETRACTED ARTICLE: Silencing Circular RNA-Znf652 Represses Proliferation and EMT Process of Renal Carcinoma Cells via Raising miR-205. Artif. Cell nanomedicine, Biotechnol. 48, 648–655. doi:10.1080/21691401.2020.1725532
 Zhang, M., and Xin, Y. (2018). Circular RNAs: a New Frontier for Cancer Diagnosis and Therapy. J. Hematol. Oncol. 11, 21. doi:10.1186/s13045-018-0569-5
 Zhang, M., Zhao, K., Xu, X., Yang, Y., Yan, S., Wei, P., et al. (2018). A Peptide Encoded by Circular Form of LINC-PINT Suppresses Oncogenic Transcriptional Elongation in Glioblastoma. Nat. Commun. 9, 4475. doi:10.1038/s41467-018-06862-2
 Zhang, S.-J., Chen, X., Li, C.-P., Li, X.-M., Liu, C., Liu, B.-H., et al. (2017). Identification and Characterization of Circular RNAs as a New Class of Putative Biomarkers in Diabetes Retinopathy. Invest. Ophthalmol. Vis. Sci. 58, 6500–6509. doi:10.1167/iovs.17-22698
 Zhang, X.-O., Dong, R., Zhang, Y., Zhang, J.-L., Luo, Z., Zhang, J., et al. (2016). Diverse Alternative Back-Splicing and Alternative Splicing Landscape of Circular RNAs. Genome Res. 26, 1277–1287. doi:10.1101/gr.202895.115
 Zhang, X.-O., Wang, H.-B., Zhang, Y., Lu, X., Chen, L.-L., and Yang, L. (2014). Complementary Sequence-Mediated Exon Circularization. Cell 159, 134–147. doi:10.1016/j.cell.2014.09.001
 Zhang, Y., Xue, W., Li, X., Zhang, J., Chen, S., Zhang, J.-L., et al. (2016). The Biogenesis of Nascent Circular RNAs. Cel Rep. 15, 611–624. doi:10.1016/j.celrep.2016.03.058
 Zhang, Y., Zhang, X.-O., Chen, T., Xiang, J.-F., Yin, Q.-F., Xing, Y.-H., et al. (2013). Circular Intronic Long Noncoding RNAs. Mol. Cel. 51, 792–806. doi:10.1016/j.molcel.2013.08.017
 Zhao, X., Zhao, Z., Xu, W., Liu, H., Chang, J., Xu, W., et al. (2020). Circ-SAR1A Promotes Renal Cell Carcinoma Progression through miR-382/YBX1 Axis. Cmar Vol. 12, 7353–7361. doi:10.2147/cmar.s245918
 Zhao, Y., Tang, H., Zeng, X., Ye, D., and Liu, J. (2018). Resveratrol Inhibits Proliferation, Migration and Invasion via Akt and ERK1/2 Signaling Pathways in Renal Cell Carcinoma Cells. Biomed. Pharmacother. 98, 36–44. doi:10.1016/j.biopha.2017.12.029
 Zhao, Z., Lu, J., Han, L., Wang, X., Man, Q., and Liu, S. (2016). Prognostic Significance of Two Lipid Metabolism Enzymes, HADHA and ACAT2, in clear Cell Renal Cell Carcinoma. Tumor Biol. 37, 8121–8130. doi:10.1007/s13277-015-4720-4
 Zhou, B., and Yu, J.-W. (2017). A Novel Identified Circular RNA, circRNA_010567, Promotes Myocardial Fibrosis via Suppressing miR-141 by Targeting TGF-Β1. Biochem. biophysical Res. Commun. 487, 769–775. doi:10.1016/j.bbrc.2017.04.044
 Zhou, B., Zheng, P., Li, Z., Li, H., Wang, X., Shi, Z., et al. (2018). CircPCNXL2 Sponges miR-153 to Promote the Proliferation and Invasion of Renal Cancer Cells through Upregulating ZEB2. Cell Cycle 17, 2644–2654. doi:10.1080/15384101.2018.1553354
 Zhou, J., Wan, J., Gao, X., Zhang, X., Jaffrey, S. R., and Qian, S.-B. (2015). Dynamic m6A mRNA Methylation Directs Translational Control of Heat Shock Response. Nature 526, 591–594. doi:10.1038/nature15377
 Zhu, Q., Zhan, D., Zhu, P., Chong, Y., and Yang, Y. (2020). CircAKT1 Acts as a Sponge of miR-338-3p to Facilitate clear Cell Renal Cell Carcinoma Progression by Up-Regulating CAV1. Biochem. biophysical Res. Commun. 532, 584–590. doi:10.1016/j.bbrc.2020.08.081
 Znaor, A., Lortet-Tieulent, J., Laversanne, M., Jemal, A., and Bray, F. (2015). International Variations and Trends in Renal Cell Carcinoma Incidence and Mortality. Eur. Urol. 67, 519–530. doi:10.1016/j.eururo.2014.10.002
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhou, Li, Wang, Tan, Liu, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-833079-t002.jpg
circRNA name

hsa_circ_0001451
circHIPK3
circNOX4
cir-cRHOBTB3
circEGLNS
circEGLN3
circEHD2
CircNETO2
circPRRC2A
circTLK1
circNUP98
hsa_circ_0085576
CircRAPGEF5

circ-ABCB10
circHIPK3

circ_101341
circ_001842
Hsa_circ_0001451
hsa_circ_001895
circSDHC
circPTCH1

GiRS-7
circ_001287

hsa_circ_0005875

GircPDK1
GircMYLK
circakt1
GrcTXNDC 11
circDHX33
CIrcAGAP1
circ-akt3
circ_0001368
CircESRP1

Clinical
sample

tissue
tissue
tissue
tissue
tissue
tissue
tissue
tissue
tissue.
tissue
tissue.
tissue
tissue

tissue
tissue

tissue
tissue
tissue
tissue
tissue
tissue
tissue
tissue

tissue

tissue.
tissue
tissue
tissue
tissue
tissue
tissue
tissue
tissue

Diagnostic

Lo & 2y

OS DFS PFS

Lt Ld e d Adddladd

Prognostic

LRy

2w e

Clinicopathologic characteristics

tumor size

metastasis

TNM stage

ciinical stage, tumor stage and distant metastasis

tumor

size, advanced TNM stage and distant metastasis

pathological grade and TNM stage

TNM grade, lymph node metastass, distant metastass, tumor size and Fuhrman
grade

lymph node metastasis

ciiical stage, tumor stage, lymph node, and metastasis

TNM stage

TNM stage

advanced Fuhrman grade and greater risk of metastases

tumor size, high Fuhrman grade

pathological grade, lymph node, tumor size, tumor node metastasis (TNM) stage
and distant metastasis

tumor size, pathological TNM stage, histological differentiation, and lymphatic
metastasis

lymph node metastasis and distant metastasis

tumour size, distant metastasis

TNM stage, lymph node metastasis

TNM stage, lymph node metastasis

TNM stage and metastasis

tumor size, nuclear grade and clincal stage

Fuhrman grade

T stage and lymph node metastasis

the advanced tumor size, TNM stage and distant metastasis

PMID

30271486
32550826
31675051
31575051
31675051
33946584
33946584
33946584
32292503
32603652
32729669
32541093
31629934

31106654
32821115

33408523
32729666
30271486
31782868
33468140
32920380
34740354
33256799

33193877

33173313
32342645
32900491
34308775
32717723
33618745
31672157
32428698
34775467





OPS/images/fmolb-09-833079-g003.gif





OPS/images/fmolb-09-833079-t001.jpg
Name

circSDHC
circNRIP1

circFNDC3B

GircZNF652

circ-APBB1IP

CircPUM1

circTXNDC11

hsa-circ-0072309

circ_001287

circPCNXL2

circ_0005875

CircAGAP1

Circ_0005875

circNUP98

circ-EGLN3

circ-EGLN3

circPRRC2A

circPTCH1

circ_001504

hsa_circ_0054537
CircPDK1

circ_000926

circ_101341

Circ_0035483

circ_0035483

GIrcTLK1

circ-ZNF609

circ-SAR1A

circ_0039569

circMYLK

circ_400068

CircAKT1

circDHX33

circTLK1

Hsa_circ_0085576

hsa_circ_001895

circCSNK1G3

circ-ABCB10

CircHIPK3

circHIPK3

ciRS-7

circ_0001368

Circ_RPL23A

CircRAPGEF5

CircAKT3

circ-ITCH

circHIAT1

circATP2B1

circ-0001451

CircESRP1

Expression

up
up

up

up

up

up

up

down

up

up

up

Up

up

up

up

up

up

up

up

up
up

up

up

up

up

up

up

up

up

up

up

up

up

up

up

up

up

Up

up

up

up

down

down

down

down

down

down

down

down

down

Sponge
target

miR-127-3p
miR-505

miR-99a

miR-205

miR-340-5p

miR-100

miR-144

miR-153

miR-145-5p

miR-15a-5p

miR-502-5p

miR-567

miR-1299

miR-1224-3p

miR-514a-5p

and miR-

6776-5p

miR-485-5p

miR-149

miR-130a-3p
miR-377-3P

miR-411

miR-411

miR-31-5p

miR-335

MiR-136-5p

miR-138-5p

miR-382

miR-34a-5p

miR-513a-5p

miR-210-5p

miR-338-3p

miR-489-3p

miR-495-3p

miR-498

MiR-296-5p

miR-181b

MiR-485-3p

miR-508-3p

miR-139-3p
miR-492

miR-1233

miR-27a

miR-296-3p

miR-106b-5p

miR-195-5p/
29a-3p/
29c-3p
miR-204-3p

/

miR-3942

Gene/Pathway

CDKN3

E2F1 pathway
AMPK and PIK/AKT/
mTOR pathways
JAK1/STAT3 and
MEK/ERK signaling
pathways

the Ras/Raf/MEK/
ERK and JAK1/
STATS signaling
pathways

ERK1/2 signaling
pathway

FABP7
MEK/ERK pathway
the MAPK/ERK

pathway

PI3K/AKT and mTOR

pathways

CEP55

ZEB2

ZEB2

E2F3

ETS1

PRDX3

IRF7

HMGXB3

TRPM3

MMP14

NUCB2

c-Met
NOTCH1

CDH2

EGLN3

HMGA1

CCNBt

CBX4

FOXP4

YBX1

CCL22

VEGFC

S0Cs1

CAV1

MEK1

CBL

YAP1

SOX12

TIMP3

CXCL13

TAGLN
LATS2

ACAT2

TXNIP

E-cadherin

PDCD4

CDC42

FN1

CTCF

Function

Promoted cell proliferation and
invasion

Promoted cell proliferation and
migration

Enhanced proliferation and
migration

Increased cells proliferation and
EMT, and inhibit apoptosis

Promoted cel proliferation,
migration, invasion and inhibited
apoptosis

Promoted cel proliferation,
migration, invasion and inhibited
apoptosis

Promoted cell proliferation and
invasion

Inhibited cell proliferation,
migration, and invasion, but
enhance cell apoptosis
Promoted cel prolferation,
migration, invasion and tumor
growth

Promoted cel prolferation, and
invasion of RCC

Increased cell proliferation,
migration and invasion

Enhanced the proliferation,
migration and invasion, and
inhibited apoptotic of RCC
Promoted cel proliferation,
migration and invasion, and
inhibited apoptosis and cell cycle
arrest

Promoted cell proliferation,
migration and invasion and
inhibited apoptosis

Promoted cel proliferation,
migration and invasion but inhibited
apoptosis

Promoted cel proliferation,
migration and invasion, and
inhibited apoptosis

Increased cell profiferation,
migration and invasion, and
induced EMT

Increased cell migration and
invasion and induced EMT

Promoted cell prolferation,
migration and invasion

Enhanced cell prolferation and
inhibited apoptosis

Promoted RCC invasion and
metastasis

Promoted growth, migration, and
invasion abilties of cels, as well as
EMT and tumor growth

Promoted prolferation, migration
and invasion

Promoted prolferation, migration
and invasion and glycolysis of RCG
cells

Promoted autophagy and tumor
growth and enhanced gemcitabine
resistance in RCC

Promoted cell proliferation,
migration, and invasion

Promoted cel proliferation,
migration, and invasion abilty
Promoted RCC cells' growth and
invasion

Promoted RCC cell proliferation
and metastasis

Promoted cel prolferation,
migration and invasion

Promoted cel proiferation and
inhibited apoptosis

Promoted cel proleration, colony
formation, migration, invasion

and EMT

Promoted the prolferation and
invasion

Promoted cel prolferation,
migration and invasion

Promoted cell proliferation,
migration and invasion but inhibited
apoptosis

Promoted cel prolferation,
migration and invasion and
inhibited cell apoptosis
Promoted cel prolferation,
migration and invasion and
induce EMT

Promoted cel prolferation,
migration and inhibited apoptosis

Promoted prolferation and
metastasis and inhibited apoptosis
Promoted Proliferation, Migration
and Invasion

Inhibited cel proiferation, invasion,
tumor growth and metastasis
Suppressed cell proiferation and
invasion

Inhibited cell cycle progression,
proliferation, migration andinvasion
but promoted apoptosis in ccRCC
cells

Inhibited proliferation, migration
and invasion

Inhibited cell migration and invasion

Inhibited migration and invasion of
CcRCC cells

Inhibited AR-dependent migration
and invasion of ccRCC cell

Inhibited ERB-dependent migration
and invasion of ccRCC cell
Inhibited prolferation and promote
apoptosis

Inhibited RCC cell migration,
invasion, EMT, tumor growth, and
metastasis

Types of RCC tissues and RCC cell
lines

4 tumors and matched adjacent normal
tissue; 498, 786-O, 769P, and Caki-1
25 pairs of RCC tissues and the
nontumor tissues; ACHN, and CAKI-1
25 pairs of RCC tissues and adjacent
tissues; ACHN and CAKI-1

22 pairs of Clinical renal carcinoma
tissues and corresponding normal
tissues

14 pairs of tumor tissues and tumor-
distant tissues of ccRCC; 786-0 and
Caki-1 cell lines.

50 pais of ccRCC tissues and adjacent
normal kidney tissues of patients
undergoing surgery; HK-2, Caki-2, and
786-0 celllines

30 pairs of RCC tissues and adjacent
nonmalignant tissues; ACHN, 786-O,
A498, Caki, and Caki2

30 pairs of kidney cancer and the
normal tissues; CAKI-1 and ACHN

77cases of RCC Tumor and adjacent
normal tissues; A-498, 786-O, CAKI-1
and CAKI-2

63 pairs of ccRCC tissues and adjacent
non-tumor tissues; A498, 786-0,
ACHN, and Caki-1)

64 pairs of ccRCC tissues and adjacent
normal controls; caki-1,769-p, ACHN,
A498

34 pairs of ccRCC tissues and adjacent
nontumor tissues; A498, ACHN, CAKI-
1 and OS-RC-2

37 pairs of RCOC tissue and adjacent
normal tissues; HK-2, A498, and Caki-1

78 pairs of RCC tissues and adjacent
normal tissues; 786-0, Caki-1, Caki-2,
769-p and A498

80 pairs of RCC specimens and
matched nontumor samples; 786-0,
ACHN, CAKI-1, and OSRC2

43 pairs of RCC tissue specimens and
matched non-carcinoma

Specimens; HK-2 and five RCC cell
fines, A48, 786-0, Caki-1, ACHN, and
789-P

118 pairs of ROC tumor tissues with
matched normal-adjacent renal tissues;
A-498, 786-0, 769-p, ACHN, CAKI-1
and CAKI-2

39 RCC tissues and matched adjacent
normal samples; ACHN, OS-RC-2,
A498, 786-0

43 paired RCC tissues and adjacent
normal tissues; A-498, 786-0, Caki-2,
and Caki-1

A-498, Caki-1, SWB39 and OSRC-2

30 pairs of RCC tissues and para tumor
tissues; 786-0, 769-P, and ACHN

85 pairs of RCC tissues and adjacent
normal tissues; 786-O, A498, Caki-1,
and ACHN

60 pairs of ccRCC tissues and matched
normal tissues; A498, Caki-1 and
786-0

60 pairs of RCC tissues and
coterminous normal tissues; 786-O and
CaKi-1

5 pairs of kidney cancer tissues and
adjacent

Tissues; TK10 and UO31 cells

60 RCC tissues and matched adjacent
normal tissues; ACHN, 786-O and
769-P

A-498, ACHN, OS-RC-2, 769-P,
G-401

41 pairs of RCC tissues and matched
adjacent normal tissues; 786-O, Caki-
1, 769-P, ACHN, and A498

52 pairs of RCC tissues and their
adjacent tissues; ACHN, A498, 786-O,
769-P and RCC4

71 pairs of RCC tissues and matched
adjacent normal renal tissues ACHN,
786-0, and Caki-1

28 Human kidney tissue and plasma
specimens; Caki-1 and Caki-2

70 pairs of ccRCC tumor tissues and
adjacent normal tissues; 786-O, A498,
ACHN, Caki-1, and OS-RC-2

RCC cell lines 786-O, Caki1, A498,
Caki2, and ACHN

60 RCC tissues and matched adjacent
normal tissues; ACHN, 786-O and
769-P

76ccRCC tissues and adjacent normal
tissues; 786-O, Caki1, A498 and ACHN

60 pairs of ccRCC and adjacent
noncancer tissues; 786-O, A498, OS-
RC-2, 769-P and ACHN

786-0, Caki-1, A498 and ACHN

120 tumor tissue and paired adjacent
tissue; A498, Caki-2, ACHN, Hs891.T
and Cal-54

48 pairs of tissues and adjacent tissues;
HK-2, A498, 768-0, and 769-P

50 paired ccRCC and adjacent
paratumor tissues; HK2, A498, 786-0
and 769-P

85 pairs of ROC tissues and adjacent
non-tumor tissues; 786-O and ACHN
64 tumor tissues and normal renal
tissues; 786-O, ACHN, and A498

60 pairs of ccRCC tissues and normal
tissues; HK2, 786-0,769-p, Caki-1,
and A498

42 pairs of RCC tissues and matched
adjacent normal tissues; 769-P, Caki-1,
OSRC-2, and 786-0

60 pairs of ccRCC tissues and paired
adjacent normal kidney tissues; OSRC-
2, Caki-1, SN12-PM6, A498, and
SWe39

54 pairs of ccRCC tissues and paired
adjacent normal kidhey tissues; OSRC-
2, A48, SW839, 786-0, Caki-1, and
GRC-1

40 pairs of primary ccRCC and adjacent
normal tissues

786-0, A498, Caki-1

52 pais of ccRCC tissues and
paraneoplastic tissues; OS-RC-2,786-
0, 0S-RC-1, ACHN, Caki-1

79 paired RCC tissues and adjacent
non-tumor tissues; HK2, 786-0, and
ACHN

PMID

33468140

31692056

31637704

32070139

32547313

33472512

34308775

31456425

33266799

30488762

33193877

33618745

34407050

32729669

31904147

34274607

32292503

32929380

34274607

32464248

33173313

31476285

33408523

33531839

31492499

32503552

30478938

32884349

31497210

32342645

33173957

32900491

32717723

32503552

32541093

31782868

33560588

31106654

32550826

32821115

34740354

32428698

34036483

31629934

31672157

33969128

28089832

29490045

30271486

34775467





OPS/xhtml/nav.xhtml
Contents

		Cover

		CircRNAs as Novel Biomarkers and Therapeutic Targets in Renal Cell Carcinoma		Introduction

		Biological Characterization of CircRNAs		Biogenesis of CircRNAs

		Degradation of CircRNAs

		Functions of CircRNAs





		CircRNAs in Renal Carcinoma		CircRNAs Profiles in RCC

		CircRNAs in RCC and Molecular Mechanisms

		Relationships Between CircRNAs Levels and Clinicopathologic Characteristics in RCC

		CircRNAs as Diagnostic and Prognostic Biomarkers for RCC

		Therapeutic Role of CircRNAs in Renal Cancer





		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
In Molecular Biosciences

CircRNAs as Novel Biomarkers
and Therapeutic Targets in Renal
Cell Carcinoma





OPS/images/fmolb-09-833079-g001.gif





OPS/images/fmolb-09-833079-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





