

  biomedicines-10-00725




biomedicines-10-00725







Biomedicines 2022, 10(3), 725; doi:10.3390/biomedicines10030725




Review



Circular RNAs as Potential Biomarkers in Breast Cancer



Fatima Domenica Elisa De Palma 1,2,3,4,*[image: Orcid], Francesco Salvatore 3,4,5[image: Orcid], Jonathan G. Pol 1,2[image: Orcid], Guido Kroemer 1,2,6,7[image: Orcid] and Maria Chiara Maiuri 1,2,8,*





1



Equipe 11 Labellisée Par La Ligue Nationale Contre Le Cancer, Centre de Recherche Des Cordeliers, Inserm U1138, Université de Paris Cité, Sorbonne Université, 75006 Paris, France






2



Metabolomics and Cell Biology Platforms, Gustave Roussy Cancer Campus, 94800 Villejuif, France






3



Department of Molecular Medicine and Medical Biotechnology, University of Naples “Federico II”, 80131 Naples, Italy






4



CEINGE-Biotecnologie Avanzate, 80145 Naples, Italy






5



Inter-University Center for multifactorial and multi genetic chronic human diseases, “Federico II”-Naples, Tor Vergata-Roma II, and Chieti-Pescara Universities, 80131 Naples, Italy






6



Institut Universitaire de France, 75005 Paris, France






7



Department of Biology, Institut du Cancer Paris CARPEM, Hôpital Européen Georges Pompidou, AP-HP, 75015 Paris, France






8



Department of Pharmacy, University of Naples “Federico II”, 80131 Naples, Italy









*



Correspondence: depalma@ceinge.unina.it (F.D.E.D.P.); chiara.maiuri@crc.jussieu.fr (M.C.M.); Tel.: +39-3348176281 (F.D.E.D.P.)







Academic Editor: Christos K. Kontos



Received: 11 February 2022 / Accepted: 14 March 2022 / Published: 21 March 2022



Abstract

:

Due to the high heterogeneity and initially asymptomatic nature of breast cancer (BC), the management of this disease depends on imaging together with immunohistochemical and molecular evaluations. These tests allow early detection of BC and patient stratification as they guide clinicians in prognostication and treatment decision-making. Circular RNAs (circRNAs) represent a class of newly identified long non-coding RNAs. These molecules have been described as key regulators of breast carcinogenesis and progression. Moreover, circRNAs play a role in drug resistance and are associated with clinicopathological features in BC. Accumulating evidence reveals a clinical interest in deregulated circRNAs as diagnostic, prognostic and predictive biomarkers. Furthermore, due to their covalently closed structure, circRNAs are highly stable and easily detectable in body fluids, making them ideal candidates for use as non-invasive biomarkers. Herein, we provide an overview of the biogenesis and pleiotropic functions of circRNAs, and report on their clinical relevance in BC.
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1. Introduction


Breast cancer (BC) is a non-lethal malignancy when diagnosed at an early stage [1]. In the last decade, the 5-year survival rate of BC patients has increased, with deaths due to BC dropping by more than 20% [2,3,4]. These encouraging observations result from improved therapeutic strategies as well as from earlier detection, the latter resulting from the widespread use of screening mammography in women of >40 years of age [4]. These clinical advances were also achieved thanks to molecular profiling that provides crucial information on one of the main scourges of BC, namely tissue heterogeneity [1,5].



Depending on the expression profile of key histological markers (i.e., oestrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and Ki67), BC can be classified into four main subtypes: luminal A (lumA), luminal B (lumB), triple-negative (TNBC) and HER2-related BCs [1,6]. The heterogeneity of BC complicates its diagnostic and treatment decision-making, as well as prediction of the therapeutic response and survival [5,7]. Among all BC subtypes, lumA BC shows a better prognosis due to a high expression of druggable ER and PR [7,8]. By contrast, the TNBC subtype does not express ER, PR and HER2, leading to resistance to hormone and targeted treatments and unfavorable clinical outcome [1,6,7]. Therefore, determining the status of the diagnostic and predictive indicators is essential for the management of BC patients.



In addition to the established histological classification, other candidate biomarkers are being investigated. These include genetic features (mutations affecting one or multiple genes), epigenetic alterations (e.g., DNA methylation, non-coding RNAs [ncRNAs]), as well as protein analytes [8,9,10,11,12]. Detection of pathogenic mutations in the tumor suppressor genes BRCA1 and BRCA2 has greatly improved the management of BC patients and their relatives [13]. Indeed, BRCA testing predicts not only an increased risk of developing BC but also the responsiveness to platinum-based chemotherapy and to inhibitors of poly(ADP-ribose) polymerase (PARP) [14,15,16,17,18,19]. Nowadays, several multigene signature assays, including MammaPrint, Oncotype Dx and Prosigna/Prediction Analysis of Microarray50 (PAM50), have been approved for the diagnosis of early-stage BC, classification of molecular BC subgroups, and prediction of tumor recurrence [8,12]. Moreover, although small (miRNA) and long (lncRNA) non-coding RNAs have not (yet) been translated from bench to clinic in BC, accumulating evidence suggests their clinical utility as biomarkers in BC [9,11]. In the context of BC heterogeneity, profiling certain RNAs may complement conventional diagnostic methods. For example, in a recently published study, we have demonstrated that the abundance of a novel lncRNA, LINC01087, can discriminate the luminal and TNBC BC subtypes with high specificity [20].



Current methods applied for the diagnosis and prognosis of BC are invasive, expensive and time-consuming. Therefore, efforts are being done to characterize easily detectable biomarkers to ease the clinical management of BC patients. In this scenario, circular RNAs (circRNAs) are emerging as an attractive new class of highly stable and non-invasive diagnostic, prognostic and predictive biomarkers [21,22]. CircRNAs are a unique type of ncRNAs discovered in the 1970s and characterized by a loop structure [23]. Although they have been originally thought as junk biomolecules derived from splicing errors, circRNAs have demonstrated significant involvement in a variety of human diseases, such as diabetes mellitus, cardiovascular and neurological diseases, as well as in tumorigenesis, metastasis, cancer recurrence and multidrug resistance in neoplastic diseases [22,24,25].



This review article describes the current knowledge about the application of circRNAs as biomarkers in BC. We will first summarize circRNA biogenesis and their mode of action. Subsequently, we will discuss the clinical potential of circRNAs as tissue and circulating biomarkers for early detection, diagnosis and prognostication of breast cancer. Finally, we outline recent progress about circRNAs as useful predictors of resistance to therapeutic agents.




2. Biogenesis and Functions of Circular RNAs


Circular RNAs are a new type of evolutionary conserved single-stranded long ncRNAs that are characterized by a covalently closed loop without cap and polyadenilated (polyA) tail [25,26,27] (Figure 1). They are generated in the nucleus from precursor messenger RNAs (pre-mRNA) through different mechanisms, involving: (i) the exon skipping machinery, also known as “lariat-driven circularization”; and/or (ii) non-canonical mechanism of splicing (mostly), called back-splicing (or “intron-pairing”) wherein the 5′ end of a pre-mRNA upstream exon is spliced with the 3′ end of a downstream exon [24,26,28]. These processes of synthesis can be mediated and regulated by several factors comprising flanking inverted repeats and RNA binding proteins (RBPs) (e.g., quaking [QKI], muscleblind-like protein [MBL], RNA-specific adenosine deaminase enzyme [ADAR]) [24,29,30]. Notably, QKI and MBL proteins promote circRNA biogenesis, whereas ADARs inhibit it [30]. Additionally, epigenetic changes may control circRNA production [27,29,31]. Once generated, most circRNAs can be exported (through under investigated processes involving ATP-dependent RNA helicases) from the nucleus to the cytoplasm where they resist exonuclease-mediated digestion (mainly RNase R) and accumulate [26,29] (Figure 1). Due to their ring structure, circRNAs are remarkably stable molecules. Their half-life exceeds 48 h, which is twice as long than their linear counterparts [29].



Depending on the structural characteristics and on the mechanism of circularization, circRNAs are currently classified into three main types, namely circular intronic (ciRNA), exonic circRNAs (EcircRNA), and exon-intron circRNAs (EIciRNA) (Figure 1) [26,31].



EcircRNAs, from which the introns are spliced out, are mostly distributed in the cytoplasm and represent about 80% of total circRNAs [32]. Their circularization occurs via either exon skipping or back-splicing and they can contain one single or multiple exons [26]. CiRNAs consist only of introns and are mainly localized in the nucleus. They originate during splicing from intron lariats that escaped the debranching enzyme [32]. EIciRNAs, which are characterized by sequences derived from both exons and introns, are abundant in the nucleus and undergo similar biogenesis to eciRNAs (Figure 1) [33].



In contrast to their genesis, the degradation of circRNAs is understudied to date and seems to involve both exo- and endo-nucleases [29,34].



CircRNAs play crucial biological roles at the transcriptional and post-transcriptional levels. For instance, they can interact with RNA-binding proteins to act as protein scaffolds and protein sponges, or recruit proteins to specific cellular locations [26,35] (Figure 1). In addition to forming RNA-protein complexes, circRNAs can alter DNA methylation in the promoter of their parental gene to regulate their expression and functions [26,29,36]. Moreover, despite lacking 5′-cap and 3′-poly(A) tail, recent studies suggest that circRNAs may have a protein-coding potential [37,38,39,40] (Figure 1). For instance, circ-ZNF609 can be translated into a protein in a cap-independent, but splicing-dependent, manner [38]. Recent evidence revealed the potential of certain circRNAs like circRFWD2 to form pseudogenes [41,42]. Nevertheless, the main role of circRNAs seems to act as microRNA (miRNA) sponges [43] (Figure 1). In other studies, they appeared to function as competitive endogenous RNAs (ceRNAs) as they can bind complementary target regions in miRNAs, thus regulating gene expression and consequently downstream signaling pathways through the inhibition of miRNA activity. These pleiotropic properties explain the intricate involvement of circRNAs in tumorigenesis [25,31,44].




3. Circular RNAs as Tissue Biomarkers in Breast Cancer


CircRNAs are evolutionarily conserved ncRNAs that demonstrate tissue-specific expression. Due to their deregulated expression, the detection of certain circRNAs may implement the diagnosis and prognosis of BC patients as well as the prediction of response to therapy [21,45,46]. Substantial attention has been devoted to the quantification of single circRNA or signatures of circRNAs in tumor biopsies and cell lines. RNA-sequencing (RNA-seq) and/or microarray techniques are commonly used for the detection of circRNAs, while RT-qPCR or digital droplet PCR are secondarily applied for validating the results [47]. In this setting, increased expression of circRNAs has been associated with breast tumor status [47]. Moreover, different computational approaches dedicated to the study of circRNAs are emerging [48,49,50]. Collectively, these studies highlighted the potential of circRNAs as clinically relevant biomarkers in BC tissues as summarized in Table 1. Of note, the molecular and cellular mechanisms linking circRNAs deregulation and tumor progression remain poorly understood due to limited preclinical research on this topic.



3.1. Oncogenic and Tumor-Suppressive Circular RNAs as Biomarkers of Breast Carcinogenesis


In 2016, Zheng and collaborators identified circHIPK3 as abundantly expressed in seven tumor tissues with respect to six normal tissues using an RNA-seq approach [54]. Accordingly, other studies confirmed the upregulation of circHIPK3 in tumor tissues and cell lines as compared to normal samples [55,56].



In BC, a study conducted by Lu et al. provided a profile of deregulated circRNAs (hsa_circ_103110, hsa_circ_104689, hsa_circ_104821) with diagnostic potential in infiltrating ductal carcinoma [64]. A previous study had also evoked the predictive value of the circRNA profile in in situ and invasive ductal carcinoma [87]. Moreover, the circRNAs hsa_circ_0006743 and hsa_circ_0002496 were identified as upregulated in the early stage of BC, suggesting their interest in the early diagnosis of the disease [62]. Accordingly, the aberrant expression of hsa_circ_0005046 and hsa_circ_0001791 showed remarkable value for the early detection of BC (AUC = 0.77 and 1, respectively) and for predicting the clinical outcome [61]. A high level of additional circRNAs (e.g., circHMCU, hsa_circ_0055478 [circPTCD3], hsa_circ_0005728 [circUBE2D2], hsa_circ_0087784 [circRNF20], hsa_circ_008717 [circABCB10], hsa_circ0005230, circRPPH1_015) also demonstrated significance for the diagnosis and dismal prognosis of BC [51,57,58,59,60,63,69,79]. Other circRNAs have been associated with clinicopathological features. For instance, elevated expression of circDENND4C was associated with advanced breast tumor stages (lymph node engagement, metastasis) [52,53]. Another example concerns hsa_circ_0103552 whose overexpression in BC patients correlated with clinical severity as well as dismal prognosis [65]. Thus, multiple circRNAs seem to harbor an oncogenic activity in breast tissue.



In parallel, some circRNAs show tumor suppressor activity. For instance, circCCDC85A and hsa_circ_0072309 are found down-expressed in BC tissues and/or cell lines when compared to normal controls [66,69]. Similarly, circVRK1 is downregulated in BC [68]. Importantly, its high abundance has been associated with reduced tumor size, TNM stage, as well as better survival. In vitro, its expression inhibits proliferation and induces apoptosis in BC cells [68]. As another example, elevated expression of circLARP4 appeared as a biomarker of favorable prognosis in BC [67].




3.2. Circular RNAs as Biomarkers of Specific Breast Cancer Subtypes


To date, there remains a knowledge gap regarding the profile of circRNA across BC subtypes. CircRNAs have been particularly studied in TNBC which exhibits the most aggressiveness and resistance to chemotherapy [88]. In the latter subtype, circFBXW7 dysregulation coincided with a good prognosis [72]. Its level of expression negatively correlated with tumor size and lymph node metastasis. Overexpression of circFBXW7 inhibited murine TNBC cell proliferation in vitro and metastasis in vivo [72]. Conversely, a high expression of circEPSTI1, circAGFG1, and circKIF4A correlated with a dismal prognosis in TNBC [70,71,75]. In the same BC subtype, circUBAP2 expression was associated with advanced clinicopathological characteristics and poor overall survival [78]. Similarly, increased abundance of hsa_circ_0005320 (circSEPT9) was associated with advanced clinical stage and poor prognosis [77]. Moreover, in vitro and in vivo experiments corroborated its oncogenic role in breast tumorigenesis. In a recently published study, aberrant expression of circPDCD11 (hsa_circ_0019853) correlated with unfavorable survival and acted as an independent risk factor for TNBC prognosis [76]. Furthermore, circPDCD11 promoted TNBC progression by enhancing aerobic glycolysis [76]. CircGFRA1 has been described as upregulated in TNBC cell lines and tissues [73]. Kaplan-Meier curve analysis indicated that an elevated expression level of circGFRA1 predicted a poor outcome in BC. Additionally, circGFRA1 demonstrated interest as a therapeutic target [74]. Notably, the knockdown of circGFRA1 decreased the resistance of TNBC cells to paclitaxel by regulating the miR-361-5p/TLR4 pathway in the MDA-MB-231 cell line [74].



CircRNAs have not been particularly explored in luminal and HER2-related BC subtypes. In a research article published in 2016, Nair and colleagues attempted to determine signatures of circRNAs in distinct BC types using a bioinformatics approach called “Circ-Seq”. The latter is applied to transcriptomic data from BC clinical specimens extracted from the TCGA database [89]. In a microarray expression profile of circRNAs performed on BC cells, circASS1 was down-expressed in the MDA-MB-231 (TNBC) cell line but overexpressed in MCF7 (luminal) cells. Functional investigations corroborated the role of circASS1 in breast tumorigenesis [83]. This research requires further validation in other BC subtypes and tissue samples. Recently, differential expression of circRNAs between BC tissue subtypes has been inspected through a high-throughput microarray [80]. In particular, 140 upregulated and 95 downregulated circRNAs were identified. Among these, circTADA2A-E6 (hsa_circ_0006220) and circTADA2A-E5/E6 (hsa_circ_0043278) were significantly and uniformly downregulated across BC subtypes [80]. Conversely, low levels of hsa_circ_0044234 distinguished between TNBC and other BC subtypes, and were associated with high levels of Ki67, histological grade, and predicted worse clinical outcomes [85]. Thus, hsa_circ_0044234 demonstrated clinical usefulness as a discriminative diagnostic biomarker in TNBC (AUC = 0.82; p ≤  0.0001; 72.5% sensitivity and 83.64% specificity) [85]. Moreover, a recent study by Fan and collaborators evidenced a lower level of circNR3C2 (hsa_circ_0071127) in TNBC as compared to luminal BC tissues and cell lines [84]. Yet, overall high expression of circNR3C2 correlated with dismal prognosis [84]. Analogously, hsa_circ_001783 was more expressed in TNBCs than in the luminal and HER2+ BC subtypes [82]. Using BC cell lines, Tarrero and collaborators defined a set of circRNAs (circ_PGR_2-7, circ_CDH1_9-10, circ_ESR1_3-4, circ_NCOA3_4-9, circ_IGF1R_2, circ_GFRA1_5-7, circ_CDYL-4, circ_HIPK3_2, circ_RELL1_4-6, and circ_MAN1A_2-5) able to differentiate between samples of the luminal subtype and the others [90]. Another work evaluated the expression of circRNAs in 20 BC cell lines characterized by a luminal phenotype or TNBC epithelial or mesenchymal morphology [86]. The level of circSLC8A1 appeared significantly lower in the luminal than in the TNBC cell lines [86]. This result was confirmed in another study [81]. Furthermore, hsa_circ_0020397, also known as circDOCK1-1, showed high levels in luminal and epithelial TNBC cells, and a weak expression in mesenchymal TNBC cell lines [86].



Thus, circRNAs show a clinically relevant interest in the diagnosis of BC, in particular for its early detection and stratification into subtypes, as well as its prognosis.





4. Circular RNAs as Blood-Based Biomarkers in BC


In the diagnostic workflow of BC, imaging examinations must be integrated with cytological and histological diagnoses, which require invasive procedures for tissue sampling. This procedure particularly improves the differential discrimination of BC subtypes.



Liquid biopsy is a minimally invasive procedure that limits the need for solid tissues and therefore can overcome complications of surgical biopsies [91,92]. This rapid and powerful method aims at diagnosing tumors by detecting and quantifying related biomarkers that circulate in biofluids (e.g., blood, serum, urine, gastric juice, breast milk) [92]. Due to their circularized and covalently closed structure, circRNAs are highly stable in the bloodstream [93], increasing their potential relevance as circulating biomarkers in BC [94] (Table 2).



Over the past years, cumulated investigations proved the presence of circRNAs in the “tumor circulome” [106]. Like other types of ncRNAs, circRNAs can travel in the peripheral blood as cell-free RNAs or within extracellular vesicles (exosomes) [107,108,109]. A majority of studies revealed enrichment of circRNAs in serum or plasma samples of BC patients with respect to healthy samples [99,100,101,102,103,104,108,110,111]. Functional wet-lab experiments are anticipated to determine the involvement of circulating circRNAs in breast carcinogenesis.



4.1. Plasma Circular RNAs as Biomarkers in BC


The expression of four circRNAs, namely hsa_circ_0069094, hsa_circ_0079876, hsa_circ_0017650, and hsa_circ_0017536, was measured in plasma specimens of BC patients [102]. Both hsa_circ_0017650 and hsa_circ_0017536 were significantly upregulated in the bloodstream but not in breast tissue of the cohort as compared to healthy donors. By contrast, hsa_circ_0069094 and hsa_circ_0079876 showed the same altered abundance in both plasma and tissue specimens [102].



Hsa_circ_0001785 (circELP3) is considered a promising biomarker for early detection of BC [99]. By using a microarray approach, Yin and collaborators revealed a significant overexpression of hsa_circ_0001785 in plasma samples of BC patients (n = 5) as compared to healthy samples (n = 5). Its deregulated expression and diagnosis value were validated in a larger cohort (n = 40) by RT-qPCR and ROC curve analysis (AUC = 0.789), respectively. Changes in the level of expression of hsa_circ_0001785 were associated with worse tumor grade and TNM status. Remarkably, the abundance of hsa_circ_0001785 significantly decreased in post-operative plasma samples of BC patients when compared to pre-operative specimens. Concomitantly, a lower level of another circRNA, circFAF1, was witnessed in serum samples of BC patients prior to medical interventions (surgery and/or chemotherapy) as compared to post-treatment specimens [110]. Similarly, post-operative plasma samples from BC patients presented low levels of cell-free hsa_circ_0008673 with respect to pre-operative specimens [100]. Of note, further investigations will require a post-treatment follow-up of the circulating hsa_circ_0001785 and hsa_circ_0008673 to determine whether their detection could predict tumor recurrence. The measurement of hsa_circ_0008673 in plasma was distinguishing between BC patients and healthy controls. Moreover, increased detection level of circulating hsa_circ_0008673 was positively associated with clinicopathological features (e.g., larger tumor size, distant metastasis, ER and PR positive status) and predicted unfavorable overall and disease-specific survival. Mechanistically, the knockdown of hsa_circ_0008673 in BC cell lines impaired their proliferation, viability, as well as migration and invasion abilities. Thus, hsa_circ_0008673 displays a pro-oncogenic activity in breast tissue [100]. Furthermore, Zhang and collaborators recently reported that hsa_circ_0008673 regulates breast cell malignancy by upregulating CFL2 via the sponging of miR-153-3p [101].



An increased expression of hsa_circ_0104824 was observed in the plasma of 83 BC patients. It correlated with tumor stage and grading and exhibited a diagnostic value mainly in subjects with ER and PR positive BC [103]. Moreover, bioinformatics analyses revealed the role of hsa_circ_0104824 as a miRNA sponge, as well as its enrichment in oncological processes, such as proliferation and metastasis [103]. In a pilot study, Smid et al. measured by RT-qPCR circCNOT2 (hsa_circ_0008285) in plasma samples of four BC patients. Data supported interest in circCNOT2 as a non-invasive biomarker to predict response to chemotherapy [98]. CircBCBM1 (hsa_circ_0001944) was also detected in the plasma of BC patients. Interestingly, upregulation of this circRNA was observed in participants who developed brain metastasis as compared to non-metastatic BCs. Thus, CircBCBM1 measurement would benefit the diagnosis and prognosis of BC, and might constitute a novel target for the management of BC brain metastases [111].




4.2. Serum Circular RNAs as Biomarkers in BC


In a recent investigation, an upregulation of hsa_circ_0007255 (circKIF4A) was observed by RT-qPCR in serum samples of BC subjects (n = 50) versus healthy controls (n = 50) [105]. On top of this diagnostic potential, detection of a high level of hsa_circ_0007255 was also indicative of a poor prognosis in TNBC tissues. Experimentally, a dysregulation of hsa_circ_0007255 played an oncogenic role in breast tissue by modulating the miR-335-5p/SIX2 axis [105].



The abundance of circCDYL was measured in the serum of early (n = 30), benign (n = 14) and metastatic (pulmonary and hepatic distant sites; n = 18) BC patients using droplet digital PCR [104]. CircCDYL detection level segregated patients according to the severity of their pathology. More precisely, weak amounts of circulating circCDYL were quantitated in benign samples, as opposed to intermediate and strong levels in early and metastatic BCs, respectively. Intriguingly, real-time kinetics of serum circCDYL during chemotherapy revealed that the level of this circulating circRNA correlated with the response to therapy in metastatic BC patients. Along this line, high levels of serum circCDYL were associated with a worse prognosis in these patients [104].




4.3. Exosomal Circular RNAs as Biomarkers in BC


Exosomes are extracellular vesicles (EVs) whose content reflects some characteristics of their parental cell. CircRNAs can be enriched in exosomes released in the bloodstream [107] (Figure 1). Recently, Lin et al. described a signature of nine circRNAs isolated from plasma EVs (hsa_circ_0002190, hsa_circ_0007177, hsa_circ_0000642, hsa_circ_0001439, hsa_circ_0001417, hsa_circ_0005552, hsa_circ_0001073, hsa_circ_0000267, hsa_circ_0006404) and collectively referred to as BCExoC. Upregulation of BCExoC-related circRNAs appeared as a non-invasive determinant of early BC [97]. Similarly, the profile of circRNA in serum exosomes of BC patients versus healthy donors has been compared by Yang and collaborators using next-generation sequencing, subsequent validation by RT-qPCR, and bioinformatics analyses [96]. Among the deregulated circRNAs identified, hsa_circRNA_0005795 and hsa_circRNA_0088088 emerged as the most significantly downregulated and upregulated in BC with respect to normal samples, respectively. Likewise, another study reported the significant overexpression of five circRNAs (i.e., hsa_circ_0009634, hsa_circ_0020707, hsa_circ_0064923, hsa_circ_0104852, and hsa_circ0087064) in exosomes derived from BC cell lines, as well as from metastatic BC patients using transcriptomics approaches [95].



Altogether, circRNAs in liquid biopsy are promising biomarkers in human BC. Among the circulating circRNAs that have been identified, the majority was described for their diagnostic utility, but only a few showed a strong clinical potential, as demonstrated by low AUC values. Further investigations, including basics and translational research, are mandatory in order to potentiate and validate such potential.





5. Circular RNAs as Biomarkers of Resistance to BC Treatments


Surgery, standard and targeted chemotherapy, radiotherapy, hormone therapy and immunotherapy compose the current armamentarium against BC [6,7,26]. For each patient, establishing the therapeutic strategy requires a multidisciplinary team of clinicians to envision a variety of clinicopathological parameters (e.g., age, general health, body mass index, menopausal status, hormone receptor, HER2, nodal status, stage of the tumor) as well as genetic and molecular tumor determinants (e.g., mutations, gene expression profile) [6].



Patients with hormone receptor-positive tumors (luminal A and HER2-negative luminal B subtypes) are administered endocrine therapy (e.g., tamoxifen, fulvestran, aromatase inhibitors), which can be combined with standard chemotherapy and cyclin-dependent kinase 4/6 inhibitors (i.e., palbociclib, abemaciclib, ribociclib) [112]. HER2-positive luminal B and HER2-positive tumors benefit from chemotherapy in combination with monoclonal antibodies (e.g., trastuzumab, pertuzumab), and/or inhibitors of the tyrosine kinase domain of HER2 (e.g., lapatinib), together with endocrine therapy [113,114,115]. Regarding the aggressive TNBC subtype, chemotherapy is the reference treatment [116]. Chemotherapeutic regimens comprise some compounds that target the DNA repair complex (platinum drugs, taxanes), TP53 (taxanes) or cell proliferation (anthracycline-containing regimen) [117]. Yet, comprehensive molecular and functional studies have identified effective strategies that can improve the outcome and response to treatment of TNBC patients. These novel treatments include immune checkpoint inhibitors (anti-PD-1/PD-L1 antibodies), antibody-drug conjugates (ADCs), or again PARP inhibitors among others [116,117,118].



Nevertheless, resistance to treatments remains one of the main challenges in BC and an obstacle in increasing the survival rate of patients [119,120,121]. In this scenario, personalized medicine may significantly improve patient outcomes. To reach this goal, circRNAs appear as promising predictive biomarkers as accumulating evidence suggests their ability to regulate BC cell sensibility to therapies [45,122] (Table 3).



5.1. Circular RNAs as Biomarkers of Resistance to Hormone Therapy


Circ_0025202 has been reported as a potential predictive biomarker of BC resistance to tamoxifen (Table 3), one of the oldest and most successful endocrine therapies for ER-positive BCs [130]. In detail, circRNA_0025202 appeared downregulated in TAM-resistant MCF7 cells using an RNA-seq approach. Moreover, circRNA_0025202 overexpression reverted the sensitivity to tamoxifen in BC cells and mouse experimentations. Conversely, another study demonstrated the potential of hsa_circ_0003218, also known as circBMPR2, to reduce tamoxifen resistance through mir-553/USP4 axis [129] (Table 3).




5.2. Circular RNAs as Biomarkers of Resistance to Chemotherapy


It has been demonstrated that the inhibition of hsa_circ_0001946 (cirCDR1as) increases the sensitivity to 5-fluorouracil and cisplatin of originally resistant BC cells [123,124]. Xu and collaborators also provided information on the role of circSMARCA5 (hsa_circ_0001445) in affecting the sensitivity of BC to cisplatin [125]. CircSMARCA5 is present at a lower level in tissue and plasma samples of BC patients than in normal specimens. Interestingly, the study evidenced that restoration of circSMARCA5 levels improved the chemosensitivity of BC cells and tumors [125] (Table 3).



Several lines of evidence also revealed the inhibitory role of many circRNAs (e.g., circKDM4C, circUBE2D2, hsa_circ_0092276, circLARP4) in resistance to doxorubicin [67,79,126,128] (Table 3). Notably, circKDM4C (hsa_circ_0001839) downregulation has been associated with poor prognosis and lymphatic metastasis in BC tissues [126]. Moreover, doxorubicin-resistant cells showed a lower level of circKDM4C as compared with sensitive parental cells. Mechanistically, the knockdown of circKDM4C increased the resistance to doxorubicin. By contrast, its overexpression increased the sensitivity to doxorubicin in vitro and in vivo. Thereby, circKDM4C may be a potential biomarker to predict the response to doxorubicin in BC patients [126]. Similarly, another recently published study demonstrated the involvement of circUBE2D2 (hsa_circ_0005728) in cancer progression and doxorubicin resistance in TNBC, by acting at the cellular level as a sponge of miR-512-3p, in turn resulting in the upregulation of CDCA3 expression [79].



A signature of 18 differentially expressed circRNAs has been identified by comparing doxorubicin (also known as adriamycin or ADM)-resistant MCF7 BC cells versus parental MCF7 cells, using a high-throughput circRNA microarray approach [127]. Among them, the expression of hsa_circ_0006528 was significantly associated with ADM-resistant BC cells and tissues (Table 3). Remarkably, the sensitivity of ADM-resistant cells to ADM was increased after forced downregulation of hsa_circ_0006528 using RNA interference method.



Data from different investigations also highlighted the involvement of circRNAs in the resistance to taxanes. For example, circABCB1, circEPHA3.1 and circEPHA3.2 contribute to the resistance to docetaxel via the PI3K-Akt and AGE-RAGE signaling pathways [131] (Table 3). CircAMOTL1 has been reported to inhibit cell apoptosis when exposed to paclitaxel (PTX) in vitro [132] (Table 3). Accordingly, circRNF111 (hsa_circ_0001982) promoted resistance to PTX in BC cells in vitro and enhanced PTX sensitivity in vivo [133] (Table 3). Similarly, CircABCB10 interferes with PTX responsiveness [134] (Table 3). Its expression was higher in PXT-resistant BC cells and tissues than in corresponding parental samples. The silencing of circABCB10 decreased the proliferation of BC cells through the upregulation of the phosphatase DUSP7 via the sponging of the miRNA let-7a-5p. In vivo investigation raised concordant results, therefore comforting a contribution of circABCB10 to PTX resistance [134].




5.3. Circular RNAs as Biomarkers of Resistance to Radiotherapy and Immunotherapy


In a recently published paper, Zhao and colleagues demonstrated that upregulation of circABCB10 increased BC resistance to radiotherapy via the miR-223-3p/PFN axis [135] (Table 3).



Li and colleagues reported high levels of circHER2 in TNBC [136]. In comparison to circHER2-negative TNBCs, patients bearing circHER2-positive TNBC tumors presented an unfavorable outcome. Notably, this work reported that circHER2 encodes for a 103-amino acid protein named HER2-103. This protein seemed to participate in the proliferation and invasion of TNBC cells. Interestingly, HER2-103 shared some sequences with the CR1 domain of HER2 thus sensitizing it to antagonization by pertuzumab. Along this line, pertuzumab reduced the progression of circHER2 and HER2–103 positive TNBC tumors [136]. Interestingly, although pertuzumab is commonly used for HER2 blockade in HER2-positive BC patients only, this study showed that TNBC patients that express circ-HER2/HER2-103 could benefit from pertuzumab as well.



In summary, circRNAs may serve as predictors for responsiveness to chemo-, radio-, immuno- and hormone-therapies. Further clinical investigations are encouraged for validation.





6. Discussion


Over the last decade, scientific knowledge on circRNAs in BC has considerably expanded. CircRNAs gradually revealed multiple functions as oncogenic or tumor suppressor molecules in different aspects of breast carcinogenesis (e.g., angiogenesis, cell proliferation, apoptosis, epithelial to mesenchymal transition, metastasis, drug resistance) [26]. They also play important physiological roles such as cellular differentiation and maintenance of stem cell pluripotency [137]. However, only a small subset of the circRNAs identified (mainly by RNA-seq technique) has been deeply studied or validated by independent methods. Being deregulated in BC, the assessment of individual circRNA or signature of circRNAs expression may have clinical relevance for patient management [94]. Numerous circRNAs have been depicted as potential biomarkers for BC diagnosis (mainly) and prognostication. In particular, their assessment can facilitate early detection of BC which is critical to avoid morbidity and metastasis, and thus extend survival [45,138]. Among them, ten circRNAs (i.e., hsa_circ_0005046, hsa_circ_0001791, hsa_circ_006054, hsa_circ_100219, circVRK1, circAGFG1, circSEPT9, circTADA2A-E6, circTADA2A-E5/E6, and hsa_circ_0044234) showed a high potential as diagnostic biomarkers (AUC > 0.7).



Their role in predicting responsiveness to radiotherapy and to various therapeutic compounds has also been described [122,127]. In particular, altered abundance of circRNAs was able to increase the chemosensitivity to doxorubicin (circKDM4C, circUBE2D2, and circLARP4), pertuzumab (circHER2), cisplatin (circSMARCA5), tamoxifen (circRNA_0025202, circBMPR2), 5- fluorouracil (cirCDR1as) and taxanes (circABCB1, circEPHA3.1, circEPHA3.2, circABCB10, and circRNF111) [79,123,129,130,131,133,134,135,136]. Furthermore, some evidence encourages the application of circRNAs as therapeutic agents thanks to their regulatory capacity [139].



Owing to their high stability in human body fluids (e.g., blood, urine, breast milk), circRNAs may have a pivotal role as biomarkers also in the blood circulation of BC patients [94,106,108]. They have been detected in whole blood, serum, plasma, as well as in isolated exosomes [95,97,107,108]. Inter alia, six circulating circRNAs (i.e., hsa_circ_0017650, hsa_circ_0001785, hsa_circ_0008673, hsa_circ_0104824, circKIF4A and BCexoc) demonstrated a strong diagnostic value (AUC >0.7). The BCexoc biomarker signature of nine circRNAs stands out for its potential clinical utility. Indeed, considering the successful clinical application of tissue-based multigene assays, such as MammaPrint and OncotypeDx, the quantitative measurement of BCexoc seems to be entirely feasible and hence might be introduced into the practical management of early BC.



Currently, the majority of the published studies have conducted their experimental research on cell lines and tissue specimens from small discovery cohorts, often without validation in independent cohorts. Moreover, differently from other ncRNAs, only a few studies showed the potential role of circRNAs to differentiate between BC subtypes, with a particular focus on TNBC [85,89]. Interestingly, hsa_circ_0044234 demonstrated its potential role in discriminating TNBC from non-TNBC patients (AUC = 0.82, p < 0.0001, sensitivity = 72.5%, specificity = 83.6%). Despite the fact that luminal BC has a relatively good prognosis, a subset of patients do show a dismal outcome and do not respond to hormone therapy. Hence, there is a critical need to identify new biomarkers for early detection and more effective therapies also in luminal subtypes, as well as HER2-related tumors.



This area of research concerning the potential utility of circRNAs as tumor markers is as attractive as it is complex and challenging, especially for its clinical applicability. Significant insights in the field have proved their clinically valuable potential role for personalized diagnostic and treatment. However, as opposed to other ncRNAs, their clinical relevance as biomarkers in BC has not been assessed in large clinical cohorts. Currently, their potential value as diagnostic, prognostic, and therapeutic biomarkers is being evaluated as illustrated by the registration of ten recruiting clinical trials in a variety of human diseases (e.g., neuroendocrine tumors, ischemic stroke, pancreaticobiliary cancers, pancreas adenocarcinoma) (source: clinicaltrials.gov, accessed on 1 Febuary 2022).



We believe that future investigations should overcome the disturbing methodological heterogeneity and absence of methodological standardization. To progress to clinical translation, larger and better-characterized cohorts, proper validation techniques, appropriate control groups, together with more information on tissue heterogeneity of BC will be needed.



We envision that circRNAs will revolutionize and streamline the complicated diagnostic workflow of BC and will usher new therapeutic scenarios that will have full potential to improve the clinical outcomes of BC patients. Considering the power and versatility of circulating molecules, we would like to encourage scientific advances with respect to circRNA in the context of liquid biopsies.




7. Conclusions


CircRNAs have been recently discovered and their role in breast pathogenesis is recognized. In this Review, we have summarized unfolding research on these intriguing molecules in BC. Moreover, we have emphasized their potential clinical utility for the diagnostic and therapeutic management of BC.



Several lines of evidence demonstrate the likely utility of circRNAs as diagnostic, prognostic, and treatment-guiding biomarkers in BC. In particular circRNAs showed great potential in stratifying patients according to the BC subtype. The majority of the studies focused on the detection and quantification of circRNAs in BC tissue specimens from patients. In addition, recent research has focused on circulating circRNAs (found in the liquid phase of plasma or serum as well as bound to exosomes), considering the necessity of non-invasive and robust biomarkers.



Despite progress in the area, none of the proposed circRNAs has (yet) reached clinical approval as a biomarker. At present, knowledge gaps on circRNAs are exacerbated by the biological and the pre- and post-analytical variability, as well as by methodological challenges, impeding their clinical exploitation. It can be hoped that progressive methodological refinement and standardization will open the path to future prospective trials that definitively establish the clinical utility of circRNA measurements.







Author Contributions


Conceptualization, writing—original draft preparation, F.D.E.D.P. and J.G.P.; writing—review and editing, F.S., G.K. and M.C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. JGP is supported by the SIRIC Cancer Research and Personalized Medicine (CARPEM); Multi-Organism Institute (ITMO) Aviesan Cancer (National Alliance for Life Sciences and Health), Institut National du Cancer (INCa), and Fondation pour la Recherche Médicale (FRM). M.C.M. is supported by CARPEM. G.K. is supported by the Ligue contre le Cancer (équipe labelliseé); Agence National de la Recherche (ANR)–Projets blancs; ANR under the frame of E-Rare-2, the ERA-Net for Research on Rare Diseases; Association pour la recherche sur le cancer (ARC); Cancéropôle Ile-de-France; Chancellerie des universités de Paris (Legs Poix), Fondation pour la Recherche Médicale (FRM); a donation by Elior; European Research Area Network on Cardiovascular Diseases (ERA-CVD, MINOTAUR); Gustave Roussy Odyssea, the European Union Horizon 2020 Project Oncobiome; Fondation Carrefour; High-end Foreign Expert Program in China (GDW20171100085), Institut National du Cancer (INCa); Inserm (HTE); Institut Universitaire de France; LeDucq Foundation; the LabEx Immuno-Oncology; the RHU Torino Lumière; the Seerave Foundation; the SIRIC Stratified Oncology Cell DNA Repair and Tumor Immune Elimination (SOCRATE); and the CARPEM.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Harbeck, N.; Penault-Llorca, F.; Cortes, J.; Gnant, M.; Houssami, N.; Poortmans, P.; Ruddy, K.; Tsang, J.; Cardoso, F. Breast Cancer. Nat. Rev. Dis. Primers 2019, 5, 66. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Berry, D.A.; Cronin, K.A.; Plevritis, S.K.; Fryback, D.G.; Clarke, L.; Zelen, M.; Mandelblatt, J.S.; Yakovlev, A.Y.; Habbema, J.D.F.; Feuer, E.J.; et al. Effect of Screening and Adjuvant Therapy on Mortality from Breast Cancer. N. Engl. J. Med. 2005, 353, 1784–1792. [Google Scholar] [CrossRef] [PubMed]

	



Oeffinger, K.C.; Fontham, E.T.H.; Etzioni, R.; Herzig, A.; Michaelson, J.S.; Shih, Y.-C.T.; Walter, L.C.; Church, T.R.; Flowers, C.R.; LaMonte, S.J.; et al. Breast Cancer Screening for Women at Average Risk: 2015 Guideline Update from the American Cancer Society. JAMA 2015, 314, 1599–1614. [Google Scholar] [CrossRef] [PubMed]

	



Lüönd, F.; Tiede, S.; Christofori, G. Breast Cancer as an Example of Tumour Heterogeneity and Tumour Cell Plasticity during Malignant Progression. Br. J. Cancer 2021, 125, 164–175. [Google Scholar] [CrossRef]

	



Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast Cancer. Lancet 2021, 397, 1750–1769. [Google Scholar] [CrossRef]

	



Waks, A.G.; Winer, E.P. Breast Cancer Treatment: A Review. JAMA 2019, 321, 288–300. [Google Scholar] [CrossRef] [PubMed]

	



Zubair, M.; Wang, S.; Ali, N. Advanced Approaches to Breast Cancer Classification and Diagnosis. Front. Pharmacol. 2021, 11, 2487. [Google Scholar] [CrossRef]

	



Volovat, S.R.; Volovat, C.; Hordila, I.; Hordila, D.-A.; Mirestean, C.C.; Miron, O.T.; Lungulescu, C.; Scripcariu, D.V.; Stolniceanu, C.R.; Konsoulova-Kirova, A.A.; et al. MiRNA and LncRNA as Potential Biomarkers in Triple-Negative Breast Cancer: A Review. Front. Oncol. 2020, 10, 2423. [Google Scholar] [CrossRef]

	



Locke, W.J.; Guanzon, D.; Ma, C.; Liew, Y.J.; Duesing, K.R.; Fung, K.Y.C.; Ross, J.P. DNA Methylation Cancer Biomarkers: Translation to the Clinic. Frontiers in Genetics 2019, 10, 1150. [Google Scholar] [CrossRef]

	



Lu, C.; Wei, D.; Zhang, Y.; Wang, P.; Zhang, W. Long Non-Coding RNAs as Potential Diagnostic and Prognostic Biomarkers in Breast Cancer: Progress and Prospects. Front. Oncol. 2021, 11, 3348. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, M.J.; Harbeck, N.; Nap, M.; Molina, R.; Nicolini, A.; Senkus, E.; Cardoso, F. Clinical Use of Biomarkers in Breast Cancer: Updated Guidelines from the European Group on Tumor Markers (EGTM). Eur. J. Cancer 2017, 75, 284–298. [Google Scholar] [CrossRef] [PubMed]

	



Tung, N.M.; Garber, J.E. BRCA1/2 Testing: Therapeutic Implications for Breast Cancer Management. Br. J. Cancer 2018, 119, 141–152. [Google Scholar] [CrossRef]

	



von Minckwitz, G.; Schneeweiss, A.; Loibl, S.; Salat, C.; Denkert, C.; Rezai, M.; Blohmer, J.U.; Jackisch, C.; Paepke, S.; Gerber, B.; et al. Neoadjuvant Carboplatin in Patients with Triple-Negative and HER2-Positive Early Breast Cancer (GeparSixto; GBG 66): A Randomised Phase 2 Trial. Lancet Oncol. 2014, 15, 747–756. [Google Scholar] [CrossRef]

	



Tung, N.; Arun, B.; Hacker, M.R.; Hofstatter, E.; Toppmeyer, D.L.; Isakoff, S.J.; Borges, V.; Legare, R.D.; Isaacs, C.; Wolff, A.C.; et al. TBCRC 031: Randomized Phase II Study of Neoadjuvant Cisplatin Versus Doxorubicin-Cyclophosphamide in Germline BRCA Carriers With HER2-Negative Breast Cancer (the INFORM Trial). J. Clin. Oncol. 2020, 38, 1539–1548. [Google Scholar] [CrossRef] [PubMed]

	



Robson, M.E.; Tung, N.; Conte, P.; Im, S.-A.; Senkus, E.; Xu, B.; Masuda, N.; Delaloge, S.; Li, W.; Armstrong, A.; et al. OlympiAD Final Overall Survival and Tolerability Results: Olaparib versus Chemotherapy Treatment of Physician’s Choice in Patients with a Germline BRCA Mutation and HER2-Negative Metastatic Breast Cancer. Ann. Oncol. 2019, 30, 558–566. [Google Scholar] [CrossRef] [PubMed]

	



Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med. 2018, 379, 753–763. [Google Scholar] [CrossRef]

	



Litton, J.K.; Hurvitz, S.A.; Mina, L.A.; Rugo, H.S.; Lee, K.-H.; Gonçalves, A.; Diab, S.; Woodward, N.; Goodwin, A.; Yerushalmi, R.; et al. Talazoparib versus Chemotherapy in Patients with Germline BRCA1/2-Mutated HER2-Negative Advanced Breast Cancer: Final Overall Survival Results from the EMBRACA Trial. Ann. Oncol. 2020, 31, 1526–1535. [Google Scholar] [CrossRef]

	



Diéras, V.; Han, H.S.; Kaufman, B.; Wildiers, H.; Friedlander, M.; Ayoub, J.-P.; Puhalla, S.L.; Bondarenko, I.; Campone, M.; Jakobsen, E.H.; et al. Veliparib with Carboplatin and Paclitaxel in BRCA-Mutated Advanced Breast Cancer (BROCADE3): A Randomised, Double-Blind, Placebo-Controlled, Phase 3 Trial. Lancet Oncol. 2020, 21, 1269–1282. [Google Scholar] [CrossRef]

	



De Palma, F.D.E.; Del Monaco, V.; Pol, J.G.; Kremer, M.; D’Argenio, V.; Stoll, G.; Montanaro, D.; Uszczyńska-Ratajczak, B.; Klein, C.C.; Vlasova, A.; et al. The Abundance of the Long Intergenic Non-Coding RNA 01087 Differentiates between Luminal and Triple-Negative Breast Cancers and Predicts Patient Outcome. Pharmacol. Res. 2020, 161, 105249. [Google Scholar] [CrossRef]

	



Sarkar, D.; Diermeier, S.D. Circular RNAs: Potential Applications as Therapeutic Targets and Biomarkers in Breast Cancer. Noncoding RNA 2021, 7, 2. [Google Scholar] [CrossRef] [PubMed]

	



Verduci, L.; Tarcitano, E.; Strano, S.; Yarden, Y.; Blandino, G. CircRNAs: Role in Human Diseases and Potential Use as Biomarkers. Cell Death Dis. 2021, 12, 468. [Google Scholar] [CrossRef]

	



Sanger, H.L.; Klotz, G.; Riesner, D.; Gross, H.J.; Kleinschmidt, A.K. Viroids Are Single-Stranded Covalently Closed Circular RNA Molecules Existing as Highly Base-Paired Rod-like Structures. Proc. Natl. Acad. Sci. USA 1976, 73, 3852–3856. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, M.-S.; Ai, Y.; Wilusz, J.E. Biogenesis and Functions of Circular RNAs Come into Focus. Trends Cell Biol. 2020, 30, 226–240. [Google Scholar] [CrossRef]

	



Harper, K.L.; Mottram, T.J.; Whitehouse, A. Insights into the Evolving Roles of Circular RNAs in Cancer. Cancers 2021, 13, 4180. [Google Scholar] [CrossRef] [PubMed]

	



Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K.K.; Hansen, T.B.; Kjems, J. The Biogenesis, Biology and Characterization of Circular RNAs. Nat. Rev. Genet. 2019, 20, 675–691. [Google Scholar] [CrossRef] [PubMed]

	



Pervouchine, D.D. Circular Exonic RNAs: When RNA Structure Meets Topology. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 194384. [Google Scholar] [CrossRef]

	



Chen, L.-L. The Expanding Regulatory Mechanisms and Cellular Functions of Circular RNAs. Nat. Rev. Mol. Cell Biol. 2020, 21, 475–490. [Google Scholar] [CrossRef]

	



Huang, A.; Zheng, H.; Wu, Z.; Chen, M.; Huang, Y. Circular RNA-Protein Interactions: Functions, Mechanisms, and Identification. Theranostics 2020, 10, 3503–3517. [Google Scholar] [CrossRef]

	



Conn, S.J.; Pillman, K.A.; Toubia, J.; Conn, V.M.; Salmanidis, M.; Phillips, C.A.; Roslan, S.; Schreiber, A.W.; Gregory, P.A.; Goodall, G.J. The RNA Binding Protein Quaking Regulates Formation of CircRNAs. Cell 2015, 160, 1125–1134. [Google Scholar] [CrossRef]

	



Papatsirou, M.; Artemaki, P.I.; Karousi, P.; Scorilas, A.; Kontos, C.K. Circular RNAs: Emerging Regulators of the Major Signaling Pathways Involved in Cancer Progression. Cancers 2021, 13, 2744. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhang, X.-O.; Chen, T.; Xiang, J.-F.; Yin, Q.-F.; Xing, Y.-H.; Zhu, S.; Yang, L.; Chen, L.-L. Circular Intronic Long Noncoding RNAs. Mol. Cell 2013, 51, 792–806. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Huang, C.; Bao, C.; Chen, L.; Lin, M.; Wang, X.; Zhong, G.; Yu, B.; Hu, W.; Dai, L.; et al. Exon-Intron Circular RNAs Regulate Transcription in the Nucleus. Nat. Struct. Mol. Biol. 2015, 22, 256–264. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.-X.; Li, X.; Nan, F.; Jiang, S.; Gao, X.; Guo, S.-K.; Xue, W.; Cui, Y.; Dong, K.; Ding, H.; et al. Structure and Degradation of Circular RNAs Regulate PKR Activation in Innate Immunity. Cell 2019, 177, 865–880.e21. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Zhao, G.; Yan, X.; Lv, Z.; Yin, H.; Zhang, S.; Song, W.; Li, X.; Li, L.; Du, Z.; et al. A Novel FLI1 Exonic Circular RNA Promotes Metastasis in Breast Cancer by Coordinately Regulating TET1 and DNMT1. Genome Biol. 2018, 19, 218. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Xu, K.; Fu, L.; Wang, Q.; Chang, Z.; Zou, H.; Zhang, Y.; Li, Y. Revealing Epigenetic Factors of CircRNA Expression by Machine Learning in Various Cellular Contexts. iScience 2020, 23, 101842. [Google Scholar] [CrossRef]

	



Pamudurti, N.R.; Bartok, O.; Jens, M.; Ashwal-Fluss, R.; Stottmeister, C.; Ruhe, L.; Hanan, M.; Wyler, E.; Perez-Hernandez, D.; Ramberger, E.; et al. Translation of CircRNAs. Mol. Cell 2017, 66, 9–21.e7. [Google Scholar] [CrossRef]

	



Legnini, I.; Di Timoteo, G.; Rossi, F.; Morlando, M.; Briganti, F.; Sthandier, O.; Fatica, A.; Santini, T.; Andronache, A.; Wade, M.; et al. Circ-ZNF609 Is a Circular RNA That Can Be Translated and Functions in Myogenesis. Mol. Cell 2017, 66, 22–37.e9. [Google Scholar] [CrossRef]

	



Zhang, M.; Huang, N.; Yang, X.; Luo, J.; Yan, S.; Xiao, F.; Chen, W.; Gao, X.; Zhao, K.; Zhou, H.; et al. A Novel Protein Encoded by the Circular Form of the SHPRH Gene Suppresses Glioma Tumorigenesis. Oncogene 2018, 37, 1805–1814. [Google Scholar] [CrossRef]

	



Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F.; Huang, N.; Yang, X.; Zhao, K.; Zhou, H.; et al. Novel Role of FBXW7 Circular RNA in Repressing Glioma Tumorigenesis. J. Natl. Cancer Inst. 2018, 110, 304–315. [Google Scholar] [CrossRef]

	



Dong, R.; Zhang, X.-O.; Zhang, Y.; Ma, X.-K.; Chen, L.-L.; Yang, L. CircRNA-Derived Pseudogenes. Cell Res. 2016, 26, 747–750. [Google Scholar] [CrossRef] [PubMed]

	



Braicu, C.; Zimta, A.-A.; Harangus, A.; Iurca, I.; Irimie, A.; Coza, O.; Berindan-Neagoe, I. The Function of Non-Coding RNAs in Lung Cancer Tumorigenesis. Cancers 2019, 11, 605. [Google Scholar] [CrossRef]

	



Panda, A.C. Circular RNAs Act as MiRNA Sponges. In Circular RNAs: Biogenesis and Functions; Advances in Experimental Medicine and Biology; Xiao, J., Ed.; Springer: Singapore, 2018; pp. 67–79. ISBN 9789811314261. [Google Scholar]

	



Liu, J.; Zhang, X.; Yan, M.; Li, H. Emerging Role of Circular RNAs in Cancer. Front. Oncol. 2020, 10, 663. [Google Scholar] [CrossRef] [PubMed]

	



He, X.; Xu, T.; Hu, W.; Tan, Y.; Wang, D.; Wang, Y.; Zhao, C.; Yi, Y.; Xiong, M.; Lv, W.; et al. Circular RNAs: Their Role in the Pathogenesis and Orchestration of Breast Cancer. Front. Cell Dev. Biol. 2021, 9, 431. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, S.; Chen, W.; Yang, S.; Xu, Z.; Hu, J.; Zhang, H.; Zhong, S.; Tang, J. The Emerging Role of Circular RNAs in Breast Cancer. Biosci. Rep. 2019, 39, BSR20190621. [Google Scholar] [CrossRef]

	



Pandey, P.R.; Munk, R.; Kundu, G.; De, S.; Abdelmohsen, K.; Gorospe, M. Methods for Analysis of Circular RNAs. Wiley Interdiscip Rev. RNA 2020, 11, e1566. [Google Scholar] [CrossRef] [PubMed]

	



Jakobi, T.; Dieterich, C. Computational Approaches for Circular RNA Analysis. Wiley Interdiscip Rev. RNA 2019, 10, e1528. [Google Scholar] [CrossRef]

	



Zhang, J.; Chen, S.; Yang, J.; Zhao, F. Accurate Quantification of Circular RNAs Identifies Extensive Circular Isoform Switching Events. Nat. Commun. 2020, 11, 90. [Google Scholar] [CrossRef]

	



Shi, H.; Zhou, Y.; Jia, E.; Liu, Z.; Pan, M.; Bai, Y.; Zhao, X.; Ge, Q. Comparative Analysis of Circular RNA Enrichment Methods. RNA Biol. 2022, 19, 55–67. [Google Scholar] [CrossRef]

	



Liang, H.-F.; Zhang, X.-Z.; Liu, B.-G.; Jia, G.-T.; Li, W.-L. Circular RNA Circ-ABCB10 Promotes Breast Cancer Proliferation and Progression through Sponging MiR-1271. Am. J. Cancer Res. 2017, 7, 1566–1576. [Google Scholar]

	



Liang, G.; Liu, Z.; Tan, L.; Su, A.; Jiang, W.G.; Gong, C. HIF1α-Associated CircDENND4C Promotes Proliferation of Breast Cancer Cells in Hypoxic Environment. Anticancer Res. 2017, 37, 4337–4343. [Google Scholar] [PubMed]

	



Ren, S.; Liu, J.; Feng, Y.; Li, Z.; He, L.; Li, L.; Cao, X.; Wang, Z.; Zhang, Y. Knockdown of CircDENND4C Inhibits Glycolysis, Migration and Invasion by up-Regulating MiR-200b/c in Breast Cancer under Hypoxia. J. Exp. Clin. Cancer Res. 2019, 38, 388. [Google Scholar] [CrossRef]

	



Zheng, Q.; Bao, C.; Guo, W.; Li, S.; Chen, J.; Chen, B.; Luo, Y.; Lyu, D.; Li, Y.; Shi, G.; et al. Circular RNA Profiling Reveals an Abundant CircHIPK3 That Regulates Cell Growth by Sponging Multiple MiRNAs. Nat. Commun. 2016, 7, 11215. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Zhao, H.; Lin, L.; Liu, J.; Bai, J.; Wang, G. Circular RNA CirCHIPK3 Promotes Cell Proliferation and Invasion of Breast Cancer by Sponging MiR-193a/HMGB1/PI3K/AKT Axis. Thorac. Cancer 2020, 11, 2660–2671. [Google Scholar] [CrossRef]

	



Luo, N.; Liu, S.; Li, X.; Hu, Y.; Zhang, K. Circular RNA CircHIPK3 Promotes Breast Cancer Progression via Sponging MiR-326. Cell Cycle 2021, 20, 1320–1333. [Google Scholar] [CrossRef]

	



Song, X.; Liang, Y.; Sang, Y.; Li, Y.; Zhang, H.; Chen, B.; Du, L.; Liu, Y.; Wang, L.; Zhao, W.; et al. CircHMCU Promotes Proliferation and Metastasis of Breast Cancer by Sponging the Let-7 Family. Mol. Ther.-Nucleic Acids 2020, 20, 518–533. [Google Scholar] [CrossRef]

	



Zhang, Z.; Hu, H.; Li, Q.; Yi, F.; Liu, Y. A Novel Circular RNA CircPTCD3 Promotes Breast Cancer Progression Through Sponging MiR-198. Cancer Manag. Res. 2021, 13, 8435–8443. [Google Scholar] [CrossRef]

	



Cao, L.; Wang, M.; Dong, Y.; Xu, B.; Chen, J.; Ding, Y.; Qiu, S.; Li, L.; Karamfilova Zaharieva, E.; Zhou, X.; et al. Circular RNA CircRNF20 Promotes Breast Cancer Tumorigenesis and Warburg Effect through MiR-487a/HIF-1α/HK2. Cell Death Dis. 2020, 11, 145. [Google Scholar] [CrossRef]

	



Zhao, C.; Li, L.; Li, Z.; Xu, J.; Yang, Q.; Shi, P.; Zhang, K.; Jiang, R. A Novel Circular RNA Hsa_circRPPH1_015 Exerts an Oncogenic Role in Breast Cancer by Impairing MiRNA-326-Mediated ELK1 Inhibition. Front. Oncol. 2020, 10, 906. [Google Scholar] [CrossRef]

	



Ameli-Mojarad, M.; Ameli-Mojarad, M.; Nourbakhsh, M.; Nazemalhosseini-Mojarad, E. Circular RNA Hsa_circ_0005046 and Hsa_circ_0001791 May Become Diagnostic Biomarkers for Breast Cancer Early Detection. J. Oncol. 2021, 2021, 2303946. [Google Scholar] [CrossRef]

	



Rao, A.K.D.M.; Arvinden, V.R.; Ramasamy, D.; Patel, K.; Meenakumari, B.; Ramanathan, P.; Sundersingh, S.; Sridevi, V.; Rajkumar, T.; Herceg, Z.; et al. Identification of Novel Dysregulated Circular RNAs in Early-Stage Breast Cancer. J. Cell Mol. Med. 2021, 25, 3912–3921. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Yao, Y.; Leng, K.; Ji, D.; Qu, L.; Liu, Y.; Cui, Y. Increased Expression of Circular RNA Circ_0005230 Indicates Dismal Prognosis in Breast Cancer and Regulates Cell Proliferation and Invasion via MiR-618/ CBX8 Signal Pathway. CPB 2018, 51, 1710–1722. [Google Scholar] [CrossRef] [PubMed]

	



Lü, L.; Sun, J.; Shi, P.; Kong, W.; Xu, K.; He, B.; Zhang, S.; Wang, J. Identification of Circular RNAs as a Promising New Class of Diagnostic Biomarkers for Human Breast Cancer. Oncotarget 2017, 8, 44096–44107. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; He, Y.; Zhang, X.; Guo, L. Circular RNA Hsa_circ_0103552 Promotes Proliferation, Migration, and Invasion of Breast Cancer Cells through Upregulating Cysteine-Rich Angiogenic Inducer 61 (CYR61) Expression via Sponging MicroRNA-515-5p. Tohoku J. Exp. Med. 2021, 255, 171–181. [Google Scholar] [CrossRef]

	



Meng, L.; Chang, S.; Sang, Y.; Ding, P.; Wang, L.; Nan, X.; Xu, R.; Liu, F.; Gu, L.; Zheng, Y.; et al. Circular RNA CircCCDC85A Inhibits Breast Cancer Progression via Acting as a MiR-550a-5p Sponge to Enhance MOB1A Expression. Breast Cancer Res. 2022, 24, 1. [Google Scholar] [CrossRef]

	



Zhang, X.; Su, X.; Guo, Z.; Jiang, X.; Li, X. Circular RNA La-Related RNA-Binding Protein 4 Correlates with Reduced Tumor Stage, as Well as Better Prognosis, and Promotes Chemosensitivity to Doxorubicin in Breast Cancer. J. Clin. Lab. Anal. 2020, 34, e23272. [Google Scholar] [CrossRef]

	



Li, Y.; Li, H. Circular RNA VRK1 Correlates with Favourable Prognosis, Inhibits Cell Proliferation but Promotes Apoptosis in Breast Cancer. J. Clin. Lab. Anal. 2020, 34, e22980. [Google Scholar] [CrossRef]

	



Yan, L.; Zheng, M.; Wang, H. Circular RNA Hsa_circ_0072309 Inhibits Proliferation and Invasion of Breast Cancer Cells via Targeting MiR-492. Cancer Manag. Res. 2019, 11, 1033–1041. [Google Scholar] [CrossRef]

	



Yang, R.; Xing, L.; Zheng, X.; Sun, Y.; Wang, X.; Chen, J. The CircRNA CircAGFG1 Acts as a Sponge of MiR-195-5p to Promote Triple-Negative Breast Cancer Progression through Regulating CCNE1 Expression. Mol. Cancer 2019, 18, 4. [Google Scholar] [CrossRef]

	



Chen, B.; Wei, W.; Huang, X.; Xie, X.; Kong, Y.; Dai, D.; Yang, L.; Wang, J.; Tang, H.; Xie, X. CircEPSTI1 as a Prognostic Marker and Mediator of Triple-Negative Breast Cancer Progression. Theranostics 2018, 8, 4003–4015. [Google Scholar] [CrossRef]

	



Ye, F.; Gao, G.; Zou, Y.; Zheng, S.; Zhang, L.; Ou, X.; Xie, X.; Tang, H. CircFBXW7 Inhibits Malignant Progression by Sponging MiR-197-3p and Encoding a 185-Aa Protein in Triple-Negative Breast Cancer. Mol. Ther. Nucleic Acids 2019, 18, 88–98. [Google Scholar] [CrossRef] [PubMed]

	



He, R.; Liu, P.; Xie, X.; Zhou, Y.; Liao, Q.; Xiong, W.; Li, X.; Li, G.; Zeng, Z.; Tang, H. CircGFRA1 and GFRA1 Act as CeRNAs in Triple Negative Breast Cancer by Regulating MiR-34a. J. Exp. Clin. Cancer Res. 2017, 36, 145. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, S.-R.; Huang, Q.; Zheng, Z.-H.; Zhang, Z.-T.; Guo, G.-L. CircGFRA1 Affects the Sensitivity of Triple-Negative Breast Cancer Cells to Paclitaxel via the MiR-361-5p/TLR4 Pathway. J. Biochem. 2021, 169, 601–611. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.; Huang, X.; Wang, J.; Yang, L.; Kong, Y.; Gao, G.; Zhang, L.; Chen, Z.-S.; Xie, X. CircKIF4A Acts as a Prognostic Factor and Mediator to Regulate the Progression of Triple-Negative Breast Cancer. Mol. Cancer 2019, 18, 23. [Google Scholar] [CrossRef]

	



Xing, Z.; Wang, R.; Wang, X.; Liu, J.; Zhang, M.; Feng, K.; Wang, X. CircRNA Circ-PDCD11 Promotes Triple-Negative Breast Cancer Progression via Enhancing Aerobic Glycolysis. Cell Death Discov. 2021, 7, 218. [Google Scholar] [CrossRef]

	



Zheng, X.; Huang, M.; Xing, L.; Yang, R.; Wang, X.; Jiang, R.; Zhang, L.; Chen, J. The CircRNA CircSEPT9 Mediated by E2F1 and EIF4A3 Facilitates the Carcinogenesis and Development of Triple-Negative Breast Cancer. Mol. Cancer 2020, 19, 73. [Google Scholar] [CrossRef]

	



Wang, S.; Li, Q.; Wang, Y.; Li, X.; Wang, R.; Kang, Y.; Xue, X.; Meng, R.; Wei, Q.; Feng, X. Upregulation of Circ-UBAP2 Predicts Poor Prognosis and Promotes Triple-Negative Breast Cancer Progression through the MiR-661/MTA1 Pathway. Biochem. Biophys. Res. Commun. 2018, 505, 996–1002. [Google Scholar] [CrossRef]

	



Dou, D.; Ren, X.; Han, M.; Xu, X.; Ge, X.; Gu, Y.; Wang, X.; Zhao, S. CircUBE2D2 (Hsa_circ_0005728) Promotes Cell Proliferation, Metastasis and Chemoresistance in Triple-Negative Breast Cancer by Regulating MiR-512-3p/CDCA3 Axis. Cancer Cell Int. 2020, 20, 454. [Google Scholar] [CrossRef]

	



Xu, J.-Z.; Shao, C.-C.; Wang, X.-J.; Zhao, X.; Chen, J.-Q.; Ouyang, Y.-X.; Feng, J.; Zhang, F.; Huang, W.-H.; Ying, Q.; et al. CircTADA2As Suppress Breast Cancer Progression and Metastasis via Targeting MiR-203a-3p/SOCS3 Axis. Cell Death Dis. 2019, 10, 175. [Google Scholar] [CrossRef]

	



Zhu, Q.; Zhang, X.; Zai, H.-Y.; Jiang, W.; Zhang, K.-J.; He, Y.-Q.; Hu, Y. CircSLC8A1 Sponges MiR-671 to Regulate Breast Cancer Tumorigenesis via PTEN/PI3k/Akt Pathway. Genomics 2021, 113, 398–410. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhou, Y.; Liang, G.; Ling, Y.; Tan, W.; Tan, L.; Andrews, R.; Zhong, W.; Zhang, X.; Song, E.; et al. Circular RNA Hsa_circ_001783 Regulates Breast Cancer Progression via Sponging MiR-200c-3p. Cell Death Dis. 2019, 10, 55. [Google Scholar] [CrossRef] [PubMed]

	



Hou, J.-C.; Xu, Z.; Zhong, S.-L.; Zhang, H.; Jiang, L.-H.; Chen, X.; Zhu, L.-P.; Li, J.; Zhou, S.-Y.; Yang, S.-J.; et al. Circular RNA CircASS1 Is Downregulated in Breast Cancer Cells MDA-MB-231 and Suppressed Invasion and Migration. Epigenomics 2019, 11, 199–213. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Wang, J.; Jin, W.; Sun, Y.; Xu, Y.; Wang, Y.; Liang, X.; Su, D. CircNR3C2 Promotes HRD1-Mediated Tumor-Suppressive Effect via Sponging MiR-513a-3p in Triple-Negative Breast Cancer. Mol. Cancer 2021, 20, 25. [Google Scholar] [CrossRef] [PubMed]

	



Darbeheshti, F.; Zokaei, E.; Mansoori, Y.; Emadi Allahyari, S.; Kamaliyan, Z.; Kadkhoda, S.; Tavakkoly Bazzaz, J.; Rezaei, N.; Shakoori, A. Circular RNA Hsa_circ_0044234 as Distinct Molecular Signature of Triple Negative Breast Cancer: A Potential Regulator of GATA3. Cancer Cell Int. 2021, 21, 312. [Google Scholar] [CrossRef] [PubMed]

	



Kurosaki, M.; Terao, M.; Liu, D.; Zanetti, A.; Guarrera, L.; Bolis, M.; Gianni’, M.; Paroni, G.; Goodall, G.J.; Garattini, E. A DOCK1 Gene-Derived Circular RNA Is Highly Expressed in Luminal Mammary Tumours and Is Involved in the Epithelial Differentiation, Growth, and Motility of Breast Cancer Cells. Cancers 2021, 13, 5325. [Google Scholar] [CrossRef]

	



Galasso, M.; Costantino, G.; Pasquali, L.; Minotti, L.; Baldassari, F.; Corrà, F.; Agnoletto, C.; Volinia, S. Profiling of the Predicted Circular RNAs in Ductal In Situ and Invasive Breast Cancer: A Pilot Study. Int. J. Genomics 2016, 2016, 4503840. [Google Scholar] [CrossRef]

	



Tian, T.; Zhao, Y.; Zheng, J.; Jin, S.; Liu, Z.; Wang, T. Circular RNA: A Potential Diagnostic, Prognostic, and Therapeutic Biomarker for Human Triple-Negative Breast Cancer. Mol. Ther. Nucleic Acids 2021, 26, 63–80. [Google Scholar] [CrossRef]

	



Nair, A.A.; Niu, N.; Tang, X.; Thompson, K.J.; Wang, L.; Kocher, J.-P.; Subramanian, S.; Kalari, K.R. Circular RNAs and Their Associations with Breast Cancer Subtypes. Oncotarget 2016, 7, 80967–80979. [Google Scholar] [CrossRef]

	



Coscujuela Tarrero, L.; Ferrero, G.; Miano, V.; De Intinis, C.; Ricci, L.; Arigoni, M.; Riccardo, F.; Annaratone, L.; Castellano, I.; Calogero, R.A.; et al. Luminal Breast Cancer-Specific Circular RNAs Uncovered by a Novel Tool for Data Analysis. Oncotarget 2018, 9, 14580–14596. [Google Scholar] [CrossRef]

	



Ignatiadis, M.; Sledge, G.W.; Jeffrey, S.S. Liquid Biopsy Enters the Clinic—Implementation Issues and Future Challenges. Nat. Rev. Clin. Oncol. 2021, 18, 297–312. [Google Scholar] [CrossRef]

	



De Rubis, G.; Rajeev Krishnan, S.; Bebawy, M. Liquid Biopsies in Cancer Diagnosis, Monitoring, and Prognosis. Trends Pharmacol. Sci. 2019, 40, 172–186. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Yang, T.; Xiao, J. Circular RNAs: Promising Biomarkers for Human Diseases. EBioMedicine 2018, 34, 267–274. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, Y.; Su, X.; Wang, P.; Lin, W. The Value of Circulating Circular RNA in Cancer Diagnosis, Monitoring, Prognosis, and Guiding Treatment. Front. Oncol. 2021, 11, 4158. [Google Scholar] [CrossRef]

	



Wang, J.; Zhang, Q.; Zhou, S.; Xu, H.; Wang, D.; Feng, J.; Zhao, J.; Zhong, S. Circular RNA Expression in Exosomes Derived from Breast Cancer Cells and Patients. Epigenomics 2019, 11, 411–421. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.-J.; Wang, D.-D.; Zhou, S.-Y.; Zhang, Q.; Wang, J.-Y.; Zhong, S.-L.; Zhang, H.; Wang, X.-Y.; Xia, X.; Chen, W.; et al. Identification of CircRNA-MiRNA Networks for Exploring an Underlying Prognosis Strategy for Breast Cancer. Epigenomics 2020, 12, 101–125. [Google Scholar] [CrossRef]

	



Lin, L.; Cai, G.-X.; Zhai, X.-M.; Yang, X.-X.; Li, M.; Li, K.; Zhou, C.-L.; Liu, T.-C.; Han, B.-W.; Liu, Z.-J.; et al. Plasma-Derived Extracellular Vesicles Circular RNAs Serve as Biomarkers for Breast Cancer Diagnosis. Front. Oncol. 2021, 11, 4575. [Google Scholar] [CrossRef]

	



Smid, M.; Wilting, S.M.; Uhr, K.; Rodríguez-González, F.G.; de Weerd, V.; Prager-Van der Smissen, W.J.C.; van der Vlugt-Daane, M.; van Galen, A.; Nik-Zainal, S.; Butler, A.; et al. The Circular RNome of Primary Breast Cancer. Genome Res. 2019, 29, 356–366. [Google Scholar] [CrossRef]

	



Yin, W.-B.; Yan, M.-G.; Fang, X.; Guo, J.-J.; Xiong, W.; Zhang, R.-P. Circulating Circular RNA Hsa_circ_0001785 Acts as a Diagnostic Biomarker for Breast Cancer Detection. Clin. Chim. Acta 2018, 487, 363–368. [Google Scholar] [CrossRef]

	



Hu, Y.; Song, Q.; Zhao, J.; Ruan, J.; He, F.; Yang, X.; Yu, X. Identification of Plasma Hsa_circ_0008673 Expression as a Potential Biomarker and Tumor Regulator of Breast Cancer. J. Clin. Lab. Anal. 2020, 34, e23393. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhang, W.; Zuo, Z.; Tang, J.; Song, Y.; Cao, F.; Yu, X.; Liu, S.; Cai, X. Circ_0008673 Regulates Breast Cancer Malignancy by MiR-153-3p/CFL2 Axis. Arch. Gynecol. Obstet. 2022, 305, 223–232. [Google Scholar] [CrossRef]

	



Li, Z.; Chen, Z.; Hu, G.; Zhang, Y.; Feng, Y.; Jiang, Y.; Wang, J. Profiling and Integrated Analysis of Differentially Expressed CircRNAs as Novel Biomarkers for Breast Cancer. J. Cell. Physiol. 2020, 235, 7945–7959. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Ma, F.; Wu, L.; Zhang, X.; Tian, J.; Li, J.; Cao, J.; Ma, Y.; Zhang, L.; Wang, L. Identification of Hsa_circ_0104824 as a Potential Biomarkers for Breast Cancer. Technol. Cancer Res. Treat. 2020, 19, 153303382096074. [Google Scholar] [CrossRef] [PubMed]

	



Liang, G.; Ling, Y.; Mehrpour, M.; Saw, P.E.; Liu, Z.; Tan, W.; Tian, Z.; Zhong, W.; Lin, W.; Luo, Q.; et al. Autophagy-Associated CircRNA CircCDYL Augments Autophagy and Promotes Breast Cancer Progression. Mol. Cancer 2020, 19, 65. [Google Scholar] [CrossRef]

	



Jia, Q.; Ye, L.; Xu, S.; Xiao, H.; Xu, S.; Shi, Z.; Li, J.; Chen, Z. Circular RNA 0007255 Regulates the Progression of Breast Cancer through MiR-335-5p/SIX2 Axis. Thorac. Cancer 2020, 11, 619–630. [Google Scholar] [CrossRef] [PubMed]

	



Memczak, S.; Papavasileiou, P.; Peters, O.; Rajewsky, N. Identification and Characterization of Circular RNAs As a New Class of Putative Biomarkers in Human Blood. PLoS ONE 2015, 10, e0141214. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zheng, Q.; Bao, C.; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X.; Huang, S. Circular RNA Is Enriched and Stable in Exosomes: A Promising Biomarker for Cancer Diagnosis. Cell Res. 2015, 25, 981–984. [Google Scholar] [CrossRef]

	



Wen, G.; Zhou, T.; Gu, W. The Potential of Using Blood Circular RNA as Liquid Biopsy Biomarker for Human Diseases. Protein Cell 2021, 12, 911–946. [Google Scholar] [CrossRef]

	



De Palma, F.D.E.; Luglio, G.; Tropeano, F.P.; Pagano, G.; D’Armiento, M.; Kroemer, G.; Maiuri, M.C.; De Palma, G.D. The Role of Micro-RNAs and Circulating Tumor Markers as Predictors of Response to Neoadjuvant Therapy in Locally Advanced Rectal Cancer. Int. J. Mol. Sci. 2020, 21, 7040. [Google Scholar] [CrossRef]

	



Omid-Shafaat, R.; Moayeri, H.; Rahimi, K.; Menbari, M.-N.; Vahabzadeh, Z.; Hakhamaneshi, M.-S.; Nouri, B.; Ghaderi, B.; Abdi, M. Serum Circ-FAF1/Circ-ELP3: A Novel Potential Biomarker for Breast Cancer Diagnosis. J. Clin. Lab. Anal. 2021, 35, e24008. [Google Scholar] [CrossRef]

	



Fu, B.; Liu, W.; Zhu, C.; Li, P.; Wang, L.; Pan, L.; Li, K.; Cai, P.; Meng, M.; Wang, Y.; et al. Circular RNA CircBCBM1 Promotes Breast Cancer Brain Metastasis by Modulating MiR-125a/BRD4 Axis. Int. J. Biol. Sci. 2021, 17, 3104–3117. [Google Scholar] [CrossRef]

	



El Sayed, R.; El Jamal, L.; El Iskandarani, S.; Kort, J.; Abdel Salam, M.; Assi, H. Endocrine and Targeted Therapy for Hormone-Receptor-Positive, HER2-Negative Advanced Breast Cancer: Insights to Sequencing Treatment and Overcoming Resistance Based on Clinical Trials. Front. Oncol. 2019, 9, 510. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Z.; Huang, J.-J.; Hua, X.; Zhao, J.-L.; Lin, Y.; Zhang, Y.-Q.; Wu, Z.; Zhang, L.; Bi, X.; Xia, W.; et al. Trastuzumab plus Endocrine Therapy or Chemotherapy as First-Line Treatment for Metastatic Breast Cancer with Hormone Receptor-Positive and HER2-Positive: The Sysucc-002 Randomized Clinical Trial. JCO 2021, 39, 1003-1003. [Google Scholar] [CrossRef]

	



Martínez-Sáez, O.; Prat, A. Current and Future Management of HER2-Positive Metastatic Breast Cancer. JCO Oncol. Pract. 2021, 17, 594–604. [Google Scholar] [CrossRef]

	



Oh, D.-Y.; Bang, Y.-J. HER2-Targeted Therapies—A Role beyond Breast Cancer. Nat. Rev. Clin. Oncol. 2020, 17, 33–48. [Google Scholar] [CrossRef] [PubMed]

	



Bianchini, G.; De Angelis, C.; Licata, L.; Gianni, L. Treatment Landscape of Triple-Negative Breast Cancer—Expanded Options, Evolving Needs. Nat. Rev. Clin. Oncol. 2022, 19, 91–113. [Google Scholar] [CrossRef] [PubMed]

	



Medina, M.A.; Oza, G.; Sharma, A.; Arriaga, L.G.; Hernández Hernández, J.M.; Rotello, V.M.; Ramirez, J.T. Triple-Negative Breast Cancer: A Review of Conventional and Advanced Therapeutic Strategies. Int. J. Environ. Res. Public Health 2020, 17, 2078. [Google Scholar] [CrossRef] [PubMed]

	



Kroemer, G.; Senovilla, L.; Galluzzi, L.; André, F.; Zitvogel, L. Natural and Therapy-Induced Immunosurveillance in Breast Cancer. Nat. Med. 2015, 21, 1128–1138. [Google Scholar] [CrossRef] [PubMed]

	



Calaf, G.M.; Zepeda, A.B.; Castillo, R.L.; Figueroa, C.A.; Arias, C.; Figueroa, E.; Farías, J.G. Molecular Aspects of Breast Cancer Resistance to Drugs (Review). Int. J. Oncol. 2015, 47, 437–445. [Google Scholar] [CrossRef] [PubMed]

	



Ji, X.; Lu, Y.; Tian, H.; Meng, X.; Wei, M.; Cho, W.C. Chemoresistance Mechanisms of Breast Cancer and Their Countermeasures. Biomed. Pharmacother. 2019, 114, 108800. [Google Scholar] [CrossRef]

	



Luque-Bolivar, A.; Pérez-Mora, E.; Villegas, V.E.; Rondón-Lagos, M. Resistance and Overcoming Resistance in Breast Cancer. BCTT 2020, 12, 211–229. [Google Scholar] [CrossRef]

	



Xu, T.; Wang, M.; Jiang, L.; Ma, L.; Wan, L.; Chen, Q.; Wei, C.; Wang, Z. CircRNAs in Anticancer Drug Resistance: Recent Advances and Future Potential. Mol. Cancer 2020, 19, 127. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Gu, J.; Wang, X.; Wang, Y.; Feng, M.; Zhou, D.; Guo, J.; Zhou, M. Inhibition of Circular RNA CDR1as Increases Chemosensitivity of 5-FU-resistant BC Cells through Up-regulating MiR-7. J. Cell. Mol. Med. 2019, 23, 3166–3177. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Yang, X.; Wang, X.; Gu, J.; Zhou, D.; Wang, Y.; Yin, B.; Guo, J.; Zhou, M. Silencing CDR1as Enhances the Sensitivity of Breast Cancer Cells to Drug Resistance by Acting as a MiR-7 Sponge to down-Regulate REGγ. J. Cell. Mol. Med. 2019, 23, 4921–4932. [Google Scholar] [CrossRef]

	



Xu, X.; Zhang, J.; Tian, Y.; Gao, Y.; Dong, X.; Chen, W.; Yuan, X.; Yin, W.; Xu, J.; Chen, K.; et al. CircRNA Inhibits DNA Damage Repair by Interacting with Host Gene. Mol. Cancer 2020, 19, 128. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Song, X.; Li, Y.; Su, P.; Han, D.; Ma, T.; Guo, R.; Chen, B.; Zhao, W.; Sang, Y.; et al. CircKDM4C Suppresses Tumor Progression and Attenuates Doxorubicin Resistance by Regulating MiR-548p/PBLD Axis in Breast Cancer. Oncogene 2019, 38, 6850–6866. [Google Scholar] [CrossRef]

	



Gao, D.; Zhang, X.; Liu, B.; Meng, D.; Fang, K.; Guo, Z.; Li, L. Screening Circular RNA Related to Chemotherapeutic Resistance in Breast Cancer. Epigenomics 2017, 9, 1175–1188. [Google Scholar] [CrossRef]

	



Wang, Q.; Liang, D.; Shen, P.; Yu, Y.; Yan, Y.; You, W. Hsa_circ_0092276 Promotes Doxorubicin Resistance in Breast Cancer Cells by Regulating Autophagy via MiR-348/ATG7 Axis. Transl. Oncol. 2021, 14, 101045. [Google Scholar] [CrossRef]

	



Liang, Y.; Song, X.; Li, Y.; Ma, T.; Su, P.; Guo, R.; Chen, B.; Zhang, H.; Sang, Y.; Liu, Y.; et al. Targeting the CircBMPR2/MiR-553/USP4 Axis as a Potent Therapeutic Approach for Breast Cancer. Mol. Ther. Nucleic Acids 2019, 17, 347–361. [Google Scholar] [CrossRef]

	



Sang, Y.; Chen, B.; Song, X.; Li, Y.; Liang, Y.; Han, D.; Zhang, N.; Zhang, H.; Liu, Y.; Chen, T.; et al. CircRNA_0025202 Regulates Tamoxifen Sensitivity and Tumor Progression via Regulating the MiR-182-5p/FOXO3a Axis in Breast Cancer. Mol. Ther. 2019, 27, 1638–1652. [Google Scholar] [CrossRef]

	



Huang, P.; Li, F.; Mo, Z.; Geng, C.; Wen, F.; Zhang, C.; Guo, J.; Wu, S.; Li, L.; Brünner, N.; et al. A Comprehensive RNA Study to Identify CircRNA and MiRNA Biomarkers for Docetaxel Resistance in Breast Cancer. Front. Oncol. 2021, 11, 669270. [Google Scholar] [CrossRef]

	



Ma, J.; Fang, L.; Yang, Q.; Hibberd, S.; Du, W.W.; Wu, N.; Yang, B.B. Posttranscriptional Regulation of AKT by Circular RNA Angiomotin- like 1 Mediates Chemoresistance against Paclitaxel in Breast Cancer Cells. Aging (Albany NY) 2019, 11, 11369–11381. [Google Scholar] [CrossRef] [PubMed]

	



Zang, H.; Li, Y.; Zhang, X.; Huang, G. Circ-RNF111 Contributes to Paclitaxel Resistance in Breast Cancer by Elevating E2F3 Expression via MiR-140-5p. Thorac. Cancer 2020, 11, 1891–1903. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Gong, P.; Yang, Y.; Yang, C.; Yang, B.; Ren, L. Circ-ABCB10 Contributes to Paclitaxel Resistance in Breast Cancer Through Let-7a-5p/DUSP7 Axis. Cancer Manag. Res. 2020, 12, 2327–2337. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Zhong, R.; Deng, C.; Zhou, Z. Circle RNA CircABCB10 Modulates PFN2 to Promote Breast Cancer Progression, as Well as Aggravate Radioresistance Through Facilitating Glycolytic Metabolism Via MiR-223-3p. Cancer Biother. Radiopharm. 2021, 36, 477–490. [Google Scholar] [CrossRef]

	



Li, J.; Ma, M.; Yang, X.; Zhang, M.; Luo, J.; Zhou, H.; Huang, N.; Xiao, F.; Lai, B.; Lv, W.; et al. Circular HER2 RNA Positive Triple Negative Breast Cancer Is Sensitive to Pertuzumab. Mol. Cancer 2020, 19, 142. [Google Scholar] [CrossRef]

	



Shao, T.; Pan, Y.; Xiong, X. Circular RNA: An Important Player with Multiple Facets to Regulate Its Parental Gene Expression. Mol. Ther.-Nucleic Acids 2021, 23, 369–376. [Google Scholar] [CrossRef]

	



Xu, J.; Chen, X.; Sun, Y.; Shi, Y.; Teng, F.; Lv, M.; Liu, C.; Jia, X. The Regulation Network and Clinical Significance of Circular RNAs in Breast Cancer. Front. Oncol. 2021, 11, 2660. [Google Scholar] [CrossRef]

	



He, A.T.; Liu, J.; Li, F.; Yang, B.B. Targeting Circular RNAs as a Therapeutic Approach: Current Strategies and Challenges. Signal Transduct. Target. Ther. 2021, 6, 185. [Google Scholar] [CrossRef]








[image: Biomedicines 10 00725 g001 550] 





Figure 1. CircRNA biogenesis and functions. (A) Circularization of circRNAs, including exonic, intronic, and exonic-intronic circRNAs, arises from pre-mRNA transcripts through different mechanisms of back-splicing. After formation, circRNAs are transported from the nucleus to the cytoplasm by RNA helicases (DDX39A, or DDX39B) in a size-dependent manner. (B) CircRNAs have different mechanisms of action. Indeed, they can interact with proteins, encode for proteins, and function as microRNA sponge (mainly). (C) CircRNAs can be further released into body fluids as cell-free circRNAs or enriched in extracellular vesicles (e.g., exosomes). 
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Table 1. List of circRNAs reported as potential biomarkers in breast cancer.
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circRNA

	
circBase ID

	
Tissue

Comparison

	
Expression in T

	
Clinical Interest

	
Diagnostic/Prognostic Value (ROC/KM Curve)

	
Experimental Approach






	
circABCB10

	
hsa_circ_008717

	
T vs. N

	
up

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [51]




	
circDENND4C

	
-

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo, in silico [52,53]




	
circHIPK3

	
hsa_circ_0000284

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo, in silico [54,55,56]




	
circHMCU

	
hsa_circ_0000247

	
diagnosis, prognosis

	
HR = 3.09, p = 0.039

	
ex vivo, in vitro, in vivo, in silico [57]




	
circPTCD3

	
hsa_circ_0055478

	
diagnosis

	
-

	
ex vivo, in vitro, in vivo [58]




	
cirRNF20

	
hsa_circ_0087784

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo [59]




	
circRPPH1_015

	
hsa_circ_0000517

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo, in silico [60]




	
-

	
hsa_circ_0001791

	
early stage diagnosis

	
AUC = 1.0, p < 0.0001

	
ex vivo, in silico [61]




	
-

	
hsa_circ_0002496

	
early stage diagnosis

	
-

	
ex vivo, in silico [62]




	
-

	
hsa_circ_0005046

	
early stage diagnosis

	
AUC = 0.77, p = 0.02

	
ex vivo, in silico [61]




	
-

	
hsa_circ_0005230

	
diagnosis, prognosis

	
HR = 1.945, p = 0.042

	
ex vivo, in vitro, in silico [63]




	
-

	
hsa_circ_0006743

	
early stage diagnosis

	
-

	
ex vivo, in silico [62]




	
-

	
hsa_circ_103110

	
diagnosis

	
AUC = 0.63, p = 0.016

	
ex vivo, in silico [64]




	
-

	
hsa_circ_103552

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in silico [65]




	
-

	
hsa_circ_104689

	
diagnosis

	
AUC = 0.61, p = 0.041

	
ex vivo, in silico [64]




	
-

	
hsa_circ_104821

	
diagnosis

	
AUC = 0.60, p = 0.031

	
ex vivo, in silico [64]




	
circCCDC85A

	

	
down

	
diagnosis

	
-

	
ex vivo, in vitro, in vivo, in silico [66]




	
circLARP4

	
-

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in silico [67]




	
circVRK1

	
hsa_circ_0141206

	
diagnosis, prognosis

	
AUC = 0.720, Sensitivity = 61.7%, Specificity = 79.1%, HR = 0.375, p = 0.002

	
ex vivo, in vitro, in silico [68]




	
-

	
hsa_circ_006054

	
diagnosis

	
AUC = 0.71, p < 0.001

	
ex vivo, in silico [64]




	
-

	
hsa_circ_0072309

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo, in silico [69]




	
-

	
hsa_circ_100219

	
diagnosis

	
AUC = 0.78, p < 0.001

	
ex vivo, in silico [64]




	
-

	
hsa_circ_406697

	
diagnosis

	
AUC = 0.64, p < 0.008

	
ex vivo, in silico [64]




	
circRNA

	
circBase ID

	
Tissue

comparison

	
Expression in TNBC

	
Clinical interest

	
Diagnostic/prognostic value (ROC/KM curve)

	
Experimental approach




	
circAGFG1

	
-

	
TNBC vs. N

	
up

	
diagnosis, prognosis

	
AUC = 0.767, HR = 6.072, p < 0.001

	
ex vivo, in vitro, in vivo, in silico [70]




	
circEPSTI1

	
-

	
-

	
ex vivo, in vitro, in vivo, in silico [71]




	
circFBXW7

	
hsa_circ_0001451

	
HR = 0.215, p = 0.001

	
ex vivo, in vitro, in vivo, in silico [72]




	
circGFRA1

	
hsa_circ_005239

	
-

	
ex vivo, in vitro, in vivo, in silico [73,74]




	
circKIF4A

	
-

	
-

	
ex vivo, in vitro, in vivo, in silico [75]




	
circPDCD11

	
hsa_circ_0019853

	
-

	
ex vivo, in vitro, in vivo, in silico [76]




	
circSEPT9

	
hsa_circ_0005320

	
AUC = 0.711, Specificity = 75%, Sensitivity = 63.3%, HR = 3.042, p = 0.012

	
ex vivo, in vitro, in vivo, in silico [77]




	
circUBAP2

	
hsa_circ_0001846

	
-

	
ex vivo, in vitro, in vivo, in silico [78]




	
circUBE2D2

	
hsa_circ_0005728

	
-

	
ex vivo, in vitro, in vivo, in silico [79]




	
circTADA2A-E6

	
hsa_circ_0006220

	
down

	
AUC = 0.855, p < 0.0001

	
ex vivo, in vitro, in vivo, in silico [80]




	
circTADA2A-E5/E6

	
hsa_circ_0043278

	
AUC = 0.94, p < 0.001

	
ex vivo, in vitro, in vivo, in silico [80]




	
circRNA

	
circBase ID

	
Cell linecomparison

	
Expression in TNBC

	
Clinical interest

	
Diagnostic/prognostic value (ROC/KM curve)

	
Experimental approach




	
circSLC8A1

	
-

	
TNBC vs. luminal

	
up

	
diagnosis, BC subtypedistinction

	
-

	
ex vivo, in vitro, in vivo, in silico [81]




	
-

	
hsa_circ_001783

	
TNBC vs. luminal/HER2

	
diagnosis, prognosis

	
HR = 9.114, p = 0.001

	
ex vivo, in vitro, in silico [82]




	
circASS1

	
hsa_circ_0089105

	
TNBC vs. luminal

	
down

	
diagnosis

	
-

	
in vitro, in silico [83]




	
circNR3C2

	
hsa_circ_0071127

	
TNBC vs. luminal

	
diagnosis, prognosis

	
-

	
ex vivo, in vitro, in vivo, in silico [84]




	
-

	
hsa_circ_0044234

	
TNBC vs. non-TNBC

	
diagnosis, BC subtype distinction

	
AUC = 0.82, p < 0.0001, Sensitivity = 72.5%, Specificity = 83.6%, HR = 0.47, p = 0.058

	
ex vivo, in vitro, in silico [85]




	
circRNA

	
circBase ID

	
Cell line

comparison

	
Expression in luminal/epithelial TNBC

	
Clinical interest

	
Diagnostic/prognostic value (ROC/KM curve)

	
Experimental approach




	
circDOCK1-1

	
hsa_circ_0020397

	
luminal/epithelial TNBC vs. mesenchymal TNBC cell lines

	
up

	
diagnosis, BC subtype distinction

	
-

	
in vitro, in silico [86]








Abbreviations: AUC, area under the curve; BC, breast cancer; circRNAs, circular RNAs; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; N, normal breast tissue; ROC, receiver operating characteristic; T, breast tumor tissue; TNBC, triple-negative breast cancer.
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Table 2. List of circulating circRNAs reported as potential biomarkers in breast cancer.
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circRNA

	
Biological Source

	
Comparison

	
Expression in

Tumor Specimens

	
Clinical Interest

	
Diagnostic Value (ROC)

	
Experimental Approach






	
hsa_circ_0009634

	
exosomes (serum)

	
metastatic T

vs. localized T vs. N

	
up

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [95]




	
hsa_circ_0020707

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [95]




	
hsa_circ_0064923

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [95]




	
hsa_circ_0087064

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [95]




	
hsa_circ_0104852

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [95]




	
circRNA_0005795

	
T vs. N

	
down

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [96]




	
circRNA_0088088

	
diagnosis

	
-

	
ex vivo, in vitro, in silico [96]




	
BCexoc (hsa_circ_0002190, hsa_circ_0007177, hsa_circ_0000642, hsa_circ_0001439, hsa_circ_0001417, hsa_circ_0005552, hsa_circ_0001073, hsa_circ_0000267, hsa_circ_0006404)

	
exosomes (plasma)

	

	

	
early diagnosis

	
AUC = 0.83

	
ex vivo, in silico [97]




	
circCNOT2

	
plasma

	
T vs. N

	
up

	
prognosis, prediction of therapy response

	
-

	
ex vivo, in vitro, in silico [98]




	
hsa_circ_0001785

	
early diagnosis, prediction of therapy response

	
AUC = 0.784,

Sensitivity = 0.764,

Specificity = 0.699

	
ex vivo, in silico [99]




	
hsa_circ_0008673

	
diagnosis, prognosis

	
AUC = 0.833,

Specificity = 97.10%,

Sensitivity = 55%,

HR = 1.742, p = 0.047

	
ex vivo, in vitro, in silico [100,101]




	
hsa_circ_0017536

	
diagnosis

	
AUC = 615, p < 0.05

	
ex vivo, in vitro, in silico [102]




	
hsa_circ_0017650

	
diagnosis

	
AUC = 0.758, p < 0.05

	
ex vivo, in vitro, in silico [102]




	
hsa_circ_0069094

	
diagnosis

	
AUC = 0.681, p < 0.05

	
ex vivo, in vitro, in silico [102]




	
hsa_circ_0079876

	
diagnosis

	
AUC = 0.623, p < 0.05

	
ex vivo, in vitro, in silico [102]




	
hsa_circ_0104824

	
diagnosis

	
AUC = 0.849,

p = 0.0001,

Sensitivity = 71.1%,

Specificity = 75.5%

	
ex vivo, in silico [103]




	
circCDYL (hsa_circ_0008285)

	
serum

	
diagnosis,

prognosis,

prediction of

therapy response

	
HR = 3.748, p =  0.002

	
ex vivo, in vitro, in vivo, in silico [104]




	
circKIF4A (circ_0007255)

	
diagnosis, prognosis

	
AUC = 0.77

	
ex vivo, in vitro, in vivo, in silico [105]








Abbreviations: AUC, area under the curve; circRNAs, circular RNAs; HR, hazard ratio; N, normal samples; T, tumor samples; ROC, receiver operating characteristic.
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Table 3. List of circRNAs involved in resistance to BC therapies.
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	circRNA Name
	Circbase ID
	Resistance/Sensitivity to:
	Experimental Approach





	cirCDR1as
	hsa_circ_0001946
	5-fluorouracil; cisplatin
	ex vivo, in vitro, in vivo, in silico [123,124]



	circSMARCA5
	hsa_circ_0001445
	cisplatin
	ex vivo, in vitro, in vivo, in silico [125]



	circKDM4C
	hsa_circ_0001839
	doxorubicin
	ex vivo, in vitro, in vivo, in silico [126]



	circLARP4
	-
	doxorubicin
	ex vivo, in vitro [67]



	circUBE2D2
	hsa_circ_0005728
	doxorubicin
	ex vivo, in silico [79]



	-
	hsa_circ-0006528
	doxorubicin
	in vitro, in silico [127]



	-
	hsa_circ_0092276
	doxorubicin
	in vitro, in vivo, in silico [128]



	circBMPR2
	hsa_circ_0003218
	tamoxifen
	ex vivo, in vitro, in silico [129]



	-
	hsa_circ_0025202
	tamoxifen
	ex vivo, in vitro, in vivo, in silico [130]



	circABCB1
	-
	taxane (docetaxel)
	in vitro, in silico [131]



	circEPHA3.1
	-
	taxane (docetaxel)
	in vitro, in silico [131]



	circEPHA3.2
	-
	taxane (docetaxel)
	in vitro, in silico [131]



	circAMOTL1
	-
	taxane (paclitaxel)
	in vitro, in silico [132]



	circGFRA1
	hsa_circ_0005239
	taxane (paclitaxel)
	in vitro, in vivo [74]



	circRNF111
	hsa_circ_0001982
	taxane (paclitaxel)
	ex vivo, in vitro, in vivo [133]



	circABCB10
	-
	taxane (paclitaxel); radiations
	ex vivo, in vitro, in vivo, in silico [134,135]



	circHER2
	hsa_circ_0007766
	pertuzumab
	ex vivo, in vitro, in vivo, in silico [136]







Abbreviations: circRNA, circular RNA.
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