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Abstract: Breast cancer (BC) is the most common heterogeneous disease in women and one of the leading causes of cancer-related death. Surgery, chemotherapy, radiotherapy, hormone, and targeted therapy are the gold standards for BC treatment. One of the significant challenges during the treatment of BC represents resistance to chemotherapeutics, resistance that severely limits the use and effectiveness of the drugs used for BC treatment. Therefore, it is essential to develop new strategies to improve therapeutic efficacy. Circular RNAs (circRNAs) are a large group of non-coding RNAs that covalently form closed circular loops by joining their 5′, and 3′; ends. Accumulating evidence suggests that circRNAs have a vital role in cancer development, progression, and BC resistance to chemotherapy. The purpose of this review is to discuss the biological properties of circRNAs, and how circRNAs induce resistance to conventional therapeutic anti-cancer drugs used in BC treatment, by emphasizing and summarizing the potential roles of circRNAs in mechanisms of drug resistance, such as drug efflux, apoptosis dysfunction, autophagy, and DNA damage repair. CircRNAs are associated with drug resistance via ATP-binding cassette (ABC) efflux transporters, while some others by inhibition of cell apoptosis, thus leading to resistance to tamoxifen in BC cells. In contrast, others are involved in the promotion of BC cells chemoresistance by doxorubicin-induced autophagy. CircRNAs may have clinical significance in regulating or overcoming BC drug resistance and may give directions towards a novel approach to personalized BC treatment. CircRNAs may significantly contribute to the identification of new therapeutic targets for the prevention of BC chemoresistance.
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Introduction

Breast cancer (BC) is still one of the most common female malignancies worldwide [1]. Surgery followed by chemo and, or radiotherapy, endocrine (hormone) therapy, targeted therapy, and immunotherapy is the gold standard for BC treatment. Tumor, node, metastasis (TNM) stage, tumor grade, the status of receptors for estrogen and progesterone (ER and PR), respectively, and human epidermal growth factor receptor 2 (Her-2) are used to select an adequate therapeutic modality. Subclassification based on intrinsic molecular subtypes, recognizes Luminal A, B, or Her-2-enriched (hormone receptor-positive or negative), Her-2 positive, and triple-negative breast cancer (TNBC) [2,3]. Patients with Her-2 positive status are predominantly treated with trastuzumab and frequently with another anti- Her-2 agent-lapatinib in combination with chemotherapy. TNBCs are considered a particular BC subtype with poor response to therapy and higher chances of developing resistance to systemic chemotherapy and radiation treatment [4]. A metastatic disease that leads to organ failure is a significant cause of cancer-related deaths [5]. Patients with TNBC, predominantly basal-like, mainly benefit from neoadjuvant anthracycline/taxane chemotherapy (up to one-third of patients respond to treatment) [3].

Clinical studies have also shown that basal-like and non-basal-like TNBC patients exert various responses to multi-agent, combined chemotherapy in different stages [6]. For example, carboplatin or bevacizumab in combination with paclitaxel (PAX) and then with doxorubicin (DOX) and cyclophosphamide may significantly improve the response to the treatment of TNBC in stages II and III [7]. Besides all treatment modalities, many tumors are resistant to the treatment or develop resistance over time [8]. Resistance to therapy can be intrinsic or acquired during the treatment. Patients with metastasis and advanced clinical stages are more likely to develop resistance to standard chemotherapeutics-taxanes and anthracyclines, and tyrosine kinase inhibitors. Patients with ER and, or progesterone receptor-positive tumors are usually treated with adjuvant endocrine therapy, predominantly with tamoxifen (TAM), which has a limited duration of its effectiveness, approximately up to 5 years. After that period, the disease recurrence rates and mortality increase, due to the development of resistance to treatment [9]. In addition, drug resistance can occur by different mechanisms such as multi-drug resistance (MDR), inhibition of cell death (apoptosis suppression), alterations in drug metabolism, epigenetics and drug targets, DNA repair, and enhancement of gene amplification. Important mechanisms leading to drug resistance are: (i) changes in the function and content of pharmacological drug targets; (ii) increased drug efflux due to the over-increased expression of plasma membrane transporters; (iii) modified drugs; (iv) enhanced DNA repair and, accordingly, accelerated cellular repair mechanisms; (v) functional changes in mechanisms of cell death; and (vi) alterations/changes in cell proliferation and cell cycle [10,11].

Advances in DNA and RNA microarray and sequencing technologies, and the development of targeted and personalized therapies, as well as advances in proteomics technology provide new strategies to overcome drug resistance and contribute to this field [12]. In recent studies, circular RNAs (circRNAs) have been shown to play essential roles in BC development and pathogenesis. Expression levels of circRNAs vary in different cancer types, and altered expression of circRNAs play a vital role in tumor initiation and progression [13]. The role of circRNAs in proliferation, migration, invasion and especially chemoresistance of cancer cells is shown to be displayed through the regulation of the expression of related miRNAs and targeted genes [12,14]. For example, hsa_circ_0000199 is associated with response to chemotherapy by inhibiting phosphatidylinositol-3-kinase/Akt and the mammalian target of rapamycin (PI3K/AKT/mTOR) pathway through miR-613 and miR-206. Still, it was shown on triple-negative BC [15]. In the basis of resistance to BC therapy might stand genetic and epigenetic changes, including circular RNA level changes.

The purpose of this review is to discuss the biological properties of circRNAs and BC drug resistance mechanisms associated with circRNAs. In addition, the limitations of the knowledge held and its potential future aspects are discussed. We believe that circRNAs will contribute to the identifying of new potential therapeutic targets for the prevention and treatment of chemoresistance.

CircRNA Biogenesis and Functions

Circular RNA derives from eukaryotic protein-coding genes as a form of loop-RNA, formed by joining 5′ and 3′ ends covalently to form a single-strand circular structure [16]. CircRNA can contain exons, introns or both in their structure and are formed by back-splicing mechanisms. Exonic circRNA forms when flanking regions of the two introns containing exons are positioned between them close to the circular structure with the help of ribonucleoproteins (Fig. 1). Exonic-intronic circRNAs form from sequences containing several introns and exons. When complementary sequences of introns bring up two exons near each other, they join at the splice sites, discarding ending introns and retaining the intron between them. Pure intronic circRNA originates from Alu repeats joining, which when inverted, are complementary with each other [17].
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Figure 1: Biogenesis and function of circRNAs. Biogenesis of circRNAs; Intron pairing model, Intron pairing-driven circularization and RBP-induced cyclization. CircRNAs can be classified into four types circRNA, EciRNA, EIciRNA, ciRNAs. circRNAs can act as miRNA sponges, transcriptional regulators, binding partners of proteins, or even translated into functional proteins. Created with BioRender

Most circRNAs are localized in the cytoplasm, and a small fraction of them can be found in the nucleus. Their localization depends on the cricRNA sequence length. After the maturation, circRNAs exit from the nucleus through the complex of the nuclear pore [18]. Some intronic nuclear cricRNA can supervise the regulation of genes they originated from (parental genes) [19]. CircRNAs are involved in and regulate transcription, splicing, and translation of paternal genes (Fig. 1). CircRNA affects the process of translation by terminating or pausing transcription, by recruiting some splicing factors or by interacting with ribonucleoproteins and with RNA Pol II, thus enhancing promoter activity and parental gene expression [20]. The second modus operandi of circRNA is similar to miRNA sponging and competing endogenous RNA (ceRNAs) activities. They can catch both miRNAs and mRNAs, as well. CircRNAs cannot be described as entirely non-coding RNA because, under some circumstances, they can be translated into proteins, the ones with internal ribosome entry sites (IRES), enabling them to recruit ribosomes. But, it should be denoted that proteins translated from circRNAs, are mostly non-functional because they represent the shorted versions of original proteins translated from paternal genes [16]. By their ability to interact with proteome in so many combinations in the physicochemical and biological manner (interaction with chromatin and various enzymes), they can be described as essential regulators of cancer formation, progression, and future biomarkers of response to therapy, or maybe in the future as targets for therapy.

Mechanisms of Drug Resistance

Anti-cancer drug resistance is a complex process resulting from altering drug targets. Drug resistance can occur before or as a result of cancer treatment [21]. In recent years, critical advances have been made in the research and development of targeted and personalized therapy drugs, as well as chemotherapeutic drugs with multiple factors, such as immune response inhibitors. However, drug resistance mechanisms still seriously hinder the role, functioning, and effectiveness of these drugs in cancer treatment [10]. A holistic understanding of the functions of circRNAs in the molecular mechanisms that lead to drug resistance will help develop better strategies for cancer therapy. The most widely described mechanisms in circRNA-related drug resistance are shown in Fig. 2.
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Figure 2: The mechanisms via which circRNAs regulate drug resistance in cancer. circRNAs promote or inhibit the resistance to antitumor drugs in different types of cancer by influencing cell apoptosis, drug efflux, exosome, autophagy, DNA repair, and epithelial-mesenchymal transition. Created with BioRender

Drug Efflux

Efflux pump mechanisms ensure that critical physiological functions such as preventing toxin absorption in the gastrointestinal tract, elimination of bile, functioning of the blood-brain and placental barrier, and renal excretion of drugs work effectively [22]. Drug efflux from cancer cells is associated with drug or multi-drug resistance mechanisms. One of the barriers to the success of cancer chemotherapies remains drug resistance [23]. The adenosine triphosphate (ATP) binding cassette (ABC) is a class of transmembrane transporters. These carriers, P-glycoproteins (P-GP), include breast cancer resistance protein (BCRP) and multi-drug resistance protein 1 (MRP1) [24]. Membrane-localized pumps, including proteins P-GP/MDR1, MRP1, MRP2, and BCRP, have functional roles in the drug efflux mechanism [25]. In cancerous tissues, the expression level of the MDR1 gene encoded by P-GP is upregulated by increasing. Moreover, when overexpression mechanisms of MDR1 were examined, it was revealed that DOX treatment could trigger a significant increase in MDR1 expression levels in lung cancer cells without affecting expression in normal respiratory cells [26]. Lung, prostate gland, and mammary gland tissues do not express MDR1. Drug resistance in these tissues is associated explicitly with BCRP and MRP1 and is also controlled by other members of the ABC transporter family [25,27]. As a result, these three carriers are both related to each other and protect cancer cells from various first-line chemotherapies was revealed. ABC transporters are frequently overexpressed in cancer cells and significantly limit the effective delivery of chemotherapy. They form a defense system against various cytotoxic agents and chemotherapeutic drugs. In this mechanism, ABC transporters can actively transport intracellular drugs across the membrane in an inverse concentration gradient, pump chemotherapeutic drugs from tumor cells, and reduce intracellular drug accumulation [28]. ATP-binding cassette superfamily G member 2 (ABCG2), BCRP, is responsible for regulating and altering the intracellular distribution of drugs. Mediates drug resistance through glutathione-dependent drug efflux so drugs cannot reach their targets [29].

The function of some circRNAs in drug resistance of cancers associated with ABC efflux transporters was discovered [14]. In osteosarcoma, the knockdown of circ-CHI3L1.2 down-regulates the expression levels of P-GP, MRP1 and glutathione S-transferase P1 (GSTP1) and has been found to weaken cisplatin (CDDP) resistance [30]. ATP binding cassette subfamily B member 1 (ABCB1) overexpression appeared to reverse the effects of circRNA_103615 silencing on CDDP resistance [31]. Therefore, it is crucial to explore the relationships between circRNAs, ABC efflux transporters, and tolerance to anti-cancer drugs to find new therapeutic targets for cancer.

Inhibition of Cell Apoptosis

Apoptosis represents an evolutionarily conserved, highly complex, central mechanism of cell death, an intrinsic death program that is important in maintaining tissue homeostasis in development and adulthood, and is also a tumor suppressor mechanism [32]. Cancer chemotherapy aims to induce apoptosis of cancer cells. In this way, it can make them targets for anti-cancer drugs [33]. The primary cell death mechanism activated by chemotherapy drugs is apoptosis. It triggers apoptosis through two main pathways, the intrinsic mitochondrial and the extrinsic transmembrane pathway. The effector phase of apoptosis includes several pro-apoptotic proteins (e.g., Bcl-2-associated X protein (BAX), Bcl-2 homologous antagonist killer (BAK), BH3 interacting-domain death agonist (BID), Bcl-2 Interacting mediator of cell death (BIM), BCL2 associated agonist of cell death (BAD), and p53 upregulated modulator of apoptosis (PUMA)) and anti-apoptotic proteins (e.g., B-cell lymphoma-2 (BCL-2), B-cell lymphoma extra-large (BCL-XL), and Induced myeloid leukemia cell differentiation protein (MCL-1)) as intrinsic pathways. This pathway is under the control of the BCL-2 family. The extrinsic pathway is regulated by the tumor necrosis factor (TNF) receptor family [34,35]. A potential mechanism of drug resistance mediates the activation of these anti-apoptotic pathways, resulting in the suppression of apoptotic signal transduction. Thus, the mechanism of drug resistance is caused by the emergence of resistance to chemotherapeutics [14]. CircRNAs, which have a highly stable thermodynamic structure, act on and modulate pro- or anti-apoptotic proteins has been stated. They regulate the apoptosis of drug-resistant cancer cells via these pathways emphasized [36]. For example, circAMOTL1 was seen to regulate the expression of AKT-related pro-apoptotic BAX and BAK and anti-apoptotic BCL-2 proteins in BC. It has thus been shown to modulate the PAX resistance, particularly in BC [37]. circRNA_0006528 has an effective potency in tamoxifen-resistant cells in BC. Knockdown of this circRNA has been found to reduce the IC50 of paclitaxel-resistant cells. circRNA_0006528 was found to reduce proliferation, migration, and autophagy and induce apoptosis in these cells [38]. Also, as a result of gain and loss analysis, the knockdown of circ-ABCB10 and DUSP7 activates let-7a was found. This activation appeared to increase the paclitaxel sensitivity of BC cells. Thus, it showed that apoptosis could increase and have an inhibitory effect due to the excessive increase in PAX sensitivity [39]. Thus, determining the influential roles of circRNAs that modulate pro- or anti-apoptotic proteins to promote apoptosis of cancer cells and reduce tolerance to anti-cancer drugs is a critical research topic.

Autophagy

Autophagy is a cellular process that maintains cell homeostasis by recycling damaged or useless proteins or organelles through a lysosome-dependent degradation system in normal cells. This ensures an advantage for cancer cells in tumorigenesis. Autophagy could play a dual role by promoting cancer cell survival as well as autophagic cancer cell death in the development of cancer cells [40]. Although drug resistance mechanisms induced by autophagy have not been fully understood, it has been indicated that enhanced autophagy plays a crucial role in the resistance to chemo-radiotherapy and targeted therapy in various carcinoma cells, primarily via its cytoprotective function through multiple mechanisms mediated by autophagy-related genes, MDR, heat shock proteins, survival-related signaling pathways, miRNAs [41–43]. Emerging evidence indicated that circular RNAs also regulate autophagy, which could promote drug resistance in various tumors. For instance, combining imatinib with autophagy inhibition reduces acquired resistance in gastrointestinal stromal tumors [44]. The cirEIF6 and hsa_circ_0092276 promote chemoresistance by modulating autophagy induced by cisplatin and doxorubicin in thyroid and breast cancer cells, respectively [45,46].

CircRNA Associated with DNA Damage Repair

DNA damage response and repair (DDRR) is a strategy of the cell to maintain the integrity of the genome after the impact of various genotoxic events. To reduce genome instability and repair double or single-strand breaks (DSB or SSB), the cell activates molecules from repair signaling cascade pathways [47]. DSB induces Homologous Recombination (HR) and Non-Homologous End Joining (NHEJ). Irregular DSB repair leads to chromatin remodeling and can cause genome instability, which is one of the mechanisms underlying the basis of malignant transformation [48]. Several circRNAs are shown to be associated with DNA damage response and regulation of DNA repair. It has been shown that some circRNAs, such as circSMARCA5 interact with DNA exons. circSMARCA5 is derived from the gene coding for SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of Chromatin, Subfamily A, Member 5 (SMARCA5) protein which contributes to the structural maintenance of the chromatin structure near the DNA damage, thus enabling components of DNA repair machinery to access the damaged regions. Moreover, higher circSMARCA5 levels were detected in cancer cell lines compared with standard BC cells and in BC samples compared with normal tissue [49]. circMET RNA overexpression was associated with malignant transformation. In MCF-7 and T47D cells, circMET was significantly higher in tamoxifen-resistant cells compared with cells sensitive to TAM. Also, treatment with tamoxifen decreased the cell viability sensitive MCF-7 and T47D, but without effect on resistant cell lines. Furthermore, circMET was associated with resistance to tamoxifen via targeting miR-204-5p targeting, which increases aryl hydrocarbon receptor (AHR), an inhibitor of DNA-double strand break repair leading to increased cell viability and decreased sensitivity to TAM [50].

EMT and CSCs

Epithelial-mesenchymal transition (EMT) is characterized by the loss of epithelial phenotype and the acquisition of mesenchymal features [51]. EMT is well known to facilitate malignant progression by promoting migratory and invasive behavior in multiple cancer types [52]. In addition, emerging evidence suggests that EMT appears as a significant contributor to drug resistance to multiple therapeutic agents in many different preclinical models [53]. Such resistance has been linked to EMT-mediators, which are specific transcription factors (Zinc finger protein SNAI1 (Snail), Twist-related protein 1 (Twist), Zinc Finger E-Box Binding Homeobox 1 (Zeb1)), posttranscriptional regulators (miRNAs), or posttranslational regulators (such as Casein kinase I (CK1)) in a wide variety of cancer types [54–59] and attributed to different mechanisms including elevated expression of ABC transporters, evading apoptosis signaling pathways, and decreased cell proliferation [60]. For instance, the downregulation of EMT-inducing transcription factors such as Twist, Snail, and Forkhead Box C2 (FOXC2) makes invasive breast cancer cells more chemosensitive by reducing their expression of ABC transporters [61].

Epithelial-mesenchymal transition is closely associated with acquiring the cancer stem cell (CSC) phenotype in various types of cancer, including breast, lung, pancreatic, and colon carcinomas [60,62–64]. Therefore, CSCs-associated drug resistance mechanisms are very similar to those related to EMT [60]. For instance, the overexpression of Twist in breast cancer cells has been shown to increase the formation of a breast cancer stem cell phenotype and enhance the expression of ABCC1 transporters [65]. EMT might cause drug resistance by promoting CSCs characteristics. It has been shown that the spontaneous conversion of HER2+ breast carcinoma cells to a cluster of differentiation 44, CD44+ HER2-basal/mesenchymal phenotype via EMT could lead to trastuzumab resistance [66]. While conventional therapeutics successfully eradicate non-CSCs, CSC-enriched carcinoma cells can remain viable even in the presence of therapeutic reagents and promote tumor recurrence and resistance to drugs.

In recent years, it has been shown that circular RNAs have been associated with EMT and CSCs in different types of cancers [67–70]. Although the relationship between circRNAs and EMT in drug resistance remains to be elucidated, there is an increasing number of reported data that circRNAs are involved in drug resistance by promoting EMT and stemness. For instance, the Hepatocyte growth factor (HGF)/c-mesenchymal-epithelial transition factor (c-Met), HGF/c-Met signaling pathway regulates the cirRNA CCDC66 expression to promote EMT and cisplatin resistance in lung adenocarcinoma cells [71]. It has been reported that circUBE2D2 enhances EMT progression and tamoxifen resistance in tamoxifen-resistant BC cells [72]. circ-PVT1 promotes paclitaxel resistance of gastric cancer by increasing the expression of ZEB1, an EMT-inducing regulator, through miR-124-3p [73].

Although it is thus clear that circRNAs help cancer cells escape from therapeutics by regulating EMT and stemness, more data is required to study the drug resistance induced by circRNAs. Therefore, EMT-inducing regulators, including circRNAs, may emerge as helpful therapeutic strategies to tackle drug resistance.

CircRNA from Exosomal Cargoes

Exosomes belong to a class of extracellular vesicles between 30–100 nm in size. Exosomes are membrane-derived packages containing various molecules, including lipids, proteins, and nucleic acids in their cargo [74]. The most important role of exosomes is to carry information and mediate communication between the parental and recipient cell, thus enabling inter or intracellular information and molecule transfer in endocrine, paracrine and autocrine manner [75]. Exosomes form via double invagination of the cell membrane and pack into multicellular vesicular bodies (MVB) by endocytosis. Then, proteins named endosomal sorting complexes required for transport (ESCRT) direct cargo sorting of exosomes, microvesicles, apoptotic bodies, and other particles into MVBs and directly release outside the parental cell by exocytosis [76,77].

Loading cargo into exosomes is probably cell-tissue specific and depends on proteins involved in the packing process [78]. Exosomes can contain a significant proportion of various RNA molecules, which is also cell-type specific [79]. Messenger RNA, miRNA, and other small and long non-coding RNAs, including circRNA can be found in exosomes. RNAs found in exosomes can modulate the activity of recipient cells, thus influencing intracellular processes and signaling pathways. Sequencing of RNA sheds light not only on circRNA presence in exosomes, but also on their origin, and parental cells, and revealed the presence of thousands of circRNAs in exosomes extracted from human sera [80]. Exosomes originating from tumor cells can travel to distant organs, thus having the potential to induce metastasis formation or progression [74]. So, exosomal trafficking and transport might be an additional mechanism influencing cancer formation and regulation of the disease progression. In exosomes, circRNA can sponge and bind to miRNA molecules, thus changing their downstream silencing of mRNAs and their expression and activity, as well as in the cytoplasm.

For example, circCDR1-AS exerts its sponging function in exosomes via sponging miR-7 [80], which can, in turn, increase the malignant and metastatic potential of BC. miR-7 was higher in metastatic breast cancer than in localized and BC compared with standard control samples [81]. It has been shown by Hu et al. that exosome-released hsa_circ_UBE2D2 was overrepresented in tamoxifen-resistant MCF-7 BC cells in vitro and in vivo. They have also shown that hsa_circ_UBE2D2 exerted its role in the increase of resistance to tamoxifen by targeting miR-200a-3p [72], indicating that it could be one of the targets for overcoming tamoxifen resistance which frequently occurs over time, after the treatment of ER-positive BCs.

CircRNAs and Drug Resistance

As BC is a very heterogeneous disease with high mortality and morbidity [82], multidisciplinary approaches to treatment such as surgery, chemotherapy, radiation therapy, hormone therapy, and targeted therapy are used as treatment gold standard [83]. Chemotherapy, in particular, is an effective method for treating patients with breast cancer as an adjuvant or neoadjuvant therapeutic approach [17,84]. Chemotherapy drugs include PAX, TAM, CDDP, DOX, and 5-fluorouracil (5-FU), and there are also specific chemotherapeutic, endocrine, and targeted drugs used frequently in BC patients [82,85]. Despite the significant advances in therapeutics, the intended improvement cannot be achieved at the desired level [17]. One of the most important reasons for that is drug resistance, which restricts the efficacy of chemotherapy [82,85]. In BC, drug resistance is regulated by various mechanisms [85]. Identifying the key molecules in these processes may play an essential role in understanding the formation of resistance and reversing the resistance developed [86]. Many recent studies revealed that circRNAs play regulating role in drug resistance in various cancer [84,87]. Understanding the functions of circRNAs in resistance mechanisms will help identify new potential therapeutic targets for drug-resistant tumors and enable new approaches for tumor treatment [84,88]. The circRNAs related to drug resistance in BC are shown in Table 1. Some of the most recognized circRNA involved in drug resistance in BC are shown in Fig. 3.
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Figure 3: A summary diagram of some circRNAs involved in the drug resistance of BC. circRNAs could participate in drug resistance of BC by drug efflux, apoptosis dysfunction, cell cycle, exosome, autophagy, DNA damage repair, and epithelial-mesenchymal transition. Created with BioRender

Paclitaxel

Paclitaxel, a Taxol derivative, is one of the chemotherapy drugs used commonly for the treatment of breast cancer [37]. PAX is effective against early and metastatic BC and acts through the stabilization of the microtubules and inhibition of the cell division [99]. Although PAX is an effective drug, resistance to PAX is inevitable in most patients at the terminal phase after a 6 to 10-month treatment [37]. PAX resistance becomes a significant clinical problem in treating patients with breast cancer. Therefore, it is vital to understand the molecular mechanisms of PAX resistance to develop therapeutic interventions [97]. circAMOTL1 was stated to be potentially responsible for PAX resistance in breast cancer cells. circAMOTL1 was shown to suppress cell apoptosis through anti- and pro-apoptotic protein expressions by regulating the AKT pathway, suggesting that circAMOTL1 may be a new potential target of breast cancer treatment to reduce the resistance to PAX [37]. A study conducted by Zang et al. showed that circ-RNF111 increased significantly in PAX-resistant BC tissues and cells, and the silencing of circ-RNF111 resulted in the inhibition of cell viability, colony formation, and invasion, thereby the blockage of cell growth and the increased PAX sensitivity. The circ-RNF111/miR-140-5p/E2F3 (E2F Transcription Factor 3) axis was suggested to be a new promising regulation network for PAX resistance [96]. circGFRA1, highly expressed in PAX-resistant cells, was shown to act as miRNA sponge to inhibit the miR-361-5p expression. circGFRA1 was indicated to have a regulating effect on miR-361-5p/TLR4 and thus affect the sensitivity of TNBC cells against PAX [97]. In another study, it was noted that circ-ABCB10 contributed to the PAX resistance of BC cells through Let-7a-5p/DUSP7 axis. It was noted that it increased PAX sensitivity and apoptosis while inhibiting the invasion and autophagy of BC cells following the down-regulation of circ-ABCB10 [39]. The other studies in the literature stated that BC cells became sensitive to PAX treatment through the regulation of the miR-1299/CDK8 (Cyclin Dependent Kinase 8) axis as a result of the downregulation of circ_0006528 [98], and the regulation of miR-1286/HK2 axis as a consequence of the downregulation of circHIPK3 [99]. In addition, the down-regulation of circWAC was stated to increase the sensitivity of TNBC cells to PAX. It was suggested that circWAC/miR-142/WWP1 (WW Domain Containing E3 Ubiquitin Protein Ligase 1) axis might be a new biomarker and therapeutic target for TNBC [100].

Tamoxifen

The estrogen receptor is positive in approximately 70% of breast cancers [116]. TAM is a hormone antagonist used as an (ER) positive first-line adjuvant endocrine therapy in BC patients and has been used for treating patients for nearly thirty years [92]. TAM functions by inhibiting the estrogen binding to ERs and blocking the stimulation signals modulated by ERs [91]. Acquired resistance develops in nearly 40% of the patients receiving TAM [116]. The mechanisms of TAM resistance are regulated by many factors. It was stated that these factors include non-coding RNAs, including circRNAs, and that these molecules may be potential targets for developing new therapeutic approaches [93]. circCDK1 expression was shown to increase in Tamoxifen-resistant breast cancer tissues and cells. The silencing of circCDK1 attenuated tamoxifen-resistant and inhibited the proliferation and survival of the resistant cells. Moreover, circCDK1 was also indicated to be involved in the TAM resistance mechanism through the circCDK1/miR-489-3p/CDK1 regulating network by targeting miR-489-3p [91]. Hsa_circ_0025202 is expressed in BC tissues at low levels. Hsa_circ_0025202 reduced the resistance to TAM by acting as a miR-182-5p sponge to regulate the activity and expression of the Forkhead transcription factor of subfamily member 3a (FOXO3a), the target gene [92]. Another study demonstrated that hsa_circ_0025202 suppressed carcinogenesis in BC by regulating the miR-197-3p/HIPK3 (Homeodomain-interacting protein kinase 3) axis and may increase the sensitivity to TAM [90]. Furthermore, hsa_circ_0097922 is overexpressed in TAM-resistant BC cells. Hsa_circ_0097922 has been suggested to inhibit tumor development in BC by interacting with miR-876-3p and may increase the sensitivity to TAM [94]. Silencing of circBMPR2 increased tamoxifen resistance in BC cells. It has been reported to inhibit the proliferation, migration, and invasion of BC cells via the circBMPR2/miR-553/USP4 (Ubiquitin specific protease 4) axis [95]. In another study, circ_UBE2D2 was isolated from exosomes bound to miR-200a-3p, thereby increasing the TAM resistance of BC cells [72].

Cisplatin

Cisplatin is a chemotherapeutic drug used for the treatment of a wide variety of cancers, including lung, bladder, ovarian, liver, and breast cancer [117,118]. Although cisplatin exerts considerable therapeutic effect, the resistance develops after long-term use and thus causes cancer recurrence and decreased overall survival. Demonstrating the effect of circRNAs on cisplatin resistance in recent years and understanding the underlying mechanisms will provide potential new strategies to improve the therapeutic efficiency in breast cancer treatment [117]. circUBAP2 was shown to enhance the expression of cisplatin-resistant TNBC, and the TNBC sensitivity against cisplatin may be increased by silencing the circUBAP2. Moreover, circUBAP2 was indicated to regulate the CDDP sensitivity of TNBC through the miR-300/ASF1B (Anti-silencing function 1) axis. circUBAP2 also targeted miR-300 to regulate ASF1B expression, thereby decreasing protein levels of ASF1B significantly. It was noted that ASF1B activated PI3K/AKT/mTOR signaling to facilitate CDDP resistance of TNBC cells. These findings showed the functional role of circUBAP2/miR-300/ASF1B/PI3K/AKT/mTOR (PAM) pathway in CDDP-resistant TNBC [89]. In another study, the overexpression of Cerebellar degeneration-related protein 1 (CDR1) was reported to be associated with adverse chemotherapeutic effects, and the sensitivity of the drug-resistant breast cancer cells to cisplatin was increased through the involvement of competitive inhibition of miR-7 and REGγ [90]. Xu et al. [49] reported the effect of circSMARCA5 (hsa_circ_0001445) on the sensitivity of BC to cisplatin. circSMARCA5 was present in the tissue and plasma samples of BC patients at a lower level than normal samples, and the restoration of circSMARCA5 levels enhanced the chemosensitivity of BC cells [49].

Doxorubicin (Adriamycin)

Doxorubicin is one of the chemotherapeutic drugs used commonly for the treatment of BC. However, the development of chemoresistance restricts its clinical use. It is generally used alone or concomitantly with other drugs, such as docetaxel, for the chemotherapy of BC. The reasons for the resistance of BC to chemotherapy are closely related to the recurrence and metastasis of breast cancer [119].

Wang et al. [111] reported that circATXN7/miR-149-5p/homeobox A11 (HOXA11) axis plays a role in the development of breast cancer and doxorubicin resistance. circATXN7 increased the activation of HOXA11 by targeting miR-149-5p, accelerated the formation of the tumor, and supported the doxorubicin resistance [111]. circKDM4C down-regulated in doxorubicin-resistant breast cancer cells. The overexpression of circKDM4C resulted in the inhibition of proliferation, migration, and invasion of the cancer cells and the improvement of doxorubicin sensitivity. The therapeutic targeting of circKDM4C/miR-548p/PBLD axis may be a promising treatment approach for BC patients [110]. circRNA _0044556 was highly expressed in TNBC cells and especially DOX-resistant cells. circRNA _0044556 supported cell viability, DOX-resistance, and migration while sponging miR-145 and inhibiting apoptosis due to its overexpression. The down-regulation of circ_0044556 increased the DOX-susceptibility of TNBC cells, thereby leading to decreased cell viability, increased apoptosis, and reduced migration [112]. In another study, circUBE2D2 plays an oncogenic role in TNBC, which it supports by sponging miR-512–3p thus preventing targeting Cell division cycle associated 3 (CDCA3) expression by sponging miR-512–3p- and that it induces which leads to doxorubicin resistance in TNBC. The down-regulation of circUBE2D2 decreased DOX-resistance by regulating miR-512-3p/CDCA3 axis. circUBE2D2 silencing may be a novel therapeutic approach for TNBC treatment [113]. Hsa_circ_0092276 was overexpressed in DOX-resistant BC cells. Overexpression of hsa_circ_0092276 inhibited the effect of DOX on the proliferation and apoptosis of BC cells. Hsa_circ_0092276 supported autophagy and DOX resistance in breast cancer by regulating the miR 348/ATG7 (Autophagy related 7) axis [46]. Cui et al. [114] indicated that circ_0001667 was overexpressed in DOX-resistant BC tissues and cells. After silencing circ_0001667, the malignant progression and chemotherapeutic resistance of DOX-resistant breast cancer were inhibited by the miR-4458/NCOA3 (Nuclear receptor coactivator 3) axis [114]. circ_0006528 was overexpressed in DOX-resistant tissues and cells, and also increased the DOX sensitivity of BC cells due to silencing the circ_0006528. circ_0006528 targets miR-7-5p that leads to overexpression of Raf1 [115]. Raf1 plays a role in the drug resistance of BC cells by regulating the ERK pathway [120].

5-fluorouracil

5-fluorouracil is commonly used for the treatment of many cancer types, including breast cancer [121,122]. 5-FU acts on nucleoside metabolism; 5-FU is incorporated into RNA and DNA, leading to cytotoxicity and cell death [121]. However, this resistance restricts the efficacy of the drug. It is essential, to identify the mechanisms in regulating the pathogenesis of 5-FU resistance against BC and chemoresistance. circRNAs also play a role in the regulation of chemoresistance, to 5-FU. Zhu et al. showed that the role of circFBXL5 in 5-FU resistance of BC, and circFBXL5 was overexpressed in resistant BC cells. circFBXL5 supported 5-FU resistance of breast cancer by regulating the miR-216b/HMGA2 (High mobility group AT-Hook 2) axis [102]. Another study showed that Cerebellar degeneration related 1 (CDR1) mRNA as a target of miR-7 and 5-FU affects chemosensitivity in BC cells. CDR1 regulates the chemosensitivity of BC cells by inhibiting cyclin E1 (CCNE) [101].

Other Drugs

Lapatinib is a tyrosine kinase inhibitor [103] and is an agent used in combination with capecitabine or taxanes for metastatic breast cancer [123]. Albeit its low side effects, lapatinib resistance limits the efficiency of treatment. Wu et al. showed that the role of circ-MMP11, emerged as an oncogene, in lapatinib resistance in breast cancer. circ-MMP11 was carried via exosomes and may increase the lapatinib resistance by regulating miR-153-3p/ANLN anillin network in BC [103].

Oxaliplatin (OX) is a platin analog and shows its mechanism of action by disrupting DNA synthesis [104]. OX is used commonly for the clinical treatment of BC [104], and unlike other platin compounds, it does not have nephrotoxicity and minimal myelosuppression [124]. circFAT1 level increased in OX-resistant BC tissues and cells, and that circFAT1/miR-525-5p/SKA1 (Spindle and kinetochore-associated protein 1) axis increased the OX resistance in BC via activation of Neurogenic locus notch homolog protein (Notch) and Wingless/Integrated (Wnt) pathway [104].

Docetaxel (DTX) is a semi-synthetic paclitaxel derivative and is regarded as a second-generation taxane [125]. Its mechanism of action takes place via the binding of guanosine diphosphate, GDP-bound tubulin [126], and thus cell cycle arrest and formation of apoptosis [127]. Taxane-containing treatment was shown to improve general survival both in an the early phase and terminal phases of breast cancer [128]. However, drug resistance, which may be resulted from mutations in drug-resistance genes or post-transcription mechanisms, may develop in many patients receiving taxanes. Huang et al. reported that circRNAs could sponge chemotherapy-associated miRNAs and arrange signaling pathways contributing to docetaxel resistance in BC cells. Eight chemotherapy-associated miRNAs can be sponged by circABCB1, circEPHA3.1, and circEPHA3.2. These three circRNAs contribute to docetaxel resistance via the PI3K-Akt and Advanced glycation end-products/Receptor for advanced glycation end-products (AGE-RAGE) signaling pathways [109].

Monastrol is a molecule that stops the cells in mitosis by specifically inhibiting Eg5, a member of the Kinesin-5 family [129]. The drugs targeting mitotic spindles are among the most effective cancer therapeutics. circRNA‑MTO1 was down-regulated in Monastrol-resistant cells. The overexpression of circRNA‑MTO1 suppressed cell viability, supported monastrol-based cell cytotoxicity, and increased the sensitivity to monastrol [105].

Trastuzumab (TRA) is a targeted monoclonal antibody treatment preferred in patients with HER2-positive BC. However, it has been observed that there are cases that do not show sensitivity to HER2 treatment or that go from susceptible to drug-resistant. This situation broadly inhibits the efficiency of TRA. Therefore, understanding the mechanism underlying drug resistance is vital. The literature review revealed that circ-BGN was associated with poor prognosis in TRA-resistant BC tissues. circ-BGN was overexpressed in TRA-resistant BC tissue, and its down-regulation decreased cell viability and especially restoration of the sensitivity to TRA [106]. In another study, circCDYL2, which is overexpressed in TRA-resistant patients and provides in vitro and in vivo TRA resistance in BC cells, was identified. circCDYL2 plays a role in the formation of the GRB7-FAK complex. The circCDYL2-GRB7-FAK complex plays a critical role in maintaining the HER2 signal and contributes to TRA resistance [107]. Li et al. reported that hsa_circ_0001598 is an oncogenic circRNA that plays a vital role in regulating PD-L1 expression and results in the immune escape and resistance of TRA in BC [108].

CircRNA-Based Therapy Strategies

According to the evidence we presented above, circRNAs play prominent roles in BC resistance to chemotherapy. Their high stability, abundance, and diversity render circRNAs promising biomarkers [130]. With tissue/cell type specificity, aberrant expression, and the association with cancer development and drug resistance in a wide variety of cancers, circRNAs have emerged as possible therapeutic targets over time for overcoming the drug resistance we described above [14,131]. Due to the differential dysregulation of circRNAs in cancer, recent studies have focused on both overexpression and knockdown strategies to target circRNAs. RNA interference-based strategies using siRNA, shRNA, and altered antisense oligonucleotides targeting back-spliced junction (BSJ) of upregulated circRNAs associated with drug resistance could be one approach [132]. The targeting of such circRNAs might enhance the sensitivity of breast cancer patients to chemotherapeutic drugs. Accumulating evidence revealed that BC chemoresistance (DOX, PAX, TAM) are reversed by applying siRNA or shRNA targeting oncogenic circRNAs by serving as miRNA sponges in BC cells or patient-derived xenograft mouse models [14,37,97,113]. Recently, there have been few studies showing another efficient approach in depleting circRNAs specifically and robustly would be the cre-lox system [133], and clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 13 (CRISPR/Cas13)-mediated knockout without affecting their linear counterparts [134] in retinal pericytes and hepatocellular carcinoma, respectively. He et al. [135] have published a detailed report regarding these systems. These strategies could be translated to breast cancer cells or patient-derived animal models.

Conversely, circRNA expression vectors, including plasmids, lentiviral and adenoviral vectors have been used to enhance the concentration of downregulated circRNAs in cultured cells and mice. For instance, the ectopic expression of Foxo3 circular RNA has been shown to suppress tumor growth, cell proliferation, and survival with the sponging effect on miRNAs in breast carcinoma [136]. Further, Adeno-associated viruses were exploited to express circITCH to reduce cardiotoxicity by sponging miR-330-5p in DOX-treated mice [137]. Another simple and effective strategy to reintroduce circRNAs would be directly synthesizing artificial circRNAs of interest that can be delivered directly into target cells to sponge miRNAs [138].

Finally, to improve therapeutic efficiency, nanoparticle and exosome-based delivery systems could be exploited to increase the delivery of circRNAs, circRNA expression vectors, or circRNA-targeting agents, especially in reducing the adverse effects arising from off-target tissues and preventing immune activation in breast cancer [135]. For instance, Du et al. have used an AuNPs-conjugated siRNA targeting circDnmt1, resulting in the inhibition of cellular autophagy and tumor growth in breast cancer [139]. Moreover, the ever first-ever lipid nanoparticle-siRNA drug, named patisiran, has been approved for the treatment of hereditary transthyretin amyloidosis [140]. On the other hand, a study proposed that oxaliplatin-resistant colorectal cancer cells released ciRS-122 enriched in their exosomes into sensitive cells, resulting in drug resistance via miR-122 sponging. In this study, si-ciRS-122 delivered by an exosome-based system was shown to reverse this drug resistance by modulating the ciRS-122-miR-122-PKM2 (Pyruvate kinase isozyme M2) axis in vivo [141]. Thus, these systems might be exploited as promising tools in reversing breast cancer resistance.

Conclusion and Perspectives

Chemotherapy is an essential method for the clinical treatment of particular BC subtypes, but the development of drug resistance limits the effectiveness of the treatment and causes its failure. Therefore, it is crucial to elucidate the molecular pathways underlying resistance to reduce or eliminate drug resistance. In recent years, many studies have indicated that circRNAs play essential roles in tumorigenesis, development, and drug resistance. In this review, recent studies on the effects of circRNAs on BC and drug resistance are summarized. Many circRNAs were revealed to function as miRNA sponges and regulate the function of the circRNA-miRNAs-mRNA axis or participate in drug resistance mechanisms by stimulating oncogenic signaling pathways. This field of study is limited to in vitro and in vivo experiments. However, the mechanisms are still unclear, and with the new resistance mechanisms to be determined, the importance of circRNAs in the field will increase. Additional circRNAs need to be discovered and associated with drug resistance in BC, and most of the circRNAs reported in BC have been only related to a couple of well-known drugs. Moreover, there is no such study on comprehensive expression patterns of circRNAs in resistant drug-resistant and sensitive BC patients. There are also significant limitations, including off-target gene knockdown, side effects of Cas13 expression, and toxicity of nanoparticles. As these limitations are addressed with new studies before the clinical use of circRNA-based therapeutic strategies in BC, circRNAs will be much more promising as effective therapeutic targets in the field. Further studies will provide important information about the understanding of molecular mechanisms and their clinical utility. We believe that the knowledge of the effects of circRNAs on drug resistance will also provide new approaches to the treatment of BC.
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TABLE 1

circRNAs Cirbase ID Expression Target/pathway Drug Ref
circUBAP2 -~ Up miR-300/ASF1B/PI3K/AKT/mTOR Cisplatin [89]
CDRI1as Hsa_circ_0001946 Up miR-7/PSME3 Cisplatin [90]
circSMARCA5 Hsa_circ_0001445 Down -~ Cisplatin [49]
circCDK1 - Up miR-489-3p/CDK1 Tamoxifen [91]
-~ Hsa_circ_0025202 Down miR-182-5p/FOX03a Tamoxifen [92]
-~ Hsa_circ_0025202 Down miR-197-3p/HIPK3 Tamoxifen [93]
-~ Hsa_circ_0097922 Up miR-876-3p/ACTN4 Tamoxifen [94]
circUBE2D2 -~ Up miR-200a-3p Tamoxifen [72]
circBMPR2 Hsa_circ_0003218 Down miR-553/USP4 Tamoxifen [95]
circAMOTL1 -~ Up AKT1 Paclitaxel [37]
circRNF111 Hsa_circ_0001982 Up miR-140-5p/E2F3 Paclitaxel [96]
circGFRA1 -~ Up miR-361-5p/TLR4 Paclitaxel [97]
circABCBI10 - Up Let-7a-5p/DUSP7 Paclitaxel [39]
-~ Hsa_circ_0006528 Up miR-1299/CDKS Paclitaxel [98]
circHIPK3 Hsa_circ_0000284 Up miR-1286/HK2 Paclitaxel [99]
circWAC — Up miR-142/WWP1 Paclitaxel [100]
CDRlas Hsa_circ-0001946 Up miR-7/CCNEl 5-fluorouracil (5-FU) [101]
circFBXL5 -~ Up miR-216b/HMGA2 5-fluorouracil (5-FU) [102]
circMMP11 - Up miR-153-3p/ANLN Lapatinib [103]
circFAT1 - Up miRNA-525-5p/SKA1 Ogxaliplatin [104]
circMTO1 Hsa_circ_007874 Down TRAF4/Eg5 Monastrol [105]
circBGN. -~ Up SLC7A11 Trastuzumab [106]
circCDYL2 -~ Up GRB7/FAK Trastuzumab [107]
-~ Hsa_circ_0001598 Up miR-1184/PD-L1 Trastuzumab [108]
circABCB1 - Up PI3K/Akt, AGE-RAGE Docetaxel [109]
circEPHA3.1 Down

circEPHA3.2 Down

circKDM4C Down miR-548p/PBLD Doxorubicin [110]
circATXN7 Hsa_circ_0066436 Up miR-149-5p/HOXA11 Doxorubicin [111]
—~ Hsa_circ_0044556 Up miR-145/NRAS Doxorubicin [112]
circUBE2D2 Hsa_circ_0005728 Up miR-512-3p/CDCA3 Doxorubicin [113]
—~ Hsa_circ_0092276 Up miR-348/ATG7 Doxorubicin [46]
—~ Hsa_circ_0001667 Up miR-4458/ NCOA3 Doxorubicin [114]
-~ Hsa_circ_0006528 Up miR-7-5p/Rafl Doxorubicin [115]
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