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Resistance to chemotherapeutic agents poses a significant challenge in cancer treatment, particularly with doxorubicin, a widely used drug for various cancers, including breast cancer, leukaemia, osteosarcoma, and gastrointestinal cancers. This review aims to elucidate the critical role of microRNAs (miRNAs) in the development of doxorubicin resistance, focusing on their interactions with ATP-binding cassette (ABC) transporters. Despite extensive research, the molecular mechanisms governing doxorubicin resistance still need to be completed, particularly regarding the regulatory influence of miRNAs on ABC transporter expression. By analyzing current literature, this review identifies a notable gap: the lack of comprehensive insight into how specific miRNAs modulate the expression and activity of ABC transporters in cancer cells, contributing to doxorubicin resistance. We systematically examine recent findings on the interplay between miRNAs and ABC transporters, providing a detailed assessment of potential therapeutic strategies that leverage miRNA modulation to overcome drug resistance. Ultimately, this review underscores the significance of integrating miRNA research into existing therapeutic frameworks to enhance the efficacy of doxorubicin in cancer treatment.
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1 INTRODUCTION
Cancer, as the second leading reason for death around the world, is known to impose a great burden on the socioeconomic situations of every country, which is a reason for increasing the attention of different countries to the topic of cancer and increasing investment in providing suitable solutions to prevent and treat this deadly disease (Siegel et al., 2023). The past 20 years have witnessed the identification and development of more than 70 targeted therapeutic agents as novel drugs for treating a broad range of cancer types (Kroemer et al., 2023). These drugs combat cancers via influencing the proliferation, growth, survival, and metastasis of tumour cells, which is achieved by interfering with particular signalling pathways (Goossens and Bailly, 2019; Jairajpuri et al., 2024; Zhang et al., 2022). However, narrow indications have been extensively reported for these innovative therapeutic agents. Due to some restrictions, such as the heterogeneous nature of cancer, genomic instability, emergence of drug resistance, and many other unknown factors, the efficacy of these agents is diminished (Hays and Bonavida, 2019; Sansregret et al., 2018; Chen L. et al., 2023). As a result, cancer therapy is still dominated by conventional chemotherapy, which is a substantial mainstay and tool in fighting cancer. Again, the application of conventional chemotherapeutics faces two major problems worthy of attention, including the development of resistance and adverse effects (Sun et al., 2020; Nazari Soltan Ahmad et al., 2020; He et al., 2021). An increase in cellular detoxification, apoptosis inhibition, dysregulation of DNA repair, and regulation of non-coding RNAs (ncRNAs) are among the most noteworthy mechanisms responsible for the appearance of drug resistance (Aldossary, 2019). Therefore, the hot point of research in cancer treatment is finding novel candidates that not only reverse drug resistance by increasing the effectiveness of conventional therapeutic agents but also have low side effects due to their low toxicity on healthy cells (Wu et al., 2020).
Doxorubicin is a widely used chemotherapeutic agent, particularly effective in treating a variety of cancers, including breast, ovarian, and lung malignancies. However, the efficacy of doxorubicin is frequently compromised by the development of drug resistance, a major obstacle to successful cancer treatment (Kciuk et al., 2023). One of the most significant mechanisms driving doxorubicin resistance is the overexpression of ATP-binding cassette (ABC) transporters, which actively expel chemotherapeutic agents, such as doxorubicin, from cancer cells. ABC transporters, particularly ABCB1 and ABCC1, are widely expressed in multiple cancer types and are strongly implicated in multidrug resistance, which severely limits the effectiveness of chemotherapy. By increasing drug efflux, these transporters reduce the intracellular concentration of chemotherapeutic agents, thereby diminishing their cytotoxic effects. In hepatocellular carcinoma, for example, the inhibition of ABCB1 has been shown to increase doxorubicin accumulation, reduce drug tolerance, and improve treatment outcomes (Blukacz et al., 2024). Similarly, in triple-negative breast cancer (TNBC), the stabilization of ABCB1 via USP51-mediated deubiquitination enhances resistance to doxorubicin, while targeting USP51 impairs this resistance (Ou et al., 2024).
Even though approximately 80% of the human genome is transcribed into RNA, only about 2% of these RNAs are translated into proteins (Anastasiadou et al., 2018). Consequently, ncRNAs are RNA molecules that are transcribed from DNA but are not translated into proteins. They constitute the vast majority of cellular RNAs and play significant roles in regulating various physiological, biological, and pathological processes (Yan and Bu, 2021). Over the past few decades, there has been growing interest in exploring the involvement of key ncRNA categories, particularly microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), in the initiation and progression of various human cancers. Highly conserved miRNAs are approximately 20-nucleotide-long non-coding RNAs, and they lack protein-coding potential (Hauptman and Glavač, 2013). Recently, miRNAs have been at the centre of debate regarding their crucial role in reversing chemoresistance. For example, miR-218-5p has been shown to inhibit doxorubicin-induced mitophagy by targeting Parkin, thereby increasing doxorubicin sensitivity in breast cancer cells (Naso et al., 2024). Additionally, miR-181b-5p reverses doxorubicin resistance by downregulating the p53/p21 pathway and inhibiting G1 arrest through the suppression of BCLAF1, as demonstrated in vivo (Zhao et al., 2023). Their role in cancer progression and treatment resistance is becoming increasingly evident, particularly with respect to their ability to influence the expression and activity of ABC transporters (Gomes et al., 2020). Among these, miR-34a-5p has garnered attention for its potent effect on ABCC1, a key transporter associated with doxorubicin resistance. Studies have demonstrated that the restoration of miR-34a-5p expression significantly suppresses ABCC1 by directly targeting its 3′ untranslated region, leading to increased doxorubicin influx in resistant breast cancer cells. This enhanced intracellular accumulation of doxorubicin effectively reverses the resistance phenotype, highlighting miR-34a-5p as a potential therapeutic candidate for overcoming ABC transporter-mediated drug resistance (Yahya et al., 2024). This study focuses on elucidating the role of miRNAs in the development of resistance to doxorubicin, with a particular emphasis on their regulatory effects on ABC transporters in cancer cells. By identifying specific miRNAs that modulate ABCB1 and ABCC1, we aim to provide a comprehensive understanding of how miRNA-mediated mechanisms contribute to chemoresistance. Our objective is to explore the potential of these miRNAs as therapeutic targets to overcome doxorubicin resistance, thus enhancing the effectiveness of conventional chemotherapy and improving clinical outcomes.
2 AN OVERVIEW OF MECHANISMS UNDERLYING DOXORUBICIN RESISTANCE
2.1 Doxorubicin mechanism of action
Doxorubicin is widely used in chemotherapy for its effectiveness against various cancers, though its exact mechanisms of action are still under debate. Despite this, it is known that doxorubicin intercalates into DNA, inhibits topoisomerase enzymes, and disrupts mitochondrial function, leading to increased production of free radicals and oxidative damage (Elfadadny et al., 2023). Doxorubicin primarily induces DNA damage through the formation of adducts, single-strand breaks, and double-strand breaks, trapping topoisomerase enzymes. These breaks activate the DNA damage response pathway, recruiting various repair proteins and initiating cell-cycle arrest or apoptosis. The drug’s ability to induce apoptosis is linked to phosphorylation events mediated by the ATM and ATR kinases, which further activate checkpoint kinases and tumour suppressor proteins like p53, ultimately halting cell proliferation and triggering programmed cell death (Halim et al., 2018). In addition to its apoptotic effects, doxorubicin can trigger other cell death mechanisms, such as senescence, autophagy, pyroptosis, ferroptosis, or necrosis, depending on drug dosage and cellular context (Christidi and Brunham, 2021). Doxorubicin’s interaction with cardiolipin in mitochondria increases levels of reactive oxygen species (ROS) and reactive nitrogen species, which contribute to DNA damage in both nuclear and mitochondrial DNA. This oxidative stress amplifies ROS production, further damaging the electron transport chain and reinforcing the cycle of ROS generation. Through interactions with proteins like p53 and pathways such as ceramide signalling, doxorubicin promotes the activation of proapoptotic factors like cytochrome c, APAF1, and SMAC/DIABLO, leading to the activation of caspases that finalize the apoptotic process by fragmenting DNA and executing cell death (Kciuk et al., 2023).
Furthermore, doxorubicin enhances anti-tumor immune responses, particularly by activating CD8+ T cells. Through the release of damage-associated molecules like ATP, calreticulin, and HMGB1, doxorubicin-treated cancer cells can be recognized by dendritic cells, leading to the activation of immune responses. These interactions promote T-cell and natural killer cell activity, which releases cytotoxic molecules that directly contribute to cancer cell destruction (Yang et al., 2021; Zhao et al., 2024). Moreover, doxorubicin-induced DNA damage activates pathways that may influence immune checkpoint regulation, such as upregulation of PD-L1, which underscores the potential for combining doxorubicin with immune checkpoint inhibitors in treatment strategies. The drug’s ability to stimulate both direct cytotoxicity and immune-mediated responses is crucial for its therapeutic effects (Sadighi et al., 2021).
2.2 Doxorubicin drug resistance
Doxorubicin is considered a legacy antitumor drug due to its long-standing use across a wide range of cancer types, including breast cancer, lymphoma, and sarcoma. Compared to other traditional chemotherapy drugs like cisplatin and vincristine, doxorubicin’s ability to target both DNA and mitochondrial function gives it a broader range of cytotoxic mechanisms, making it one of the most versatile anticancer agents (Sritharan and Sivalingam, 2021). Like other chemo drugs, doxorubicin resistance is mediated by the ability of cancer cells to overcome the initial cytotoxicity and restart the proliferative and invasive capabilities of these cells (Cox and Weinman, 2016). Given the rising incidence of drug resistance, it is crucial to investigate how cancer cells adapt by switching between different signalling pathways to sustain their proliferation and invasion, ultimately leading to the development of doxorubicin resistance. Inhibiting topoisomerase II activity, which leads to the induction of single- and double-strand DNA breaks, limitation of DNA replication and transcription, and finally, interfering with cancer cell proliferation is the proper mechanism for the cytotoxicity of doxorubicin (Cao X. et al., 2020). However, DNA damage alone is often insufficient to cause cancer cell death, as the DNA damage repair mechanisms in cancer cells can mitigate the cytotoxic effects of doxorubicin. Various pathways, including non-homologous end joining and homologous recombination, may repair the DNA breaks induced by doxorubicin, thus promoting survival and enabling resistance. Recent studies have highlighted that proteins involved in DNA repair, such as SIRT6, play a significant role in modulating doxorubicin sensitivity. SIRT6-mediated resistance was found to be associated with enhanced DNA damage repair activity, which could be attenuated by inhibiting this pathway using agents like olaparib or ATM inhibitors. Similarly, overexpression of SIRT6 in osteosarcoma cells has been linked to poor patient prognosis, further demonstrating the importance of DNA repair in doxorubicin resistance (Zhang et al., 2020). Moreover, thioredoxin-interacting protein (TXNIP), a key regulator of ROS synthesis, was found to promote doxorubicin-induced DNA damage in TNBC cells. TXNIP enhances ROS-mediated DNA damage, contributing to doxorubicin efficacy; however, the upregulation of TXNIP via inhibitors like c-Myc could potentially overcome resistance mechanisms (Chen et al., 2022a). Beyond the critical functions of various molecular pathways in determining the doxorubicin sensitivity of cancer cells, intracellular organelles like mitochondria are reported to play pivotal roles (Dai et al., 2017; Kirtonia et al., 2020). Cancer cell treatment with doxorubicin is extensively demonstrated to result in structural and functional alterations in mitochondrial genes. Since mitochondria are a central organelle that triggers apoptosis, any change in the mitochondria has a close association with apoptosis (Taymaz-Nikerel et al., 2018). Thus, the interplay between DNA damage repair, ROS production, and mitochondrial dysfunction underpins key aspects of doxorubicin resistance, where a multifaceted approach targeting both the DNA repair and mitochondrial pathways might provide enhanced therapeutic efficacy. The cell cycle, the main factor in cancer progression, is suppressed by doxorubicin application. However, prolonged exposure of cancer cells to doxorubicin leads to the development of resistance against this chemotherapeutic agent, which is mainly reported to be caused by a mutation in p53, a key tumour suppressor gene (Guo et al., 2023; Aas et al., 1996). Not surprisingly, cross-resistance between two drugs is also common in cancer therapy. For example, simultaneous exposure to doxorubicin and paclitaxel is demonstrated to lead to the mutation of p53 and the possession of resistance in hepatocellular carcinoma (HCC) cells (Chan and Lung, 2004). P53 mutation-mediated emergence of doxorubicin resistance is due to overexpression, as well as promoted activity of P-glycoprotein (P-gp), an ATP-dependent pump responsible for the effluxing doxorubicin out of cells into extracellular space. Due to the function of this pump, the intracellular levels of doxorubicin will decrease, and its accumulation within cells will be inhibited (Chan and Lung, 2004). However, in addition to these molecular pathways, several other mechanisms significantly contribute to doxorubicin resistance. For instance, cancer cell heterogeneity presents a major challenge, as the diverse genetic and phenotypic profiles within tumours enable certain subpopulations of cells to evade the cytotoxic effects of doxorubicin. Studies have shown that cancer cells cultured in three-dimensional extracellular matrix (ECM)-based models exhibit altered sensitivity to doxorubicin compared to cells grown in two-dimensional conditions, largely due to enhanced cell-to-ECM interactions. Inhibition of integrin signalling in combination with doxorubicin has been shown to significantly reduce cancer cell viability (Lovitt et al., 2018). Additionally, cancer stem cell (CSC) theory posits that a small subset of cancer cells within the tumour has the ability to self-renew and initiate tumour regrowth after therapy, contributing significantly to drug resistance. Doxorubicin treatment has been shown to induce a therapy-induced senescence state, during which a dormant population of cells can survive, later re-enter the cell cycle, and increase expression of stemness-related genes, such as SOX2, KLF4, and c-MYC. This senescence-associated stemness enhances the tumour’s aggressiveness and risk of recurrence, as demonstrated in liver cancer studies where EpCAM+/CD133+ stem cells exhibit increased resistance to doxorubicin due to elevated ABCG2 expression (Zhang et al., 2020; Karabicici et al., 2021). Epigenetic changes are another contributing factor to drug resistance. Aberrant methylation patterns, histone modifications, and chromatin remodelling can silence key genes involved in drug sensitivity, such as the MSH2 gene, which is important for DNA mismatch repair. Treatment with epigenetic modulators like 5-aza-deoxycytidine and trichostatin A has been shown to re-sensitize resistant breast cancer cells to doxorubicin (Ponnusamy et al., 2018).
Moreover, various molecular mechanisms have been identified as contributing to changes in the activity and expression of drug transporters, leading to the development of doxorubicin resistance. For example, doxorubicin accumulation can be prevented via nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated enhancement in the activity and expression levels of ABCB1, another important drug transporter (Xia et al., 2020). These membrane-bound proteins, particularly members like P-gp (ABCB1), MRP1 (ABCC1), and BCRP (ABCG2), play pivotal roles in the efflux of doxorubicin and other chemotherapeutic agents out of cancer cells, thereby reducing intracellular drug concentrations and diminishing the efficacy of the treatment. This drug efflux function is a major adaptive response that enables cancer cells to evade the cytotoxic effects of doxorubicin, allowing them to continue increasing despite drug exposure.
Unlike doxorubicin, other well-known drugs like cisplatin primarily act by forming platinum-DNA adducts, and vincristine disrupts the microtubules in dividing cells, highlighting the unique multi-targeted cytotoxicity of doxorubicin. However, like doxorubicin, both drugs also face significant issues with the development of resistance, which emphasises the necessity of understanding and overcoming these mechanisms to improve the long-term efficacy of chemotherapies (Sohail et al., 2021). The following section will provide a detailed overview of ABC transporters, including their structure, function, and distribution, to aid in the comprehension of their critical role in the development of drug resistance in cancer therapy.
3 ABC TRANSPORTERS: STRUCTURE, FUNCTION, DISTRIBUTION
3.1 Structure
ABC transporters represent one of the most extensive families of transmembrane proteins, distinguished by their conserved structural framework and vital functions in substrate transport across cellular membranes. These transporters are typically composed of transmembrane domains (TMDs) and nucleotide-binding domains (NBDs). As seen in Figure 1, although P-gp features two NBDs and a standard TMD arrangement, MRP1 differs by having an additional TMD comprising five segments. Similarly, BCRP presents a unique structure with its NBD situated at the NH2 terminus alongside a distinct TMD configuration. The TMDs are organised into multiple alpha-helical segments that span the membrane and create pathways for specific substrate translocation. On the cytoplasmic side, the NBDs contain essential motifs, including the Walker A and Walker B motifs, the ABC signature, and the Q-loop, which are crucial for ATP binding and hydrolysis. The energy released from ATP hydrolysis in the NBDs drives conformational changes in the TMDs, thereby facilitating the movement of substrates through the membrane (Alam and Locher, 2023; Huang and Ecker, 2023).
[image: Figure 1]FIGURE 1 | (A) The structure of P-gp consists of two NBDs situated in the cytoplasm, along with 12 transmembrane segments. (B) While MRP1 shares a similar structural topology with P-gp, it is distinguished by an additional TMD made up of five segments. (C) In contrast, the BCRP features an NBD located at the NH2 terminus and has a TMD composed of six segments.
3.2 Function
According to Figure 2, ABC transporters harness the energy from ATP hydrolysis to transport a wide variety of substrates, including lipids, ions, peptides, and xenobiotics, across biological membranes. Among the most extensively studied ABC transporters are ABCB1 (also known as P-glycoprotein), ABCC1 (also referred to as multidrug resistance protein 1, MRP1), and ABCG2 (also known as breast cancer resistance protein, BCRP) (Banerjee et al., 2023). ABCB1 is primarily known for its role in conferring multidrug resistance in cancer by specifically expelling chemotherapeutic agents out of cells, thereby abating intracellular drug accumulation and diminishing therapeutic efficacy (Chen H-K. et al., 2023). ABCC1, which belongs to the C subgroup of ABC transporters, similarly contributes to drug resistance by transporting a broad spectrum of substrates, including organic anions and drugs, out of cells. As a lipophilic anion pump, ABCC1 has more diversity in its substrates than P-gp. Amphipathic organic acids containing large hydrophobic groups are the most prevalent substrates of ABCC1 (Zhang et al., 2024). ABCG2, a member of the G subfamily, is another key player in multidrug resistance, with its property to efflux a wide variety of chemotherapeutic agents, as well as endogenous and exogenous substrates (Schulz et al., 2023).
[image: Figure 2]FIGURE 2 | Mechanism of action of ABC transporters. ABC transporters operate through a sophisticated mechanism involving substrate binding and conformational changes. When a substrate binds to the high-affinity TMD pockets, it induces significant conformational shifts in the NBDs. This interaction results in the formation of closed NBD dimers. The closure of these NBD dimers facilitates ATP hydrolysis, which, in turn, drives the rotation of the TMDs. This rotation triggers conformational alterations in the TMDs, causing them to open toward the extracellular space. As a result, the substrate is expelled from the cell.
Beyond their role in drug resistance, these transporters also participate in various physiological processes. ABCB1, for example, is crucial in protecting tissues like the blood-brain barrier by eliminating the admission of potentially harmful xenobiotics into the central nervous system. ABCC1 is implicated in transporting glutathione conjugates, bile acids, and other organic anions, playing a vital role in cellular detoxification. ABCG2 regulates the intracellular levels of ions, lipids, hormones, and organelles like the Golgi apparatus, endoplasmic reticulum, lysosome, and mitochondrion (Sajid et al., 2023).
3.3 Distribution
The distribution of ABC transporters is extensive and reflects their diverse functional roles. ABCB1 is highly expressed in the kidneys, liver, intestines, and the blood-brain barrier, where it is pivotal in the absorption, distribution, and elimination of pharmacological compounds and xenobiotics. Its expression in the blood-brain barrier is notably critical for protecting the central nervous system from toxic substances (Moore et al., 2023). ABCC1 is widely expressed in tissues consisting of the lungs, blood cells, and liver, where it is involved in the efflux of organic anions and drug conjugates. ABCG2 is expressed in the placenta, liver, intestine, and blood-brain barrier, where it helps protect these tissues from xenobiotics and facilitates the efflux of physiological substrates. The widespread expression of these transporters underscores their importance in maintaining cellular homeostasis, protecting tissues from toxic insults, and contributing to drug resistance, a significant obstacle in combating tumorigenesis (Leonard et al., 2003).
The regulation of ABC transporters extends beyond intrinsic cellular mechanisms and includes modulation by miRNAs, which have emerged as crucial post-transcriptional regulators in various physiological and pathological processes, including cancer drug resistance. Several studies have demonstrated that miRNAs can directly target the mRNA of ABC transporters such as ABCB1, ABCC1, and ABCG2, influencing their expression levels and activity. This regulation can significantly impact the efflux of chemotherapeutic agents, thus modulating drug resistance (Wang et al., 2021). Understanding the intricate relationship between miRNAs and ABC transporters is pivotal in identifying novel therapeutic strategies to counteract multidrug resistance in cancer cells. In the following section, we will explore the biogenesis and functional roles of miRNAs to facilitate the understanding of how their dysregulation contributes to drug resistance, particularly through their influence on ABC transporters.
4 MIRNAS
4.1 Biogenesis and biology
Even though a vast majority of the human genome (around 80%) is transcribed into RNA, only about 2% of this RNA is translated into proteins. (Cai et al., 2009). Consequently, ncRNAs comprise the bulk of cellular RNAs and play a significant role in regulating physiologic and pathological processes (Ye et al., 2019). Over the past few decades, there has been a growing interest in studying the role of two key types of ncRNAs, miRNAs and long non-coding RNAs (lncRNAs), in the initiation and progression of divergent human cancers (Reddy, 2015; Xu et al., 2024). MiRNAs, a class of small ncRNAs consisting of 20–22 nucleotides, regulate crucial cellular processes by targeting the 3′ untranslated region (UTR) of mRNA in target genes. (Vishnoi and Rani, 2017; Ha and Kim, 2014). Primary-miRNAs (pri-miRNAs) with a poly-A tail and 5′ cap are the first product of RNA polymerase II during miRNA biosynthesis. Then RNAase III endonuclease, known as Drosha, converts pri-miRNA into precursor miRNAs (pre-miRNAs) with 60–110 nucleotide length (Achkar et al., 2016). The pri-miRNA is transferred into the cytoplasm, and in a reaction catalyzed by RNase III enzyme DICER-1, the stem-loop structures are removed, and the miRNA duplex is created (Romero-Cordoba et al., 2014). Following unwinding by a helicase, the mature single-stranded miRNA is incorporated into the RNA-induced silencing complex (RISC), where it participates in the negative regulation of target mRNAs (Romero-Cordoba et al., 2014; Michlewski and Cáceres, 2019). Dysregulation in the expression pattern of miRNAs contributes to the disruption of various cellular events and, ultimately, maltransformation (Lin and Gregory, 2015; Zhou et al., 2022). Hence, these tiny RNA molecules are of high importance in the initiation/progression of various human malignancies (Lin and Gregory, 2015). More importantly, miRNAs are also present in biological fluids comprising saliva, urine, plasma and serum, which increase their value as biomarkers. miRNAs are released into body fluids through various mechanisms, including passive release and excretion via microvesicles or exosomes (Hayes et al., 2014). A huge amount of miRNAs is excreted into extracellular space via an RNA-binding protein-dependent pathway due to the miRNAs association with RNA-binding proteins and proteins high-density lipoprotein (HDL), Argonaute-2 (Ago-2), Nucleophosmin 1 (Npm1), and exosome (Selvarajan et al., 2019).
4.2 miRNAs and chemoresistance
MiRNAs are pivotal in modulating apoptosis, and the programmed cell death process is often disrupted in cancer. By targeting pro-apoptotic and anti-apoptotic genes, miRNAs can tilt the balance toward cell survival or death in response to chemotherapy. For instance, miR-519d enhances cisplatin-induced apoptosis in breast cancer stem cells by downregulating MCL-1, a pro-survival factor. This demonstrates how miRNAs can potentiate the effects of chemotherapeutic agents by promoting apoptosis, thereby reducing the likelihood of drug resistance (Xie et al., 2017). Furthermore, miRNAs play a significant role in epithelial-mesenchymal transition (EMT), a critical process that allows cancer cells to gain migratory and invasive properties, contributing to metastasis and drug resistance. By targeting key transcription factors and signalling molecules, miRNAs can influence EMT. For example, miR-451a targets c-Myc, a regulator of EMT, thereby enhancing the sensitivity of lung cancer cells to doxorubicin. In this way, miRNAs can modulate the EMT process and affect tumour aggressiveness and response to therapy (Tao et al., 2020; Ashrafizadeh et al., 2024).
The ability of miRNAs to regulate the cell cycle is also vital in determining the responsiveness of cancer cells to chemotherapeutic agents. Specific miRNAs can induce cell cycle arrest by targeting cyclins and cyclin-dependent kinases (CDKs). For instance, miR-221/222 targets ANXA3, leading to cell cycle arrest in breast cancer cells, which sensitizes them to adriamycin. This highlights the potential of miRNAs as therapeutic targets to enhance drug sensitivity by managing cell proliferation (Kim et al., 2023). The regulation of CSCs also underscores the importance of miRNAs in chemoresistance. CSCs possess unique properties that contribute to tumour recurrence and therapy resistance. MiRNAs play a crucial role in regulating the self-renewal and differentiation of CSCs. For instance, the enforced expression of miR-519d has been shown to increase sensitivity to cisplatin in T-47D cancer stem cells, indicating that miRNAs can modify CSC behaviour and enhance therapeutic efficacy. By targeting pathways that govern CSC characteristics, miRNAs may offer new strategies for overcoming drug resistance (Xie et al., 2017). The regulation of the DNA damage response is another critical area where miRNAs exert their influence. By targeting genes involved in DNA repair mechanisms, miRNAs can affect the ability of cancer cells to withstand DNA-damaging therapies. For example, miR-140s inhibition of FEN1 not only suppresses DNA repair but also enhances the response to chemotherapy, demonstrating how miRNAs can shape the cellular response to DNA damage (Lu et al., 2020).
Crucially, miRNAs also play a direct role in regulating ABC transporters, which are critical for drug efflux and resistance. ABC transporters, such as ABCC1, MRP-7, and others, are membrane proteins that pump out various substrates, including chemotherapeutic agents, thereby reducing their efficacy. For instance, miR-133b has been shown to target ABCC1 directly, reducing its expression and enhancing chemosensitivity in drug-resistant colorectal cancer cells. In vivo studies have demonstrated that restoring miR-133b levels in resistant cancer models led to decreased tumour growth, corroborating the notion that miRNAs can effectively modulate transporter activity and influence treatment outcomes (Chen et al., 2017). Similarly, miR-98 inhibits MRP-7, a transporter associated with paclitaxel resistance. By repressing MRP-7 expression, miR-98 enhances the sensitivity of cancer cells to paclitaxel, providing a potential strategy for overcoming drug resistance in endometrial cancer. These findings underscore the potential of miRNAs to serve as therapeutic agents or adjuvants, providing a novel approach to sensitize tumours to chemotherapy (Huang et al., 2021).
By influencing the expression and function of ABC transporters, miRNAs serve as vital regulators of drug resistance in cancer. Understanding their role in this context not only sheds light on the mechanisms of chemoresistance but also opens avenues for therapeutic interventions aimed at restoring sensitivity to chemotherapy. Future research focusing on miRNAs as potential biomarkers and therapeutic targets may lead to more effective strategies for combating drug-resistant cancers and improving patient outcomes. This comprehensive understanding of miRNA-mediated regulation of ABC transporters could pave the way for the development of innovative combination therapies that exploit these molecular insights to enhance the efficacy of existing chemotherapeutic regimens.
5 MIRNAS TARGETING DRUG TRANSPORTERS IN DOXORUBICIN RESISTANCE
A key mechanism driving the chemotherapeutic resistance, including doxorubicin, is the upregulation of drug transporters from the ATP-binding cassette family (Xiao et al., 2021). Among these, P-gp, MRP1, and BCRP play central roles in mediating drug efflux, leading to decreased intracellular drug concentrations and reduced cytotoxicity (Xiao et al., 2021; Dean et al., 2001). P-gp is particularly well-known for its broad substrate specificity, effectively transporting a range of hydrophobic drugs such as doxorubicin, vinblastine, daunorubicin, and vincristine. This transporter significantly contributes to drug resistance by actively exporting these chemotherapeutics out of cancer cells, thereby reducing their efficacy (Bogman et al., 2001).
On the other hand, MRP1, a lipophilic anion pump, transports amphipathic organic acids, including a wide variety of chemotherapeutics such as etoposide, Vinca alkaloids, irinotecan (SN-38), and anthracyclines like doxorubicin and daunorubicin. Although there is some overlap in drug resistance phenotypes between P-gp and MRP1, they differ in substrate specificity, with MRP1 being more versatile (Hanssen et al., 2021). MRP1 has been identified as a key player in cells lacking P-gp expression, where it takes over the efflux of chemotherapeutics, further contributing to resistance. Studies using MRP1-transfected cells demonstrate that MRP1 significantly impacts drug resistance in multiple cancer types, including leukaemia, gastric, lung, HCC, and breast cancers. In these malignancies, the overexpression of both P-gp and MRP1 has been associated with diminished cytotoxic effects of doxorubicin, underscoring their importance in modulating drug response (Park et al., 2004; Carabias et al., 2022; Chen et al., 2016; Kong et al., 2020; Yu et al., 2021).
In addition to P-gp and MRP1, other ABC transporters such as MRP6 (ABCC6), MRP2 (ABCC2), MRP7 (ABCC10), and MRP3 (ABCC3) also contribute to the development of drug resistance in various cancers. (Kruh and Belinsky, 2003). Importantly, BCRP has emerged as a critical transporter implicated in the efflux of doxorubicin and other chemotherapeutic agents, further compounding resistance mechanisms (Szakács et al., 2006). To combat this, several miRNAs have been shown to target these ABC transporters, particularly P-gp, MRP1, and ABCG2, thereby altering the sensitivity of cancer cells to doxorubicin. These miRNAs serve as potential modulators in overcoming drug resistance, offering promising therapeutic avenues for reversing the refractory nature of cancer cells to chemotherapeutic agents like doxorubicin which have been specifically investigated in the following sections.
5.1 Breast cancer
Breast cancer is now the second most prevalent aggressive carcinoma among women, and globally accounts for the fourth most common cancer-related death (Bray et al., 2024). Doxorubicin is widely considered the most impactful chemotherapeutic drug in addressing breast cancer. However, its potency is often compromised by the emergence of multidrug resistance in breast cancer cells during chemotherapy. Approximately 30%–50% of patients with metastatic breast cancer respond positively to doxorubicin treatment (Zangouei et al., 2021). While multiple mechanisms contribute to drug resistance in cancer cells, the most thoroughly investigated is drug efflux. This process is mediated by overexpressed ABC transporters on the cell membrane, which actively pump anticancer drugs out of the cells, thus diminishing their effectiveness (Yahya et al., 2024). As a result, the development of reliable and efficient inhibitors targeting ABC transporters to triumph over MDR has become a critical preference in breast cancer therapy.
In breast cancer, doxorubicin is a fundamental chemo-drug substance to eliminate cancer cells. However, resistance to doxorubicin, often mediated by P-gp, is a common challenge that reduces the effectiveness of treatment and lowers patient survival rates (Lao et al., 2013). Several miRNAs have been marked as crucial players in this resistance by targeting P-gp. For instance, miR-200c, an acclaimed tumour suppressor miRNA in breast cancer, exhibits a marked downregulation in MCF-7 breast cancer cells compared to their drug-sensitive counterparts. This downregulation is associated with escalated P-gp expression, suggesting that overexpression of miR-200c could potentially mitigate P-gp levels and thereby enhance the sensitivity of breast cancer cells to doxorubicin (Chen et al., 2012).
Additionally, Armada et al. demonstrated that both miR-200c and miR-203 negatively regulate the activity of P-gp, effectively reversing doxorubicin resistance in breast tumour cells (Armada et al., 2019). Another study by Bao et al. highlighted that miR-298 is significantly repressed in doxorubicin-resistant breast cancer cell lines, where it strongly contributed to the upregulation of P-gp. This miRNA directly binds to the 3′ UTR of P-gp, suppressing its expression and overcoming doxorubicin resistance (Bao et al., 2012). Similarly, miR-12136 has been shown to attach to the 3′ UTR region of ABCB1 mRNA, reducing P-gp levels and reversing doxorubicin resistance (Yuan et al., 2020). Moreover, miR-124-3p and miR-451 are other anti-oncogenic miRNAs that sensitize breast cancer cells to doxorubicin by targeting P-gp (Kovalchuk et al., 2008; Hu et al., 2019). Elevated levels of miR-129-5p in doxorubicin-resistant MCF-7 cells have been observed to trigger intracellular accretion of doxorubicin, achieved by inhibiting P-gp activity and expression. Additionally, miR-129-5p suppresses CDK6, bringing about cell cycle arrest in the G2 phase, thereby reversing doxorubicin resistance (Yi et al., 2016). The regulatory network between miRNAs and competing endogenous RNAs (ceRNAs) is a key mechanism that involves lncRNAs in maintaining the functional balance between critical signalling pathways in cancer. Disruption of the miRNA-ceRNA network can have severe consequences. For example, miR-221-3p, a tumour suppressor miRNA in breast cancer, has several conserved binding sites with the lncRNA GAS5, indicating that GAS5 may function as a ceRNA for miR-221-3p. Chen et al. found that GAS5 is upregulated, while P-gp is downregulated in doxorubicin-resistant breast cancer samples and cell lines. GAS5 is crucial in modulating resistance to doxorubicin by simultaneously targeting P-gp and miR-221-3p while also engaging the Wnt/β-catenin signalling pathway (Chen et al., 2020). Another miRNA, miR-21, indirectly regulates P-gp expression in MCF-7 cells via the hyaluronan-CD44-mediated protein kinase C (PKC) pathway (Bourguignon et al., 2009). Furthermore, the miR-302 family (miR-302a/b/c/d) has been proven to sensitize breast cancer cells to doxorubicin by suppressing P-gp through the inhibition of MAP/ERK kinase kinase 1 (MEKK1) (Zhao et al., 2016).
Beyond the well-established role of P-gp, MRP1 is critically involved in developing resistance to doxorubicin (Louisa et al., 2014). MiRNAs have come to light as key regulators in reversing this resistance by targeting these proteins. Notably, miR-145, a tumour suppressor miRNA, has been revealed to enhance the sensitivity of breast tumour cells to doxorubicin by specifically targeting MRP1. In vivo studies corroborate these findings, demonstrating that increased intracellular accumulation of doxorubicin and suppression of MRP1 significantly improve the response to doxorubicin chemotherapy (Gao et al., 2016; Wuxiao et al., 2020). Similarly, research by Lu et al. revealed a marked downregulation of miR-134 in doxorubicin-resistant MCF-7 cell lines. The introduction of a miR-134 mimic in these cells dramatically inhibited their proliferation and robustly triggered apoptosis, further underscoring the role of miR-134 in reversing doxorubicin resistance through MRP1 suppression (Lu et al., 2015). Comparable outcomes were observed in DOX-resistant MDA-MB-468 triple-negative breast cancer cells, where miR-186-5p effectively overcame doxorubicin resistance by targeting MRP1 (Lu et al., 2022). Additionally, the miR-199a/MRP1 axis has also been entangled in the mechanism of doxorubicin resistance in breast cancer cells (Chang et al., 2018).
Several microRNAs have been identified as key regulators of the response of breast cancer cells to doxorubicin by influencing ABCG2 expression. Specifically, miRNA-132 and miRNA-212 are upregulated in doxorubicin-resistant breast cancer cells, a phenomenon associated with decreased PTEN expression, heightened AKT activation, and elevated NF-κB levels. Silencing these miRNAs reversed these molecular alterations and reduced ABCG2 expression, hence refining the sensitivity of resistant breast cancer cells to doxorubicin (Xie M. et al., 2018). Supporting these findings, Cano et al. identified a correlation between ABCG2 expression levels and miR-99a-5p in triple-negative breast cancer (TNBC) cells (Garrido-Cano et al., 2022). Upregulation of miR-99a-5p increased doxorubicin cytotoxicity by promoting apoptosis in MDA-MB-231 and MDA-MB-231R cells. Crucially, this effect was mediated by miR-99a-5p’s suppression of ABCG2, leading to significant doxorubicin accumulation and enhanced cytotoxicity in cancer cells (Garrido-Cano et al., 2022). Additionally, Pan et al. demonstrated that miR-221-3p downregulated homeodomain-interacting protein kinase 2 (HIPK2) while upregulating Che-1, a direct HIPK2 target, thereby reducing ABCG2 expression. These interactions contributed to the reversal of doxorubicin resistance, a finding corroborated by both in vivo and in vitro studies (Pan et al., 2021).
Owing to the intricate nature of miRNAs, directly targeting them to trigger or hamper their transcriptional activity might be sophisticated; as a result, finding substances that regulate their gene expression or their upstream regulators has drawn the growing attention of researchers to widen understanding of the drug resistance and eventually impeding it. Currently, growing evidence suggests that polyphenols like curcumol and quercetin have played an integral role in intensifying the cytotoxic ability of doxorubicin in breast malignancies (Zeng et al., 2020). Curcumol, the principal active component in Rhizoma Curcumae, possesses significant biological tasks and plays an imperative role in enhancing the efficacy of chemotherapy in various diseases (Shaikh et al., 2021). It has been displayed that curcumol boosts the chemotherapeutic influence of doxorubicin in breast cancer cells. Notably, curcumol was evidenced to significantly inhibit the mRNA and protein levels of MRP3 by upregulating miR-181b-2-3p (Zeng et al., 2020). Quercetin, a naturally occurring flavonoid, has been noted to reduce doxorubicin resistance caused by ABC transporters. However, its clinical application is constrained by its limited solubility. To achieve the necessary concentration for overcoming drug resistance, high doses of quercetin are required, which can lead to cytotoxic effects on healthy cells (Almohammad Aljabr et al., 2024). 7-O-Geranylquercetin (GQ), a liposoluble derivative of quercetin, has demonstrated the ability to suppress growth and stimulate apoptosis in human gastric, lung, and breast cancer cells (Liao et al., 2015; Zhu et al., 2017; Lotfi et al., 2023). Notably, GQ can reverse doxorubicin resistance in breast cancer cells at lower concentrations, with a more potent effect than quercetin, highlighting its potential as an effective MDR reversal agent. It has been shown that combining GQ with miR-451 significantly enhances the hindering effects of doxorubicin on the invasion and proliferation of MCF-7/DOX cells. This combination also reduces the expression levels of MDR1 and P-gp in these breast cancer cells. In a xenograft tumour model, the use of GQ and miR-451 together was found to amplify the tumour suppressor effects of doxorubicin in nude mice. Further analysis using Western blotting and immunohistochemistry confirmed a decrease in P-gp expression in cancerous tissues. More precisely GQ could upregulate miR-451 and they work synergistically to overcome drug resistance in MCF-7/DOX cells by downregulating MDR1 and P-gp expression (Chen et al., 2022b).
The intricate interplay between miRNAs, proteins, and key signalling pathways is a crucial focus for advancing strategies to overcome doxorubicin resistance in breast cancer. Future research should delve deeper into how miRNAs regulate both upstream and downstream effectors of ABC transporters, particularly P-gp and MRP1. For instance, miRNAs like miR-200c and miR-298 downregulate P-gp by targeting critical upstream signalling molecules such as the Wnt/β-catenin and PI3K/AKT pathways, influencing downstream effects on drug efflux. Similarly, miR-221-3p’s regulation of ABCG2 via the HIPK2-Che-1 axis provides insights into broader pathway involvement in drug resistance. Natural compounds like curcumol and 7-O-Geranylquercetin (GQ) show the potential to enhance this regulatory network by modulating miRNAs and pathways like the MAPK/ERK and CDK6 signalling cascades. By doing so, they influence both the upstream regulation of miRNA expression and the downstream suppression of drug-resistance proteins. Combining miRNAs with these polyphenols has demonstrated synergistic effects, particularly in upregulating tumour suppressor miRNAs such as miR-451 and targeting P-gp more effectively. To fully exploit these interactions, future studies should prioritize the investigation of key protein players and pathways governing the miRNA-ABC transporter axis, aiming to develop multi-targeted approaches that enhance doxorubicin sensitivity and circumvent drug resistance at multiple molecular levels. Incorporating nanotechnology and advanced drug delivery systems will also be vital in optimizing the bioavailability of such therapies and ensuring precise targeting, minimizing side effects and maximizing efficacy in clinical settings.
5.2 Colorectal cancer
Colorectal cancer (CRC), a prevalent disease in the modern era, claims nearly 700,000 lives annually and ranks as the fourth most lethal cancer globally (Kuipers et al., 2015; Siegel et al., 2014). Despite significant advancements in diagnostic methods and therapeutic strategies, the outlook for CRC patients prevails unfavourable due to challenges in early detection and the manifestation of drug resistance (Ashique et al., 2024). Doxorubicin is commonly administered to eliminate residual CRC cells post-surgery and in progressed stages of CRC (Xiong and Xiao, 2018). However, despite its extensive and long-standing clinical use, the performance of doxorubicin is narrowed by the emergence of drug resistance.
Accumulating evidence has emerged on ABC transporters’ role and their interaction with miRNAs as a potential bypass for doxorubicin chemoresistance in CRC. However, miRNAs like miR-522 directly target the activity of ABCB5, and some others such as miR-944 and miR-29a could recruit the more complicated mechanisms and interact with protein regulators and signaling pathways to exert their role (Xi et al., 2021; Shi et al., 2020; Yang et al., 2015). ABCB5 plays a critical role in cancer outgrowth, particularly in CRC, where it has been established as a vital element in mediating patient resistance to doxorubicin chemotherapy (Guo et al., 2018). Its involvement in tumor growth is further supported by studies utilizing shRNA to knock down ABCB5 expression in colorectal cancer cell lines, which resulted in reduced tumor formation in human-to-mouse xenograft models (Wilson et al., 2011). These findings highlight the multifaceted contributions of ABCB5 to cancer advancement and resistance to medical treatment, alluding to its potential as a target for combination therapy. Fascinatingly, miRNA target prediction algorithms pinpointed ABCB5 as a promising target of miR-522. This was confirmed through a fluorescent reporter assay, which verified that miR-522 specifically binds to the predicted site within the 3′-untranslated region of ABCB5 mRNA. Overexpression of miR-522 in HT29/DOX cells brought about decreased levels of ABCB5 protein levels, suggesting that miR-522 mimics could be a promising treatment approach for overcoming chemoresistance in colorectal cancer (Yang et al., 2015). In a recent study, the interaction of CirRNAs/miRNAs was suggested to be associated with doxorubicin CRC cell resistance. Silencing circCSPP1 increased sensitivity to DOX, reduced cell growth and invasion, and triggered apoptosis by modulating the miR-944/FZD7 axis in DOX-resistant CRC cells, offering new therapeutic potential for CRC treatment (Xi et al., 2021). FZD7, a member of the Frizzled family, is instrumental in tumour metastasis by modulating both non-canonical and canonical Wnt signalling pathways (Larasati et al., 2022). FZD7 is crucial in various cancers, including CRC. Previous studies have shown that knocking down FZD7 reduces cellular viability and invasive potential in CRC (Hafezi et al., 2022). Elizabeth et al. showed that the expression of FZD7, which β-catenin/TCF4 regulates, is reduced at the invasive front of colorectal cancer, suggesting that FZD7 promotes CRC progression (Vincan et al., 2010).
Interestingly, Xi and colleagues unravelled that circCSPP1 directly augmented the expression of FZD7 level by reversing the suppressive effect miR-944 on FZD7 transcription, thereby potentiating the capability of P-gp, MRP1, and LRP to abate the cytotoxic property of doxorubicin (Xi et al., 2021). In another investigation, phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase (PI3K)/Akt axis has been found to exert the interplay role between miR-29a and P-gp (Shi et al., 2020). PTEN, a tumour suppressor gene located at 10q23.31, encodes a protein with diverse functions, including phosphatase activity targeting protein substrates such as focal adhesion kinase (FAK), insulin receptor substrate 1 (IRS-1), protein tyrosine kinase 6 (PTK6), and phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Chawra et al., 2024). The loss or deletion of a single PTEN allele is sufficient to trigger the PI3K/Akt/PKB axis, feasibly giving rise to the development of colon cancer. PTEN exerts its inhibitory effect on the PI3K/Akt signalling through PIP3 dephosphorylation to produce PIP2, thereby reducing cell proliferation, promoting apoptosis, and decreasing invasiveness (Salvatore et al., 2019). Conversely, suppression of PTEN leads to PKB activation, which in turn phosphorylates and activates various proteins, including mTOR, GSK3β, Bad, caspase 9, IKK, and P-gp. Within the context of P-pg, it has been demonstrated that PTEN protein level was significantly lessened in HT29/DOX cells; however, miR-29a led to the amplified expression of PTEN in these cells. The upregulation of PTEN in HT29/DOX cells subsequently suppressed the PI3K/Akt signalling, ultimately resulting in the downregulation of P-gp and increased drug amassment within the cells (Shi et al., 2020). These conclusions indicate that modulating miR-29a expression could serve as a valuable predictor of clinical response to HT29/DOX, offering a promising therapeutic target for colon cancer treatment.
In light of the emerging role of miRNAs and their interactions with ABC transporters, future therapeutic strategies for overcoming doxorubicin resistance in CRC should prioritize a deeper exploration of these molecular mechanisms. Targeting key regulators such as ABCB5 through miRNAs like miR-522 presents a promising avenue, particularly for addressing drug resistance. However, the complexity of these interactions, including the influence of circRNAs and other signalling pathways like the PI3K/Akt axis, suggests that a multi-targeted approach may be necessary for more effective treatment outcomes. The potential of miRNA mimics or inhibitors to modulate resistance mechanisms opens the door to novel combination therapies, integrating miRNA-based interventions with conventional chemotherapeutics. Furthermore, advancing the understanding of the broader implications of miRNA-mediated regulation—such as their effects on apoptosis, EMT, and cancer metastasis—could enhance the specificity of targeted treatments. Future research should also explore how the modulation of miRNAs like miR-29a and circRNAs, such as circCSPP1, can be utilized to re-sensitize resistant CRC cells, providing a personalized therapeutic strategy.
5.3 Gastric cancer
Gastric cancer is positioned as the second primary cause of cancer-related fatality universally, with minimal advancements in prolonged survival rates over the last decade (Iwu and Iwu-Jaja, 2023). Chemotherapy remains the fundamental treatment approach for gastric malignancy; nevertheless, the effectiveness of chemotherapy is significantly hindered by MDR (Hosseini et al., 2024). Numerous studies have identified that MDR is rooted in alterations in medication absorption, secretion, and metabolism, as well as changes in DNA replication, repair mechanisms, cell survival, apoptosis, and other biological cellular process. Recent research has shed light on the molecular underpinnings of MDR, particularly focusing on non-coding RNAs like miRNAs (Duan et al., 2023).
In gastric malignancies, miR-19a/b has been recognized as the tumour promotor miRNA aids in drug resistance, and on the contrary, miR-107, miR-508-5p, and miR-495 have been presented as the anti-oncogenes acting in an ABC transporter-dependent condition (Shang et al., 2014; Teng et al., 2015; Zou et al., 2017; Wang et al., 2013). Research has indicated that miR-19a/b enhances MDR in gastric cancer cells by facilitating the expulsion of chemo-drug agents and suppressing drug-related apoptosis. Notably, akin to miR-29a in colorectal cancer, miR-19 contributes to the onset of doxorubicin resistance in human gastric cancer cells through its targeting of PTEN. As illustrated in Figure 3, it has been validated that PTEN is an efficient downstream of miR-19a/b in gastric tumour cells, displaying that miR-19a/b aids in alleviating the susceptibility to doxorubicin by downregulating the PTEN and subsequent phosphorylation of AKT, contributing to the suppression of Bax and Caspase-3 together with an increment of the cytotoxic drug efflux by intensifying the expression of P-pg (Wang et al., 2013). Regarding the other interplay regulators, zinc ribbon domain-containing 1 (ZNRD1) is the other one contributing to the miRNAs-mediated regulation of ABC transporters. ZNRD1, a transcription-associated gene, encodes a protein characterized by two zinc ribbon domains. Similar zinc ribbon motifs have been observed in various other transcription-related proteins, suggesting that ZNRD1 may participate in the regulation of gene expression (Sansregret et al., 2018; Chen L. et al., 2023; Sun et al., 2020). Recent findings indicated that ZNRD1 expression is correlated with multidrug resistance in gastric cancer through the modulation of P-pg. These observations suggest that the ZNRD1 gene may be involved in transcriptional modulation and could play significant roles in moderating both physiologic and pathological processes in gastric cancer (Hong et al., 2005; Shi et al., 2004). In this context, the study by Shang et al. demonstrated both direct and indirect regulation of P-gp by miR-508-5p. Specifically, miR-508-5p overexpression led to a reduction in P-gp and ZNRD1 levels by directly addressing their 3′-UTRs. Additionally, miR-508-5p’s inhibition of ZNRD1 resulted in decreased P-gp transcription. Consequently, reversing the P-gp-related doxorubicin resistance phenotype may be partially explained by a regulatory feedback loop involving miR-508-5p, ZNRD1, and P-gp. The newly identified miR-508-5p/P-gp/ZNRD1 regulatory network offers fresh insights into the mechanisms driving doxorubicin chemoresistance. Restoring miR-508-5p expression could emerge as a promising therapeutic approach for combating MDR in gastric cancer in the future (Shang et al., 2014).
[image: Figure 3]FIGURE 3 | Tumor promotor miRNAs in regulation of doxorubicin chemoresistance. PTEN, as a multi-functional tumour suppressor, has been widely downregulated by oncogenic miRNAs like miR-21 and miR-19a/b to augment the phosphorylation of PI3K/Akt/mTOR pathways and facilitate the expression of ABCB1. On the other hand, miR-451 and miR-127, independent of PTEN activity, influence the phosphorylation of PI3K and Akt, respectively, to enhance ABCB1 and ABC1-mediated doxorubicin chemoresistance. Interestingly, miR-132 and miR-212 inhibited PTEN expression to trigger AKT phosphorylation and the NF-κB pathway and consequently led to an increment of ABCG2.
Focusing on the upstream regulators of miRNAs may offer new paves to combat the gastric cancer chemoresistance mechanism (Liu et al., 2021a). Considering the RNA-binding protein as one of the most familiar upstream regulators of miRNAs and upon the intricate RNA-binding protein/miRNA interaction, the Lin28/miR-107 axis has been the centre of debates regarding their tumour promotor or oncogenic effects, thus unravelling the RNA-binding protein-miRNA axis is significant for determining targetability in gastric chemoresistance. An in vivo in vitro study indicated that following transfection with Lin28, there was a marked reduction in miR-107 expression, whereas knockdown of Lin28 led to an upregulation of miR-107 levels. Additionally, 48 h post-transfection with pre-miR-107, a significant decrease in Lin28 RNA levels was observed, and even 96 h post-transfection, Lin28 protein levels remained lower than those in the non-transfected control group. Further investigations revealed that Lin28 could suppress the miR-107, leading to the upregulation of C-myc and P-gp and the downregulation of Cyclin D1, which collectively contribute to the subtraction of the cytotoxicity-inducing ability of doxorubicin on gastric tumour cells (Teng et al., 2015).
In summary, combining new molecularly targeted therapies with conventional chemotherapy might overcome MDR more effectively. For example, using agents that inhibit the function of miR-19a/b alongside doxorubicin could potentially improve response rates and reduce resistance. Therapies targeting ZNRD1, manipulating RNA-binding protein levels or their interaction with miRNAs, and other key regulators identified in the miRNA regulatory loops might be developed to address specific resistance mechanisms. Future strategies to combat gastric cancer will likely involve a combination of targeted molecular therapies, personalized treatment approaches, and innovative drug delivery systems. As research progresses, these approaches will provide more effective ways to manage and potentially overcome MDR in gastric cancer.
5.4 Osteosarcoma
Doxorubicin resistance is also a problem worthy of attention in patients with osteosarcoma (Armstrong and Dass, 2018). Therefore, some studies tried to use miRNAs to reverse doxorubicin resistance. For example, Yang et al. examined the effects of miR-125b-5p on cell growth, apoptosis, metastasis, and doxorubicin resistance in osteosarcoma cell lines. Osteosarcoma cells transfected with miR-125b-5p showed higher sensitivity to doxorubicin, which was achieved by downregulation of P-pg drug transporter and suppression of signal transducer and inhibits the transcription 3 (STAT3) expression (Xu et al., 2013). STAT3 activation, acting as a convergence point for multiple oncogenic signalling pathways, can lead to the abnormal transcription of genes involved in tumour cell growth, apoptosis, and resistance to chemotherapy. This process contributes to tumour advancement and is correlated with a poor prognosis in patients. In cases of osteosarcoma, miR-221 and miR-506-3p have been found to exhibit an opposite effect on STAT3 activity and influence P-pg expression. Liu et al. announced that miR-221 was intensified in doxorubicin-resistant Saos-2 cells (Liu et al., 2021b). Treatment of cells with miR-221 inhibitor prompted a significant subside in the expression levels of STAT3, P-gp, and Bcl-2. In addition, the STAT3 inhibitor, STAT3-IN-3, also attenuated miR-221 mediated P-gp upregulation in Saos-2 cells. As a result, miRNA-221 was suggested to elevate the P-gp and Bcl-2 expression by stimulating the STAT3 pathway to foster DOX resistance in osteosarcoma cells (Liu et al., 2021b). In contrast to the tumour promotor activity of miR-221, a recent study unveiled that miR-506-3p involved Janus kinase 2 (JAK2) in controlling the STAT3 activity during doxorubicin chemoresistance. JAK2 is a tyrosine kinase positioned beneath the cell membrane, capable of interacting with various cytokine receptors to trigger the implementation of transcription factors, such as STAT3. STAT3, an intranuclear transcription factor, is essential in promoting cellular growth, differentiation, immune responses, and programed cell death. In typical physiological states, the JAK2/STAT3 signalling pathway plays a crucial role in regulating various fundamental biological processes, including embryonic development, immune regulation, and cellular progression and differentiation. Nevertheless, in specific pathological conditions, this pathway can become abnormally stimulated. When cytokines bind to their respective receptors, associated JAKs are recruited and subsequently phosphorylated, leading to JAK activation. This activation triggers the formation of docking sites for STAT proteins, which are then phosphorylated to produce p-STAT. These phosphorylated STATs separate from the receptor, dimerize, and move into the nucleus, where they interact with DNA to regulate gene transcription, thus activating the JAK/STAT signalling pathway. Research has confirmed that miR-506-3p can counteract chemoresistance to doxorubicin in U-2OS osteosarcoma cells by inhibiting JAK2 phosphorylation and lowering total STAT3 protein levels in drug-resistant cells. Consequently, this inhibition of the overactive JAK2/STAT3 pathway results in alleviated mRNA expression of P-pg, MRP1, Bcl-2, and Survivin (Wang et al., 2024).
Furthermore, circRNAs like circPVT1 add an additional layer of complexity to the regulatory network by modulating miRNA function. These circRNAs function as molecular sponges, binding to specific miRNAs, which in turn affects gene expression and contributes to the emergence of drug resistance. CircPVT1, originating from the PVT1 locus within the long noncoding RNA region on chromosome 8q24, has been identified as a contributor to chemotherapy resistance in various cancers. Additionally, elevated levels of circPVT1 have been observed in osteosarcoma, where it has been imputed to enhance the resistance of osteosarcoma cells to doxorubicin (Yi et al., 2023; Wang B. et al., 2022). In fact, CircPVT1 influences the transcriptional activity of miR-137 to regulate TP53-regulated inhibitor of apoptosis 1 (TRIAP1) expression, known for its role as a programmed cell death inhibitor, has recently been recognized as a key contributor to drug resistance in multiple cancer types. TRIAP1 was detected as a direct target of miR-137 and was found to partially counteract the enhanced sensitivity to DXR induced by miR-137 overexpression. Furthermore, mechanistic studies revealed that inhibition of miR-137 could partially reverse the decrease in TRIAP1 levels caused by circPVT1 silencing in DXR-resistant osteosarcoma cells. This finding supports the capability of circPVT1 as a molecular sponge for miR-137, thereby promoting the upregulation of TRIAP1 expression and consequently facilitating the transcription of MRP1 and P-gp (Li et al., 2021a; Adams et al., 2015).
In light of the mTOR pathway’s upregulation observed in numerous chemoresistant cancers, sirolimus (rapamycin), a first-class mTOR inhibitor, has been revealed to augment apoptosis in human osteosarcoma cells and enhance their responsiveness to anticancer drugs, potentially through the regulation of miRNAs. Sirolimus has been found to downregulate the transcriptional activity of PAK1 and P-gp by upregulating miR-34b. In essence, miR-34b inhibits the expression and function of P-gp by directly targeting the 3′-UTR of ABCB1 mRNA, leading to the repression of its mRNA (Zhou et al., 2016).
As illustrated in Figure 4, the identification of miR-125b-5p, miR-221, and miR-506-3p as modulators of the STAT3 pathway underscores the significance of targeting signalling cascades central to chemoresistance. Future studies should focus on the precise mechanisms through which these miRNAs interact with other molecular players, such as circRNAs like circPVT1, to refine their roles in resistance. Investigating combination therapies that include miRNA modulation alongside JAK2/STAT3 inhibitors could further optimize treatment strategies. Moreover, given the role of circRNAs as miRNA sponges, a deeper understanding of their interactions with miRNA-regulated networks, such as the influence of circPVT1 on miR-137, could lead to novel therapeutic interventions targeting multidrug resistance proteins like P-gp and MRP1. Additionally, mTOR inhibitors, such as sirolimus, present another dimension of therapeutic potential by modulating miRNA expression to overcome resistance, suggesting that future work should explore the synergy between miRNA-based therapies and mTOR inhibition. Together, these insights emphasize the need for further research to translate these molecular insights into clinically effective strategies, with the ultimate goal of improving treatment outcomes for patients with osteosarcoma.
[image: Figure 4]FIGURE 4 | Tumor suppressor miRNAs in regulation of doxorubicin chemoresistance. miRNAs play a pivotal role in modulating doxorubicin chemoresistance, particularly by influencing several key signalling pathways. Among these, the PTEN/PI3K/Akt/mTOR, EGFR/ERK1/2, and Wnt/β-catenin pathways are notably regulated by miRNAs. The PTEN/PI3K/Akt/mTOR pathway has emerged as a primary target, with miR-205 and miR-29a identified as key inhibitors that reduce ABCB1 expression. Similarly, the EGFR/ERK1/2 axis, another critical pathway, can be reversed through the actions of miR-338-5p and miR-302, leading to the suppression of ABCB1. Furthermore, miR-124 and miR-1246 mitigate ABCB1 expression by inhibiting the Wnt/β-catenin pathway. In the context of the complex interplay between lncRNAs and miRNAs within ceRNA networks, linc00518 and ZEB1-AS1 have been identified as sponges for miR-199a and miR-186-5p, respectively, thereby promoting ABCC1 transcription. Additionally, several upstream regulators have been discovered that enhance the expression of miRNAs involved in the suppression of ABC transporters. Notably, natural compounds like chia seed oil and curcumol, alongside pharmacological agents such as aspirin and sirolimus, have been shown to upregulate miR-122, miR-181b-2-3p, miR-491, and miR-34, contributing to the downregulation of ABC transporters.
5.5 Ovarian cancer
Although less studied, the functional characteristics and expression of ABC transporters in ovarian cells could potentially impact ovarian function and contribute to ovarian resistance by affecting the intracellular concentrations of hormones, drugs, or other signalling molecules pumping out chemotherapeutics, reducing their effectiveness. Zou et al. described that miR-495 upregulation in A2780DX cells (ovarian cancer cell line with doxorubicin resistance) led to significant downregulation of MDR1 and subsequent doxorubicin accumulation in the resistant cells, as well as apoptosis induction, which all demonstrated increased doxorubicin sensitivity. The authors concluded that administering miR-495 as a pre-treatment prior to chemotherapy may enhance the effectiveness of treatment against doxorubicin resistance mediated by P-gp. in ovarian cancer (Zou et al., 2017).
Recently, growing attention has been given to the intricate molecular correlation between NRF2 and cell signalling for ovarian cancer cell resistance. NRF2 is a transcription factor belonging to the cap’n’collar family of basic leucine-zipper (CNC-bZIP) proteins; it plays a central role in regulating the expression of divergent target genes, such as those involved in detoxification, antioxidant defence, and drug efflux. In numerous cancerous cells, there is frequent overexpression of NRF2, leading to a prompt formation of xenobiotic detoxifying enzymes and redox-regulating proteins. This elevation provides tumour cells with enhanced protection against anticancer drugs, apoptotic triggers, and radiotherapy (Li et al., 2021b). In the case of doxorubicin-resistant cancer cells, restriction of NRF2 expression has been observed to suppress c-MET/EGFR levels by upregulating miR-206. The NRF2-silencing-induced increase in miR-206 also leads to a reduction in BCRP expression, thereby enhancing chemosensitivity to anticancer treatments. These results offer new awareness of the molecular interactions between the cellular protective element NRF2 and the c-MET/EGFR oncogene signalling pathway, underscoring the pioneering role of miR-206 in reducing BCRP action (Choi et al., 2017).
The interplay between ABC transporters, microRNAs, and the NRF2 signalling pathway presents a promising avenue for enhancing therapeutic strategies against ovarian cancer, particularly in the context of drug resistance. The role of miR-495 in downregulating P-gp expression exemplifies the potential of targeting specific microRNAs to sensitize resistant ovarian cancer cells to doxorubicin. Furthermore, the intricate relationship between NRF2 and c-MET/EGFR signalling highlights the necessity of understanding how these molecular pathways converge to influence drug efflux and apoptosis. Future research should focus on developing targeted therapies that leverage these molecular interactions, such as the administration of miR-495 or the silencing of NRF2, to improve drug accumulation in resistant ovarian cells. Additionally, exploring the role of other regulatory microRNAs in modulating ABC transporter expression could unveil novel targets for combination therapies, ultimately leading to more effective treatment regimens for ovarian cancer patients. By advancing our understanding of these complex mechanisms, we can pave the way for innovative approaches that enhance chemotherapeutic efficacy and overcome resistance in ovarian cancer.
5.6 Leukemia
In reality, it is critical to emphasize that based on the previous investigation in leukaemia, until now, miRNAs have often displayed a tumour suppressor ability, directly influencing the transcriptional activity of ABC transporters. In chronic myelogenous leukemia (CML), Li et al. scrutinized the relationship between miR-9 and doxorubicin resistance in K562 cell lines, as well as patient samples representing resistance to doxorubicin. Both in vitro and in vivo investigations showed the sufficiency of miR-9 overexpression in reversing doxorubicin resistance and increasing the sensitivity of resistant cells to doxorubicin-mediated apoptosis. Further examinations have revealed the participation of P-gp in miR-9-related doxorubicin resistance. This protein is a direct target of miR-9 (Li et al., 2017). The protein expression of miR-331–5p and miR-27a were inversely associated with the transcription of the drug resistance factor P-gp in leukaemia cell lines exhibiting progressively increased resistance. P-gp has been identified as a target of both miR-331–5p and miR-27a, with the predicted binding sites of these miRNAs playing a vital role in regulating P-gp action. Additionally, at the protein level, it has been demonstrated that transfecting K562-resistant cells with miR-331–5p, miR-27a, or a combination of both resulted in reduced P-gp levels, with the combined miRNA treatment showing greater inhibitory effects than either miRNA alone (Feng et al., 2011).
Align with the previous research, the study of Xie stepped forward and indicated despite the direct effect of miRNAs on P-gp expression, some other signalling pathways, like as the Wnt/β-catenin pathway, might be involved during doxorubicin chemoresistance in leukaemia. The chemo-resistant properties of MDR leukaemia cells are diminished by the suppression of miR-1246, which modulates AXIN2 and GSK-3β, leading to the deactivation of the Wnt/β-catenin signalling pathway. In leukaemia cells, miR-1246 directly influences the 3′UTR seed-matching sites of AXIN2 and glycogen synthase kinase 3 beta (GSK-3β), worthwhile Wnt/β-catenin pathway participants. Inhibiting miR-1246 results in the upregulation of AXIN2 and GSK-3β, which afterwards deactivates the Wnt/β-catenin pathway. This process also reduces β-catenin expression, which in turn downplays P-gp levels in chemo-resistant leukaemia cells. These findings Intimate that miR-1246 could serve as a unique diagnostic biomarker and offer a latent strategy for overcoming drug resistance in leukaemia therapy (Xie et al., 2021).
Even though in most tumorigenesis and doxorubicin drug resistance, P-gp is the pioneer reprehensive of ABC transporters targeted by miRNAs, in leukaemia, some other little-known members comprising of ABCE1, ABCC5, and ABCC10 have been inferred in this process. In K562/ADM cells overexpressing miR-145, ABCE1 mRNA and transcriptional levels were notably reduced, while transfection with an miR-145 inhibitor led to a substantial increase in these levels. This suggests that miR-145 influences the 3′ UTR of ABCE1, promoting apoptosis in leukemic stem cells and enhancing the K562/ADM cells’ sensitivity to Adriamycin by suppressing ABCE1 (Wuxiao et al., 2020). The most contemplative case in ABC transporter-related chemoresistance may affiliated with ABCC5 and ABCC10, where they exhibited antiapoptotic and proliferative properties except for the drug efflux ability in leukemia doxorubicin resistance cells. Flow cytometry and Western blot assays conducted on K562 cells demonstrated that the higher expression of ABCC5 and ABCC10 resulted in increased levels of caspase-3 and PARP, while the levels of cleaved caspase-3 and cleaved PARP were reduced. Moreover, compared to cells transfected with let-7f, the co-overexpression cell lines exhibited a significant increase in colony formation, along with a decrease in the quantity of cells in the G1 phase. This was accompanied by a downregulation of p27 and upregulation of cyclin D1 and phosphorylated pRb, suggesting that the overexpression of ABCC5 and ABCC10 facilitates cancer cell growth. miRNA Let-7f was shown to negatively control the expression of ABCC5 and ABCC10, which in turn intensified cell sensitivity to doxorubicin, augmented apoptosis, and hindered cell proliferation (Cao YX. et al., 2020).
miRNAs have the utmost importance in overcoming chemoresistance in leukaemia by targeting ABC transporters like P-gp and others, such as ABCE1, ABCC5, and ABCC10. These miRNAs, including miR-9, miR-331–5p, miR-27a, and miR-1246, have been shown to increase the sensitivity of leukaemia cells to chemotherapy by modulating drug resistance pathways, including Wnt/β-catenin. Future research should focus on fully mapping miRNA-ABC transporter networks, understanding the interplay with other signalling pathways, and developing effective miRNA-based therapies. Personalized medicine approaches could tailor these therapies to individual patients, while clinical validation is needed to bring miRNA-targeted treatments into practice.
5.7 Glioma
Glioma, a prevalent form of neurological cancer, has emerged as a significant public health concern in modern society. Currently, the primary treatment for malignant glioma involves surgical removal, supplemented by postoperative radiotherapy and chemotherapy. Despite these approaches, treating glioma remains complex, with chemotherapy resistance in glioma cells posing a substantial challenge to effective clinical management. Feng et al. assessed the involvement of miR-127 in the doxorubicin resistance in U251 and U87-MG glioma cells. They found that both doxorubicin-resistant cells treated with miR-127 inhibitor showed higher sensitivity to doxorubicin. miR-127 silencing led to significant suppression of P-gp expression levels, as well as modulation of major apoptosis mediators, including Runx2, p53, bcl-2 and survivin. These results showed the efficacy of miR-127 downregulation in triggering apoptosis and overcoming doxorubicin resistance in glioma cells (Feng and Dong, 2015).
Identifying miR-137 and its regulatory role in ABC transporter expression, particularly P-gp, opens the door to developing therapies that can specifically modulate this pathway. Future research may focus on developing small molecules or gene-editing techniques to correct the hypermethylation of miR-137 or to inhibit CAR activity, potentially overcoming drug resistance in neuroblastoma. Future therapies might include miR-127 mimics or inhibitors to modulate drug resistance in glioma cells. In both neuroblastoma and glioma, a deeper comprehensive of the molecular interaction underlying drug resistance will be crucial for developing innovative treatments and improving patient outcomes.
5.8 Lung cancer
Lung cancer is primarily categorized into two histological subtypes relying on clinicopathological characteristics: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), with SCLC accounting for roughly 15% of all cases (Kratzer et al., 2024). SCLC is notably responsive to both radiotherapy and chemotherapy; however, the onset of drug resistance results in high relapse rates and poor clinical outcomes (Ying et al., 2024). Doxorubicin is commonly incorporated into chemotherapy protocols for treating SCLC patients. Despite chemotherapy achieving response rates exceeding 50%, the median overall survival (OS) is under 2 years because of the significant potential of disease relapse and progression, with just 15% of patients achieving long-term survival with limited disease (Lally et al., 2007; Das et al., 2021). Although doxorubicin is effective in its anti-tumor activity, the emergence of chemoresistance represents a significant challenge in SCLC treatment and is a critical factor in addressing the poor prognosis associated with this cancer (Hamilton et al., 2024). From a molecular perspective, it has been discovered that the miR-299-3p/ABCE1 axis could operate as a novel therapeutic target for addressing chemoresistance in SCLC. miR-299-3p exhibited reduced expression in both doxorubicin-resistant and--sensitive lung cancer samples. Through luciferase assay, it was observed to directly target the 3′-UTR region of the ABCE1 in lung cancer H69 cells. Notably, similar to the role of ABCC5 and ABCC10 in modulating proliferation and apoptosis in leukaemia, ABCE1 knockdown significantly suppressed H69/ADR cell growth, augmented the cell cycle inhibition rate, and promoted apoptosis. Furthermore, miR-299-3p markedly lowered ABCE1 protein levels, contributing to an antiproliferative environment and enhancing cell death, thereby reversing doxorubicin resistance in cancerous cells and thereupon providing novel approaches into the biological property mediated by miR-299-3p (Cao YX. et al., 2020; Zheng et al., 2015).
NSCLC constitutes over 85% of lung cancer cases and is often recognized at a progressed stage (Raskova Kafkova et al., 2024). Chemotherapy is a key therapeutic approach for NSCLC, but the appearance of resistance to anticancer drugs poses a substantial challenge to effective treatment. The DNA-damaging agent doxorubicin has shown an overall response rate of only 30%–50% in treating NSCLC. Clinical studies suggest that co-administration of doxorubicin with supplementary chemotherapeutic agents can offer benefits to NSCLC patients. Doxorubicin works by inhibiting the relegation of DNA strands during double-strand breaks (DSBs), thereby arresting tumour progression and inducing programmed cell death. However, drug resistance can severely constrain the effectiveness of doxorubicin in treating NSCLC (Kciuk et al., 2023; Maharati and Moghbeli, 2023; Moyal et al., 2018). Studies have established that miR-199a-5p is notably downregulated in cells resistant to doxorubicin, and its overexpression can enhance doxorubicin sensitivity in these resistant cells. Among the diverse targets of miR-199a-5p, increased expression of MRP1 and HIF-1α is associated with chemoresistance. Functional studies, including gain- and loss-of-function experiments, have substantiated that ABCC1 and HIF-1α contribute to the chem-drug resistance observed in NSCLC cells. miR-199a-5p downregulates MRP1 and HIF-1α by directly attaching to their 3′UTRs regions in NSCLC (Jin et al., 2020). Even more, in an investigation by LV et al., it was shown that miR-155 inhibition in doxorubicin-resistant A549 cell line resulted in recovery of cell cycle arrest and doxorubicin-induced apoptosis, hence reversal of doxorubicin resistance. Further investigations have revealed that this effect of miR-155 was mediated via suppression of P-gp, glutathione S-transferase-π, Survivin and Bcl-2, and upregulation of the expression of caspase-3 and caspase-8. Moreover, Akt and NF-kb proteins were also downregulated upon miR-155 downregulation in A549 cells with doxorubicin resistance. Therefore, miR-155 was indicated to participate in the doxorubicin resistance in lung cancer cells through targeting the P-gp/Akt/NF-kb pathway (Lv et al., 2016).
In summary, while doxorubicin remains a cornerstone in the treatment of lung cancer, both SCLC and NSCLC demonstrate significant challenges due to the development of chemoresistance. The discovery of miR-299-3p and miR-199a-5p as crucial regulators in mediating resistance provides valuable insights for future therapeutic strategies. Targeting these microRNAs could lead to innovative approaches to reverse drug resistance and improve clinical outcomes for lung cancer patients. For instance, enhancing the expression of miR-299-3p may restore sensitivity to doxorubicin in resistant SCLC cells by downregulating ABCE1, thus inhibiting cell growth and promoting apoptosis. Similarly, leveraging the pathways regulated by miR-199a-5p could provide a dual approach in NSCLC, addressing the expression of MRP1 and HIF-1α to improve doxorubicin efficacy. Future research should focus on the potential of combination therapies that incorporate miRNA modulation alongside conventional chemotherapeutic agents. This could pave the way for more personalized treatment regimens that enhance sensitivity to existing drugs while mitigating resistance mechanisms, ultimately leading to improved survival rates and quality of life for patients suffering from lung cancer.
5.9 Prostate cancer
Prostate cancer is now the most prevalent diagnosed noncutaneous malignancy in developed nations and ranks as the second predominant cause of cancer-related deaths among men (Wang L. et al., 2022). A substantial body of evidence indicates that intrinsic or acquired drug resistance is a principal barrier to accomplished treatment. This resistance is often attributed to MDR, which is commonly linked with the overexpression of ABC transport proteins (Ebrahimnezhad et al., 2024). The increased protein level of these efflux pumps restricts the intracellular concentration of chemotherapeutic agents like doxorubicin, thereby diminishing their therapeutic efficacy (Packeiser et al., 2023). The most extensively explored of these proteins are the P-gp and MRP1 transporters, which are minimally recruited in normal prostate tissue but show elevated expression as the tumour progresses (Sarwar et al., 2024). Zhou et al. disclosed robustly higher transcriptional levels of miR-21 in doxorubicin resistance prostate cancer PC3 cells. miR-21 downregulation attributed to significant palliation of resistant cell viability and induction of apoptosis. In cells transfected with miR-21 inhibitor, a dramatic decrease in the expression levels and activity of P-gp hence accumulation of doxorubicin in resistant cells was observed (Zhao et al., 2021). Strikingly, it gets more interesting to mention that akin to oncogenic miR-132, miR-212 in breast cancer (Xie M. et al., 2018), tumour promotor miR-29a in CRC (Shi et al., 2020), miR-21 mediated upregulation of P-gp in prostate cancer is a PTEN phosphatase-dependent circumstance. miR-21 significantly hindered the PTEN expression levels to exert the triggering condition on P-gp transcription, suggesting the therapeutic value of miR-21 in prostate cancer cells with doxorubicin resistance (Zhao et al., 2021). These findings have given rise to the notion of the influence of oncogenic miRNAs on PTEN and its relevance for the pathophysiology of doxorubicin resistance in chemotherapy, thereby pointing alluring directions for upcoming exploration.
5.10 HCC
HCC is the most widespread type of primary liver cancer and is classified as the third leading motive of cancer-related fatality rate on a global scale (Toh et al., 2023). HCC typically arises from chronic liver conditions, such as cirrhosis resulting from hepatitis B and/or hepatitis C infections, non-alcoholic steatohepatitis, iron overload disorders, obesity, autoimmune hepatitis, alcohol consumption, smoking, exposure to aflatoxins, and oral contraceptive utilization. Recent research indicates that Liver cancer can arise from either the dedifferentiation of mature hepatocytes or the impaired maturation of hepatic stem cells (Gabbia and De Martin, 2024; Feng et al., 2024). Regrettably, the prognosis for HCC remains unfavourable, largely due to the repetitive emergence of resistance to a range of chemo-drug agents. This resistance enables cancer cells to continue proliferating unchecked, leading to increased tumour aggressiveness and a higher potential for metastasis to other organs. Similar to other malignancies, elevated expression of ATP transporter proteins, which simplify the ATP-driven outflow of chemotherapeutic agents from cancerous cells, has been entangled in the acquisition of HCC chemoresistance, and more importantly miRNAs have been highlighted in reversing this mechanism through translational inhibition or mRNA degradation and deadenylation (Ladd et al., 2024; Lei et al., 2024).
As seen in Supplementary Table S1, even though miRNAs such as miR-223 (Yang et al., 2013), miR-133a, and miR-326 (Ma et al., 2015) particularly target one type of ABC transporters, some other ones comprising miR-122 (Yahya et al., 2018), miR-98, and miR-214 (Hamed et al., 2018) modulate the expression of multi-transporters simultaneously, making them efficient therapeutic agents reversing doxorubicin associated drug resistance in HCC. Amplified expression of miR-122 in HepG2 cells, both in the absence and presence of doxorubicin treatment, has the potential to influence the cells’ responsiveness to chemotherapy by reducing the transcription of multidrug resistance-associated genes, specifically P-gp and ABCF2 (Yahya et al., 2018). ABCF2, which is deficient in transmembrane domains and therefore cannot function as a classical transporter, is likely to act as a transcription factor involved in signalling pathways that are crucial for preventing drug resistance at metastatic sites and within the endocrine pathways of breast cancer. Although the exact molecular mechanisms are not yet fully understood, the contribution of ABCF2 to drug resistance in tumour cells is still unclear (Vasiliou et al., 2009). In the research conducted by Yahya et al., the levels of ABCF2 gene expression were found to be lower in cells treated with miR-122 mimics in contrast to those treated solely with acute doxorubicin or with a combination of acute doxorubicin and miR-122 mimics; notably, the lowest expression levels were perceived in the latter group. This observation suggests that miR-122 might be instrumental in downregulating ABCF2 gene expression. Noteworthy, HepG2 cells transfection with miR-122 mimics results in the arrest of the cell cycle and thus elevates the cells’ sensitivity to doxorubicin by diminishing the expression of multiple drug resistance protein-coding genes, including ABCB1, ABCC1, ABCG2, and ABCF2 (Yahya et al., 2018). Additionally, miR-214, as an oncogenic regulator, impeded the reversal of drug resistance by upregulating ABCC1 and ABCC5, whereas its downregulation led to a significant mitigation in ABCC10 expression (Hamed et al., 2018). In this respect, beyond the specific function, it seems that recruiting miRNAs with multiple APC transporter downstream targets might efficiently overcome doxorubicin chemoresistance and point integral directions for future research.
Emerging shreds of evidence have established that among the signalling pathways, epidermal growth factor receptor (EGFR)/extracellular signal-regulated kinase 1/2 (ERK 1/2) and phosphatase and tensin homolog (PTEN)/PI3K/Akt might be the pioneer ones implicated in miRNA-mediated regulation ABC transporters during doxorubicin drug resistance in HCC (Zhao et al., 2018; Li et al., 2022). EGFR is a tyrosine kinase HER family member extensively expressed on mammalian cell membranes. This receptor is crucial in the development and advancement of various carcinomas, like HCC (He et al., 2023). miR-338-5p has been observed to modulate the MDR of Hep3B and Huh7 cells in an EGFR/ERK1/2 cascade. miR-338-5p has been shown to mitigate the expression of P-gp, thereby enhancing the HCC cell’s sensitivity to doxorubicin and vinblastine, both P-gp substrates. Additionally, miR-338-5p has been observed to restrain HCC cell proliferation by directly modulating the EGFR. In more detail, these conclusions point to miR-338-5p downregulates P-gp through a dual inhibitory mechanism. This involves direct interaction with the 3′-UTR of ABCB1 and suppression of the EGFR-related phosphorylation of the ERK1/2 pathway, ultimately giving rise to increased sensitivity of hepatoma cells to doxorubicin (Zhao et al., 2018). On the other hand, owing to the phosphatase function of PTEN serves a prominent role in regulating the PI3K/Akt signalling pathway; therefore, reduced transcription of PTEN in tumour cells may contribute to unfavourable tumour outcomes and an increased resistance to therapeutic drugs (Alimohammadi et al., 2024). In agreement with this phenomenon, in a recent investigation, miR-205 has been acknowledged as a significant factor in overcoming drug resistance in liver tumour cells. This miRNA enhances therapeutic efficacy by mitigating drug efflux and promoting apoptosis. It achieves this property by upregulating PTEN, abating PI3K/Akt signalling phosphorylation, and subsequent downregulation of P-gp expression. Mechanistically, the transfection of miR-205 into HepG2/DOX in combination with doxorubicin was shown to inhibit multidrug resistance, reduce cell proliferation, and enhance apoptotic cell death (Li et al., 2022).
In conclusion, recent breakthroughs in understanding miRNAs’ role in regulating ABC transporters have presented promising opportunities to overcome doxorubicin resistance in HCC. Specific miRNAs, such as miR-122, miR-338-5p, and miR-205, have shown significant potential in reversing chemoresistance by targeting critical transporters and modulating signalling pathways like EGFR/ERK and PTEN/PI3K/Akt. These miRNAs not only inhibit drug efflux but also enhance cancer cell sensitivity to chemotherapy through mechanisms involving transcriptional repression and post-translational modifications. As future research advances, the integration of miRNA-based therapies with current conventional treatments could hold transformative potential. This approach may lead to more effective, durable responses in HCC patients, minimizing recurrence and metastasis. Additionally, advancements in delivery systems, such as nanoparticle-based miRNA carriers, could further improve the specificity and efficiency of miRNA therapeutics, reducing off-target effects and enhancing drug delivery directly to cancer cells. Investigating the combination of miRNAs targeting multiple ABC transporters with existing immunotherapies or targeted therapies presents another promising avenue. Such combinations could synergistically increase treatment efficacy while mitigating the adaptive resistance mechanisms often observed in HCC. Incorporating these miRNA-based approaches into clinical practice could significantly improve patient outcomes by mitigating resistance and providing more durable responses in HCC treatment. Hence, miRNAs represent not only a vital component in the current fight against HCC but also a promising frontier for the development of more effective cancer therapies.
5.11 Renal cancer
Renal cell carcinoma (RCC) is rated among the most fatal urologic cancers globally and is characterized by high morbidity, mortality, and a generally poor prognosis (Hu et al., 2023). Surgical intervention, whether through radical resection or nephron-sparing surgery, remains the primary treatment approach for RCC. However, for patients with end-stage or recurrent RCC, chemotherapy is typically employed, though its efficacy is often limited (Young et al., 2024). The primary challenge with chemotherapy in RCC lies in the development of MDR by RCC cells against agents like vinblastine and doxorubicin. MDR enhances the cancer cell’s ability to evade the cytotoxic effects of chemotherapy, a process tightly modified by ncRNAs, proteins, and various signalling pathways (Aweys et al., 2023; Liu et al., 2023). The lack of response in some RCC patients to standard chemotherapy is likely due to either intrinsic or acquired MDR. Notably, the upregulation of MRP1, P-gp, and BCRP in RCC patients has been observed, where these proteins function as efflux pumps that, aided by ATPase activity, actively expel chemotherapeutic drugs from cancer cells (Li et al., 2018; Long et al., 2015).
As with other types of cancer, miRNAs in RCC play crucial roles in primary biological functions and cancer-related processes (Yu et al., 2024). They exert their effects by attaching to the 3′UTR of target mRNAs, which leads to translation suppression and mRNA degradation, thereby modulating gene expression at the post-transcriptional stage (Okamura et al., 2008). miR-210-3p is among the miRNAs that have been downregulated in the Caki-2/DOX drug-resistant RCC cell line. It has been reported that miR-210-3p refined the doxorubicin drug sensitivity of RCC cells by directly impacting the 3′UTR of ABCC1 and ultimately barricading MRP1 expression (Li et al., 2018). However, miR-124 has adopted more complex mechanisms to influence the transcriptional activity of ABC transporters (Long et al., 2015). Wnt signalling pathways are typically initiated when secreted Wnt ligands bind to the conserved C-terminal cytoplasmic domain of Frizzled (FZD) receptor proteins, a group of multipass transmembrane receptors that includes nine members (Qin et al., 2024). Persistent stimulation of Wnt signalling is crucial in the development of renal cancer. A significant clinical exploration demonstrated that the expression levels of the Wnt ligand receptors Frizzled 5 (FZD5) and FZD8 were significantly elevated in renal carcinoma tissues (Xu et al., 2016). The increased aggressiveness of RCC has been associated with alterations in Wnt1/β-catenin canonical signalling, with β-catenin being linked to poor clinical outcomes and reduced survival rates (Kruck et al., 2013). In this rationale, a well-known study mentioned that Wnt-5a induced phosphorylation of PKC and CamKII in a dose-dependent manner. However, silencing FZD5 or administering a miR-124 mimic attenuated the impact of Wnt-5a on PKC. These observations suggest that the Wnt-5a-FZD5 signaling pathway may contribute to doxorubicin resistance by promoting P-gp upregulation through PKCα-mediated phosphorylation. Simultaneously it has been revealed that in doxorubicin-resistant renal cancer cells, miR-124 expression was notably reduced, correlating with elevated levels of FZD5 and P-gp. Restoration of miR-124 in Caki-2/DOX cells significantly improved drug sensitivity and induced increased cell apoptosis. Additionally, miR-124 was found to target FZD5, leading to its downregulation, which subsequently resulted in the deactivation of PKC and a reduction in P-gp expression. These shreds of evidence point to the restoration of miR-124, which could serve as an upcoming alternative therapeutic approach for combating doxorubicin resistance in advanced or metastatic renal cell carcinoma (Long et al., 2015).
Current understanding indicates that ncRNAs, particularly miRNAs like miR-124 and miR-210-3p, significantly modulate the expression of efflux transporters such as MRP1 and P-gp, contributing to the chemoresistance observed in RCC. Future research should focus on elucidating the specific regulatory networks involving these miRNAs and their potential as therapeutic agents. For instance, the restoration of miR-124 presents a promising avenue for overcoming doxorubicin resistance, but comprehensive studies are essential to explore the broader implications of miRNA therapy in clinical settings. Additionally, targeting associated signalling pathways, such as the Wnt/β-catenin pathway, may offer synergistic effects when combined with traditional chemotherapeutic approaches.
5.12 Neuroblastoma
Neuroblastoma accounts for 15% of all childhood cancer-attributed deaths and initially shows a favourable response to chemotherapy (Valter et al., 2018). However, it often recurs in a form that is resistant to treatment. Research indicates that this chemoresistance may be associated with enhanced drug efflux due to the upregulation of ABC transporters, such as MDR1, coupled with the epigenetic silencing of cancer inhibitor genes via DNA hypermethylation (Veschi et al., 2024). The constitutive androstane receptor (CAR) acts as a critical xenosensor in regulating MDR. It plays a vital role in foreign substance detoxification by controlling the transcription of phase I drug-metabolizing protein regulators and ABC transporters. The overexpression of these transporters in cancer cells and their involvement in drug resistance positions them as promising pharmacological targets for mitigating MDR, specifically in neuroblastoma (Stern et al., 2022; Wang et al., 2010). In this rationale, the research conducted by Takwi et al. established that the miR-137 promoter hypermethylation, along with its negative regulation by CAR, partially accounts for the mitigated transcriptional level of miR-137 and the elevated levels of CAR and P-gp in doxorubicin-resistant neuroblastoma cells. These results highlight the critical role of miR-137 in modifying the cancer cells’ reaction to doxorubicin treatment and underscore miR-137 as an extremely favourable target for reducing CAR-related P-gp protein levels in doxorubicin-resistant neuroblastoma tumour cells (Takwi et al., 2014).
6 MIRNAS TARGETING ABC TRANSPORTERS: FROM CLINICAL TRIALS ASPECTS
To address ABC transporter-mediated MDR, researchers have increasingly focused on ncRNA-based therapeutic approaches. These strategies aim to correct the dysregulation of ncRNAs, which play a crucial role in drug-resistant cancer cells. One promising avenue involves the application of CRISPR/Cas9 technology to modify ncRNAs, potentially inhibiting cancer growth and regulating the expression of MDR-related ncRNAs (Yang et al., 2023). By doing so, this approach could reduce drug efflux, which is often mediated by ABC transporters, thereby overcoming drug resistance mechanisms in cancer cells. The potential of miRNA-based therapeutics has been explored in preclinical and clinical settings. One approach involves the use of miRNA mimics or inhibitors to correct the dysregulation of miRNAs that contribute to MDR. For example, miR-15b has been identified as a key regulator in reversing doxorubicin resistance in osteosarcoma models by targeting the ABC transporters and other associated resistance pathways. In a mouse xenograft model, miR-15b downregulation was observed in resistant osteosarcoma cell lines, and its reconstitution significantly increased sensitivity to doxorubicin, reducing tumour growth. Clinically, low levels of miR-15b were associated with poor patient outcomes, further highlighting its potential as a biomarker for treatment prognosis (Duan et al., 2017).
Despite the potential, a major hurdle in designing ncRNA-based therapies to combat MDR is the associated toxicity. A pertinent example is the development of valspodar, a small molecule inhibitor targeting ABCB1, which was designed to re-sensitize MDR tumours to chemotherapeutic agents. However, this approach faced significant setbacks. In a Phase III clinical trial (CALGB 9720), the combination of valspodar with chemotherapy had to be halted prematurely due to high mortality rates observed in the experimental group (Baer et al., 2002). This failure was linked to the off-target effects of valspodar, notably its inhibition of CYP3A4, a cytochrome P450 enzyme critical for drug metabolism (Sparreboom and Nooter, 2000). The concurrent inhibition of ABCB1 and CYP3A4 led to increased drug toxicity in normal tissues, highlighting the need for specificity in modulating ABC transporters in future therapeutic strategies. Another example of the complexities involved in ncRNA-based therapies is the Phase I clinical trial of MRX34, a liposomal miR-34a mimic, which was being tested for its efficacy in cancer treatment (NCT01829971). Despite its initial promise, the trial was terminated due to severe immune-related toxicities, including patient deaths (Hong et al., 2020). This outcome further underlines the delicate balance between therapeutic efficacy and safety when manipulating ncRNAs for clinical purposes. While miRNAs like miR-34a have shown great potential in regulating ABC transporter expression and reversing chemoresistance, the challenge remains in developing delivery methods and therapeutic combinations that minimize adverse effects. While significant progress has been made in understanding the role of miRNAs in drug resistance, especially through their regulation of ABC transporters, it is important to note that no clinical trials have yet been conducted specifically to investigate miRNAs’ direct impact on ABC transporters in overcoming drug resistance.
Several challenges have hindered the advancement of miRNA-based therapies in clinical settings. Among these are toxicity-related issues, as seen in trials like MRX34, and the off-target effects observed in ABC transporter modulators such as Valspodar (Baer et al., 2002; Hong et al., 2020). Furthermore, the delivery of miRNA therapies remains a major obstacle, as efficient, targeted delivery to cancer cells without affecting normal tissues is essential to avoid adverse effects (Seyhan, 2024). Additionally, the complexity of miRNA networks and their pleiotropic effects pose a significant challenge. miRNAs often regulate multiple genes and pathways simultaneously, making it difficult to achieve selective modulation of ABC transporters without unintended consequences (To et al., 2024). The lack of specificity in current miRNA delivery methods, combined with the potential for immune-related toxicities, further complicates their clinical translation (Chakraborty et al., 2021). For these reasons, while preclinical research continues to demonstrate miRNAs’ potential to modulate ABC transporters and reverse drug resistance, further refinement in the therapeutic design, targeting, and safety profiles is needed before clinical trials in this area can be initiated.
Thus, while preclinical miRNA-based therapeutics and other interventions offer innovative strategies to target and modulate ABC transporter-related drug resistance, the specificity and safety of these approaches must be carefully evaluated. The lessons learned from the valspodar and MRX34 trials emphasize the importance of ensuring that any modulation of ABC transporters in cancer therapy does not inadvertently increase toxicity to normal tissues. Moving forward, a greater focus on optimizing delivery systems and refining the targets of miRNA modulation will be crucial in translating these findings into safe and effective clinical treatments.
7 CONCLUSION
Doxorubicin remains a widely used first-line chemotherapeutic agent in the treatment of various cancers, but the development of resistance significantly limits its long-term efficacy. Understanding the molecular mechanisms responsible for doxorubicin resistance, particularly the role of ABC transporters, is crucial for developing effective strategies to overcome this challenge. miRNAs, as key regulators of gene expression, have emerged as potent modulators of ABC transporters, reversing resistance by targeting specific members like ABCB1, ABCC1, and ABCG2, among others.
The potential of miRNAs to enhance cancer treatment by targeting these transporters presents a promising therapeutic avenue. However, the clinical translation of miRNA-based therapies faces significant obstacles. One major challenge is the lack of efficient delivery systems that can protect miRNAs from degradation in the bloodstream and ensure their specific delivery to target cells without affecting healthy tissues. Innovative approaches, such as nanoparticle-based or viral vector delivery systems, are being explored but require further development to ensure safety, stability, and precision.
Figure 5 illustrates the complex network of miRNAs that modulate the expression of ABCB1, ABCC1, and ABCG2, highlighting both tumor-suppressing and oncogenic miRNAs. The overlap of miRNA regulation across multiple transporters underscores the redundancy and complexity of the mechanisms driving multidrug resistance. The pleiotropic nature of miRNAs, which can regulate multiple genes, poses a risk of off-target effects. This complexity underscores the importance of designing highly specific miRNA therapeutics that minimize unintended consequences on non-target pathways. Another limitation is the tumour heterogeneity observed among different patients and even within the same tumour, where varying levels of miRNA expression and ABC transporter activity may influence the efficacy of miRNA-based treatments. Personalized approaches that consider the molecular profile of individual tumours will be essential for improving therapeutic outcomes.
[image: Figure 5]FIGURE 5 | MiRNAs involved in regulating ABC transporters contribute to doxorubicin resistance in cancer cells. The Venn diagram illustrates the roles of specific miRNAs in modulating the expression of three key ATP-binding cassette ABC transporters: ABCB1, ABCC1, and ABCG2, all of which are implicated in mediating resistance to doxorubicin by promoting its efflux from cancer cells. Tumour suppressor miRNAs (black text) and oncogenic miRNAs (red text) are mapped to each transporter based on their roles in either inhibiting or promoting chemoresistance. ABCB1 is regulated by a broad spectrum of miRNAs, including tumour suppressors like miR-34a, miR-124, and miR-338-5p, which can potentially reverse resistance, and oncogenic miRNAs such as miR-221-3p, miR-21, and miR-19a/b, which enhance resistance by upregulating ABCB1 expression. ABCC1 is associated with miRNAs like miR-145 and miR-186-5p, which act as tumour suppressors, while miR-214 promotes chemoresistance by upregulating ABCC1 expression. ABCG2 is modulated by miRNAs such as miR-328-3p and miR-132, which regulate its expression, with miR-221-3p playing a dual role across both ABCB1 and ABCG2 transporters. The overlap of miRNAs between the transporters highlights shared regulatory mechanisms, suggesting that some miRNAs like miR-122 and miR-451 target multiple transporters, thereby playing a broader role in multidrug resistance. Understanding these miRNA-transporter interactions can provide insights into the development of therapeutic strategies aimed at overcoming doxorubicin resistance in cancer cells.
Future research should prioritize the refinement of these delivery vehicles, focusing on improving their stability, biocompatibility, and specificity. Nanoparticles, for instance, offer a promising avenue due to their ability to encapsulate miRNAs and deliver them directly to tumour tissues. Research into optimizing these systems to bypass biological barriers, such as the immune system or the tumour microenvironment, is crucial for enhancing the efficacy of miRNA-based treatments. Focus on identifying biomarkers that predict miRNA responsiveness in specific patient populations, enabling the development of personalized treatment strategies. Studies investigating the molecular profiles of tumours and their correlation with miRNA expression and transporter activity could help design tailored therapeutic approaches that maximize effectiveness. Enhancing the specificity of miRNA-based treatments, ensuring they selectively target ABC transporters involved in drug resistance without affecting other critical pathways. Techniques such as CRISPR-based genome editing and improved miRNA mimics may help enhance precision by limiting off-target gene regulation, thus reducing the risk of adverse effects. Exploring the potential of combining miRNA-based therapies with conventional chemotherapy or other targeted treatments. By integrating miRNA therapeutics with established cancer treatments, it may be possible to enhance the cytotoxic effects of drugs like doxorubicin while simultaneously overcoming resistance mechanisms. For instance, combining miRNA-based therapy with inhibitors of other resistance pathways, such as PI3K/Akt or EGFR signalling, could result in synergistic effects that improve treatment outcomes. Preclinical and clinical trials investigating the safety and efficacy of such combination strategies are needed to determine their therapeutic potential. Even more, conducting well-designed clinical trials to assess the safety, efficacy, and long-term effects of miRNA therapies in cancer patients. Understanding the potential for immune responses, toxicity, and the durability of treatment effects will be essential for bringing miRNA-based therapies to clinical practice. Additionally, investigating the pharmacokinetics and pharmacodynamics of miRNA delivery systems will provide crucial insights into their behaviour in vivo and inform the development of next-generation therapeutics.
In conclusion, miRNAs offer a promising therapeutic avenue for overcoming doxorubicin resistance by targeting ABC transporters. By continuing to advance research in this field and addressing these challenges, miRNA-based strategies may become a transformative tool in cancer treatment, offering new hope for patients struggling with drug-resistant tumours.
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