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Among women, breast cancer ranks as the most prevalent form of cancer, and the presence of metastases significantly reduces prognosis and diminishes overall survival rates. Gaining insights into the biological mechanisms governing the conversion of cancer cells, their subsequent spread to other areas of the body, and the immune system’s monitoring of tumor growth will contribute to the advancement of more efficient and targeted therapies. MicroRNAs (miRNAs) play a critical role in the interaction between tumor cells and immune cells, facilitating tumor cells’ evasion of the immune system and promoting cancer progression. Additionally, miRNAs also influence metastasis formation, including the establishment of metastatic sites and the transformation of tumor cells into migratory phenotypes. Specifically, dysregulated expression of these genes has been associated with abnormal expression of oncogenes and tumor suppressor genes, thereby facilitating tumor development. This study aims to provide a concise overview of the significance and function of miRNAs in breast cancer, focusing on their involvement as tumor suppressors in the antitumor immune response and as oncogenes in metastasis formation. Furthermore, miRNAs hold tremendous potential as targets for gene therapy due to their ability to modulate specific pathways that can either promote or suppress carcinogenesis. This perspective highlights the latest strategies developed for miRNA-based therapies.
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INTRODUCTION
More than one in ten new cases of cancer identified in women are related to breast cancer, making it the most common cancer diagnosed in such a group (Alkabban and Ferguson, 2023). In 2020, approximately 2.3 million women worldwide were diagnosed with breast cancer, resulting in 685,000 deaths related to the disease (Sung et al., 2021). The incidence rate tends to be higher among older women, with a median age of breast cancer diagnosis recorded as 63 years from 2014 to 2018, and increasing to 69 years from 2015 to 2019 (Cao et al., 2021) (Figure 1). Breast cancer is predominantly an incurable metastatic cancer that frequently spreads to distant organs such as the liver, brain, lungs, and bones. Early detection plays a crucial role in achieving a favorable prognosis and higher survival rates (Sun et al., 2017). Global data on cancer incidence rates reveal that breast cancer accounted for 49.3% of all diagnosed cases in women in 2020, surpassing any other cancer type (Lee et al., 2019). Given the existence of multiple biological subtypes, each characterized by unique molecular profiles and clinicopathological characteristics, breast cancer is often regarded as a diverse group of illnesses (>100). Gene expression profiling has allowed the distinction between receptor-positive subtypes (Luminal A, B, Normal like, and HER-2 positive) and receptor-negative subtypes (such as TNBC or Basal-like), in addition to histological subtypes (Kashyap et al., 2022). Breast cancer screening significantly improves survival rates by enhancing the likelihood of early detection and prompt treatment of malignant tumors. The recommended screening modalities for breast cancer include breast self-examination, clinical breast examination, and mammography for women aged forty (Sebastian-delaCruz et al., 2021) and above. While developing nations emphasize the importance of breast self-examination as a pivotal strategy for early breast cancer identification, inadequate funding hinders the implementation of mammography screening (Lee et al., 2019). Presently, the three primary methods used for treating breast cancer are radiation therapy, chemotherapy, and surgery.
[image: Figure 1]FIGURE 1 | The worldwide statistic of breast cancer cases in 2020–2040 (Arnold et al., 2022).
In the past, breast cancer was commonly perceived as a malignancy with minimal immunological responses. The immunological landscape surrounding breast cancer comprises a diverse array of cells and cytokines, some with anti-tumor properties while others possess pro-tumor or immunosuppressive characteristics. Persistent inflammation driven by these cells and cytokines can hasten the progression of breast cancer. Among immune system components, such as NK cells and CTLs, there exists a focus on combating cancer by targeting breast cancer cells. However, various elements including tregs, macrophages, MDSCs, and T-helper cells contribute to breast cancer advancement through mechanisms such as promoting metastasis, secreting proinflammatory cytokines, and attenuating the function of cytotoxic T-cells. B-cells may exhibit a protumorigenic role by reducing antitumor immunity, whereas they can also release antibodies that neutralize tumors, thus assuming an antitumorigenic role (Amens et al., 2021a). Inflammation can severely damage breast tissue and facilitate breast cancer development by increasing proinflammatory cytokines like TNF-α and interleukins (Amens et al., 2021a) Tumor cells have shown resilience against chemotherapy through various mechanisms. These mechanisms can be classified into six categories: elevated expression of specific ATP-binding cassette transport proteins, evasion of cell death, enhancement of DNA repair pathways, relevant mutations in cellular targets, increased resilience to adverse environments, and biotransformation of anticancer drugs (Miraghel et al., 2022). When it comes to treatment considerations for breast cancer, several factors are taken into account, including the expression of HER2, progesterone receptor (PR), and estrogen receptor (ER), along with other patient- and tumor-specific characteristics. The protein HER2 is encoded by the erythroblastic oncogene B (ERBB2) gene. Oncogene amplification, leading to the overexpression of HER2, fosters the proliferation of cancer cells and contributes to the emergence of various subtypes of breast cancer (van den Ende et al., 2022).
Reflecting on historical limits, the care of breast cancer has significantly evolved throughout time, leading to a more sophisticated approach. When it comes to early diagnosis, previous screening methods were less advanced and less generally available, resulting in delayed discovery of breast cancer in many cases. However, modern imaging techniques such as digital mammography, ultrasound, MRI, and 3D mammography enable earlier and more accurate identification of breast cancer, hence improving survival rates and treatment outcomes. Aside from that, survival rates for breast cancer were poorer due to fewer treatment options, late-stage diagnosis, and less effective medicines. However, nowadays, the breast cancer survival rates have considerably improved thanks to advances in early identification, tailored treatments, and supportive care, resulting in better long-term results and increasing chances of cure, particularly when the cancer is diagnosed early (Li et al., 2021a). For examples, in recent years, extensive research has focused on various non-invasive biomarkers, including circulating cell-free or exosomal non-coding RNAs, proteins (such as tumor-associated autoantibodies, carcinoembryonic antigen, carbohydrate antigen, tissue polypeptide-specific antigen, etc.), polygenic risk scores involving single nucleotide polymorphisms, and cell-free DNA. Among these biomarkers, circulating cell-free miRNAs have garnered attention. MiRNAs are small non-coding RNAs measuring around 17 to 25 nucleotides, and they play a crucial role in regulating gene expression at a post-transcriptional level. Acting as master regulators, miRNAs can repress translation or degrade messenger RNAs (mRNAs), thus controlling gene expression. They are essential components of biological regulatory processes involved in development, host-pathogen interactions, cell differentiation, proliferation, apoptosis, metabolism, and cancer across various organisms (Maldonado et al., 2022). Mature miRNAs can be exported from cells and are primarily located within the cytoplasm. Some miRNAs persistently exist in bodily fluids like serum, plasma, saliva, or urine due to their interaction with exosomes or RNA-binding proteins, protecting them from degradation. Changes in the levels of these diagnostic circulating miRNAs have been observed even before the detection of tumors using conventional diagnostic tools. Breast cancer research and knowledge have advanced substantially. Breast cancer is now recognized as a diverse disease with distinct subtypes based on molecular features. Aside from that, advancements in treatment procedures increase the identification of specific mutations, gene amplifications, and expression patterns, resulting in personalized therapy regimens tailored to individual patients (O’Day and Lal, 2010). The function of miRNAs in treatment approach has a significant impact on patient survival. The function can affect a variety of biological processes, including cell proliferation, differentiation, apoptosis, metabolism, and immunological response. It regulates several molecular pathways that contribute to the growth of breast cancer. For example, depending on their target genes, miRNAs can serve as oncogenes (oncomiRs) or tumor suppressors. OncomiRs enhance cancer cell proliferation, survival, and invasion by targeting tumor suppressor genes or apoptosis regulators, whereas miRNAs regulate angiogenesis by targeting genes involved in VEGF signaling and angiogenic pathways. They also affect metastasis by altering genes related to cell adhesion, migration, and invasion, encouraging the spread of cancer cells to distant organs. MiRNAs regulate hormone receptor signaling in breast cancer. MiRNAs can target estrogen receptor alpha (ERα) or PR, impacting hormone responsiveness and treatment results in hormone receptor-positive breast tumors. Finally, changes in the expression of various miRNAs are linked to different breast cancer subtypes, clinical stages, and patient outcomes. MiRNAs can be used as diagnostic biomarkers for early detection, as well as prognostic indications for disease progression, metastasis, and treatment response (Loh et al., 2019). Thus, circulating cell-free miRNAs may have greater utility than other listed biomarkers in detecting early-stage breast cancer (Sehovic et al., 2022). The objective of this study is to provide a concise overview of the importance and role of miRNAs in breast cancer. It will discuss their involvement in the antitumor immune response as tumor suppressors and their participation in metastasis as oncogenes. Furthermore, miRNAs hold promise as therapeutic targets for gene therapy due to their ability to influence specific pathways that either promote or inhibit carcinogenesis. This perspective will emphasize the latest strategies developed for therapeutics utilizing miRNA.
BREAST CANCER
Breast cancer, with an estimated 2.3 million new cases worldwide, currently stands as one of the most prevalent malignancies across the globe and ranks as the fifth leading cause of cancer-related deaths. Among women worldwide, breast cancer takes the foremost position in terms of cancer-related mortality (Łukasiewicz et al., 2021a). Breast cancer is a complex disease influenced by various factors. While it affects populations globally, significant regional differences in incidence, mortality, and survival rates exist. These variations can be attributed to factors such as age, estrogen levels, lifestyle choices, and genetics (Momenimovahed and Salehiniya, 2019). Age is a crucial risk factor for breast cancer, and its incidence strongly correlates with advancing age. Being a woman and growing older are the two primary variables affecting the risk, with the majority of cases occurring in women aged 50 or older (Centers for Disease Control and Prevention, 2023). However, extensive research has focused specifically on young women, who often experience more aggressive forms of the disease, receive intensive therapies, and face concerns of lower survival rates (Plichta et al., 2020). The role of estrogen, categorized into endogenous and exogenous estrogens, is significant in breast cancer risk. Endogenous estrogen, particularly in estrogen receptor-positive subtypes that account for 70% of cases after menopause, plays a major role in breast cancer development. Breast adipose tissue in cancer patients exhibits significantly elevated expressions of CYP19 and aromatase, leading to increased estrogen production stimulated by tumor-derived substances such as prostaglandins released by fibroblasts, infiltrating lymphocytes, or epithelial cells (Parida and Sharma, 2019). Additionally, sedentary lifestyle, regular alcohol consumption, and abdominal obesity increase the risk of breast cancer, regardless of menopausal status. In premenopausal women, abdominal obesity is associated with a 3.3-fold increase in risk. Smoking, both current and prior, raises the risk of postmenopausal breast cancer (McCarthy et al., 2021). Finally, genetic influences contribute to breast cancer. Germline mutations in known susceptibility genes account for 5%–10% of cases and are categorized as “high-penetrance,” “moderate-penetrance,” and “low-penetrance” based on their impact and recurrence. Mutations in genes such as BRCA1 and BRCA2 account for 10%–15% of heritable breast cancer cases, while other high-risk genes, including TP53, CDH1, phosphate and tensin homolog (PTEN), and STK11, also lead to breast cancer development. The NF1 gene, associated with neuroectodermal disorders and exhibiting wide variation in gene expression due to autosomal dominant inheritance, is another gene implicated in invasive breast cancer (Naeem et al., 2019).
Genetic alterations and DNA damage, which can be influenced by estrogen exposure, are known to contribute to the development of breast cancer. Inherited genes such as BRCA1 and BRCA2 have been associated with an increased risk of cancer. As a result, individuals with a family history of ovarian or breast cancer have a higher likelihood of developing breast cancer themselves. In a healthy individual, the immune system typically targets cells with abnormal DNA or development. However, in cases of breast cancer, this surveillance system may fail, allowing the tumor to grow and spread (Alkabban and Ferguson, 2023). Currently, breast cancer is classified using histopathologic characteristics, molecular characterization, and immunohistochemistry (IHC). Invasive ductal carcinoma and invasive lobular carcinoma are the most common histologic subtypes, accounting for 80%–85%, and 10%–15% of all cases of invasive breast cancer, respectively. Other less common histologic cancer subtypes make up less than 1% of invasive breast cancers. The characterization of breast cancer through IHC plays a crucial role in determining treatment strategies and predicting prognosis (Bhattacharyya et al., 2020). IHC is frequently employed to classify breast cancer subtypes based on the expression of specific markers, including the ER, PR, and HER2. Approximately 73% of breast cancers are ER/PR + HER2− tumors, which represent the most common subtype. It is worth noting that these tumors can also be PR positive. Research suggests that the etiologies of different breast cancer subtypes may vary (McCarthy et al., 2021). Figure 2 demonstrates the stages and subtypes of breast cancer.
[image: Figure 2]FIGURE 2 | The stages and the subtypes of breast cancer. Breast cancer subtypes can be categorized based on their expression of hormone receptors (estrogen receptor (ER) and progesterone receptor (PR)), the proliferation marker Ki-67, and the receptor tyrosine kinase HER2. Targeted therapies, such as Herceptin (aimed at the HER2 protein) and Tamoxifen (aimed at the ER), can be used in the treatment of certain breast cancer subtypes. Prognosis varies based on the subtype of breast cancer. (Larsen et al., 2013; Chen et al., 2018; De Cicco et al., 2019; Hashmi et al., 2019).
SUBTYPES OF BREAST CANCER
Triple negative breast cancer (TNBC)
Breast cancer subtype known as triple negative breast cancer (TNBC) is a malignant and complex one that presents with challenges for therapeutic targeting due to its absence of expression of the ER, PR, and HER2 receptors. From a biological perspective, TNBC tumors typically exhibit increased aggressiveness and size, along with a higher oncological grade and lymph node metastases. Although metaplastic cancers, which may exhibit squamous or spindle cell differentiation, medullary-like cancers with a prominent lymphocytic infiltrate, and uncommon special type cancers like adenoid cystic carcinoma are the most common histologies observed in TNBC (Cao and Niu, 2020).
Luminal breast cancer
ER-positive tumors known as luminal breast cancers account for over 70% of all instances of breast cancer. There are two primary biological processes that differentiate Luminal-like cancers into Luminal A and B subtypes: proliferation-related pathways and luminal-regulated pathways. The presence of ER and/or PR and the lack of HER2 are characteristics of luminal A cancers. The ER transcription factors in this subtype activate genes whose expression is typical of the luminal epithelium lining the mammary ducts. Additionally, it exhibits decreased expression of genes involved in cell division. Luminal B tumors, on the other hand, have a worse prognosis and are higher grade. In addition to being ER positive, they could also be PR negative, HER2, or both. Furthermore, genes linked to proliferation are highly expressed in it. This subtype expresses less of the PR and FOXA1 genes and proteins, which are typical of the luminal epithelium, but not the ER (Łukasiewicz et al., 2021b).
HER2-enriched breast cancer
The transmembrane tyrosine kinase receptor encoded by the HER2, often referred to as HER2/neu and Erb-B2, binds to its extracellular signal to start a cascade that regulates cell proliferation, differentiation, and survival. Adequate tumor development and unfavourable clinical prognosis are caused by overexpression of the HER2 protein and/or HER2 gene amplification in 12%–20% of all breast cancer cases. They have modest levels of ER expression and overexpression of the Erb-B2 oncogene. It's interesting to note that the HER2-enriched subtype does not exhibit upregulation of proliferation genes such Ki-67 and proliferating cell nuclear antigen (Conant and Soo, 2021) (Figure 3).
[image: Figure 3]FIGURE 3 | HER-2/EGFR signaling pathway in breast cancer. HER-2/EGFR signaling switches TGFβ function from inducing antiproliferation to promoting breast cancer development via the AKT-mediated phosphorylation of Smad3 at S208 in the linker (Huang F. et al., 2018).
Claudin-low breast cancer
The most notable gene expression traits that characterize the claudin-low breast cancer subtype include stem cell-like/less differentiated gene expression patterns, high expression of epithelial-mesenchymal transition genes, and low expression of cell-cell adhesion genes. Claudin-low tumors have significant immune and stromal cell infiltration in addition to these gene expression characteristics, but they differ greatly in many other respects. According to reports, most claudin-low breast cancers are triple negative—they do not express the ER, PR, or HER2. These tumors are linked to a poor prognosis (Bergholtz et al., 2020). The poor expression of essential cell-cell adhesion molecules, such as occludin, E-cadherin, and claudins 3, 4, and 7, is a defining characteristic of the claudin-low subtype. Because of their extreme enrichment in stem cell and mesenchymal characteristics, these tumors are regarded as the most primordial forms of breast cancer (Pommier et al., 2020).
Breast cancer patients at stages I, II, III, and IV have 5-year survival rates of 100%, 93%, 72%, and 26%, respectively. While the death rate from breast cancer has decreased as a result of early identification and detection, more advancements in prevention, detection, and treatment are desperately needed to improve the prognosis and survival of breast cancer patients. MiRNAs have garnered significant attention in recent times due to their regulatory role in the development, advancement, and spread of breast cancer. Moreover, there exists a strong correlation between the expression level of specific miRNAs and the morphological characteristics, immunohistochemical profiles, histopathological parameters, clinical outcomes, prognosis, and response to treatment of breast cancer It is noteworthy that approximately half of the human miRNA-encoding genes are located in regions associated with cancer or fragile chromosomal sites. Various studies have demonstrated altered expression of miRNAs in breast cancer since the initial discovery of miRNA dysregulation in breast cancer in 2005 (Loh et al., 2019).
MiRNAs and the mechanism
MiRNAs have become a focal point in both fundamental and applied biomedical research due to their impact on gene expression, widespread presence in bodily tissues and fluids, and potential as disease biomarkers (Citron et al., 2017; Yoon et al., 2020). The primary mechanism by which miRNAs exert their influence is through the targeting of messenger RNA (mRNA) (Pu et al., 2019). Alterations in miRNA expression can significantly impact target regulation, thereby influencing cellular homeostasis. Consequently, the relative levels of miRNA, and subsequently mRNA, play a pivotal role in processes such as carcinogenesis and other diseases (Hill and Tran, 2021).
MECHANISM INVOLVED IN MIRNAS AND ITS PATHOLOGICAL FUNCTIONS
Biogenesis
MiRNA biogenesis denotes the intricate process by which these diminutive RNA molecules are synthesized within a cell. This intricate pathway involves several sequential stages, commencing with the transcription of miRNA genes and culminating in the production of mature miRNAs capable of finely modulating gene expression. The maturation of miRNAs is facilitated by the activity of RNAse III enzymes, namely, Drosha and Dicer in animals, and DCL in plants. Following cropping and exportation to the cytoplasm, miRNAs undergo further processing, being diced into smaller fragments, which are subsequently incorporated into Argonaute proteins. Notably, Drosha, in conjunction with Di George syndrome critical region gene 8 (DGCR8), assumes the role of a molecular ruler, precisely measuring the cleavage site during this intricate miRNA biogenesis process (Hajarnis et al., 2015). The biogenesis of miRNAs initiates with the transcription of dedicated information units by RNA polymerase II, progressing through successive maturation steps to produce the final functional regulators (Treiber et al., 2019). Two distinct groups of enzymes participate in miRNA biogenesis: processors, comprising RNA endonucleases cleaving miRNA precursors in the nucleus (Drosha) and the cytoplasm (Dicer), and effectors, encompassing the Argonaute family (Ago protein) and proteins orchestrating post-transcriptional regulatory effects on mRNA targets (RISC complex) (Daugaard and Hansen, 2017). The overall pathway includes the transport system responsible for exporting miRNA precursors from the nucleus to the cytoplasm (Exportin-5) and auxiliary proteins modulating specific steps, such as TRBP and DGCR8. Nuclear processors are exclusive to miRNA biosynthesis, while the cytoplasmic branch of the pathway may intersect with other regulatory mechanisms like RNA-mediated interference (RNAi). Human miRNA biogenesis involves a two-step process with nuclear and cytoplasmic cleavage events. In the nucleus, miRNAs are transcribed as long transcripts termed pri-miRNA, either by their independent promoters or by sharing promoters with their host gene (Creugny et al., 2018). This transcription is predominantly executed by RNA polymerase II (Schier and Taatjes, 2020), although certain virus-encoded miRNAs are transcribed by RNA polymerase III (Nanbo et al., 2021). Recognition of a stem-loop structure within the pri-miRNA occurs through the action of the RNase III Drosha and its cofactor DGCR8 (Nguyen et al., 2020). This intricate process ensures the formation of mature miRNAs essential for post-transcriptional gene regulation.
The miRNA biogenesis pathway is depicted schematically, encompassing the key enzymes and cellular compartments involved. Eukaryotic genomes harbour transcriptional units responsible for generating miRNAs, which can be found in various genomic regions, including intergenic spaces, coding genes, and non-coding genes. Following transcription, primary miRNAs adopt a characteristic hairpin-loop secondary structure, recognized and excised by the microprocessor complex comprising DGCR8 and Drosha. Subsequently, the resulting precursor miRNAs undergo exportation to the cytoplasm, where the Dicer nuclease processes them into double-stranded RNA. The mature miRNA chain is then selected by Ago2 and incorporated into the RNA-induced silencing complex, initiating its regulatory function. In this intricate process, transcriptional units within the genome give rise to miRNAs, which exhibit a diverse genomic distribution. The microprocessor complex, involving DGCR8 and Drosha, plays a crucial role in recognizing and cleaving the hairpin-loop structure of primary miRNAs. Following this nuclear processing, precursor miRNAs are transported to the cytoplasm, where Dicer further refines them into double-stranded RNA. The mature miRNA is subsequently chosen by Ago2 and integrated into the RNA-induced silencing complex, where it becomes a pivotal player in post-transcriptional gene regulation (Figure 4).
[image: Figure 4]FIGURE 4 | MiRNA biogenesis in cancer. Changes occurring throughout the process of miRNA synthesis can impact the accessibility of the target mRNA. Adapted from Lin et al. (2015) (Lin and Gregory, 2015).
Regulation of gene expression
MiRNAs orchestrate post-transcriptional gene regulation by binding to target messenger RNAs (mRNAs), inducing either translational repression or mRNA degradation (Sebastian-delaCruz et al., 2021; Rani and Sengar, 2022). This regulatory mechanism is pivotal for precise modulation of gene expression, contributing to the maintenance of cellular homeostasis (Fernández-Hernando and Suárez, 2018).
MiRNAs regulate gene expression post-transcriptionally in a sequence-specific manner, with significant biological impact (Acuña et al., 2020). Research has delved into understanding the mechanisms of miRNA-mediated post-transcriptional regulation, using in vitro, in vivo, and cell-free extracts, along with bioinformatics tools predicting miRNA regulation of nearly 30% of protein-coding genes in mammalian cells (Boivin et al., 2018). MiRNAs influence translation by inhibiting initiation, preventing ribosomal association, and blocking elongation (Oliveto et al., 2017; Ahmed et al., 2018; Naeli et al., 2023). They also regulate mRNA stability by recruiting decay machinery components, leading to deadenylation or decapping followed by exonuclease activity (Frédérick and Simard, 2022; Passmore and Coller, 2022). Additionally, miRNAs are secreted as exosomes or into extracellular fluids, suggesting potential roles in intercellular communication and as disease biomarkers, including infectious diseases (Acuña et al., 2020). Figure 4 shows the how the alterations throughout miRNA biogenesis can affect availability of target mRNA.
DISEASE ASSOCIATIONS IN CANCER (ONCOMIRS)
MiRNA dysregulation is commonly linked to cancer, where some function as oncogenes (oncomiRs), promoting tumor formation, while others act as tumor suppressors (O’Bryan et al., 2017). In breast cancer, miR-21, an extensively studied oncomiR, is often elevated, leading to increased cell proliferation and invasion. MiR-21 exerts its oncogenic functions by targeting genes like TPM1, PDCD4, PTEN, and Smad7, enhancing tumor cell growth and inhibiting apoptosis (Zhang Y. et al., 2020; Najjary et al., 2020; Shen et al., 2020) (Figure 5).
[image: Figure 5]FIGURE 5 | MiRNA-21 targets and their function in tumorigenic pathways.
The tumor suppressor TPM1 is suppressed by miR-21, promoting cancer cell growth (Shen et al., 2020). TPM1, part of the actin-binding protein family, is crucial for regulating contraction by mediating calcium response in muscle. It acts as a tumor suppressor in neoplastic transformation, inhibiting cell growth and transformation (Sun et al., 2020). Research suggests TPM1 stabilizes the cytoskeleton, hindering actin filament movement, cell proliferation, and migration (Hardeman et al., 2020). Increased miR-21 under high glucose conditions downregulates TPM1, promoting cell proliferation and migration. Treatment with Tan counteracts this effect by upregulating TPM1, inhibiting proliferation and migration. Inhibiting TPM1 function partially reverses Tan’s anti-proliferative and anti-migrative effects (Jia et al., 2019).
MiR-21 represses the tumor suppressor PDCD4, impacting the mTOR pathway involved in cell growth and proliferation (Cristofoletti et al., 2019; Moustafa-Kamal et al., 2020). MiR-21 downregulates PDCD4 expression by directly targeting its 3′UTR region. PDCD4, a pro-inflammatory tumor suppressor protein, is consistently reduced in human cancers. Under normal conditions, PDCD4 is primarily in the nucleus but can move to the cytoplasm in response to environmental changes. PDCD4 regulates tumor cell apoptosis by binding to eukaryotic initiation factors 4A and 4E (Takaki and Eto, 2018; Wang and Yang, 2018; Matsuhashi et al., 2019). In breast cancer, miR-21 downregulates both PTEN and Smad7. Through PTEN inhibition, miR-21 induces fibroblast activation protein, promoting tumor cell growth. In contrast, Smad7 inhibition by miR-21 enhances fibroblast-to-myofibroblast transition and alpha-smooth muscle actin expression, boosting proliferation and invasion (Najjary et al., 2020). MiR-21 plays a role in the epithelial-mesenchymal transition of breast cancer cells by affecting the p-AKT and p-ERK pathways through PTEN inhibition (Najjary et al., 2020). The upregulation of Her2/neu receptors activates the MAPK signaling pathway, leading to increased miR-21 expression, promoting invasion and metastasis (Sareyeldin et al., 2019). Studies indicate that elevated miR-21 is associated with advanced breast cancer stages, metastasis, and poor prognosis (Anwar et al., 2019). MiR-21 influences invasion and metastasis through its targets PTEN, TPM1, PDCD4, and the tumor suppressor maspin (Huang et al., 2020), making it a potential target for cancer therapy. However, anti-cancer drugs like doxorubicin can paradoxically upregulate miR-21 through NF-kappa B activation, promoting breast cancer progression (O’Bryan et al., 2017). Nevertheless, targeting miR-21 in cancer therapy has shown increased sensitivity to anti-cancer agents in breast cancer (Hashemi et al., 2023).
DYSREGULATED MIRNA PROFILES IN BREAST CANCER
Breast cancer subtypes defined by gene and miRNA expression
Examples of significant miRNAs associated with specific breast cancer subtypes and their effects on cell phenotypes are shown in Figure 6; Table 1 demonstrates the list of miRNAs involvement in regulation of breast cancer. In estrogen receptor positive/progesterone receptor positive (ER+/PR+) breast cancers, significant miRNAs such as miR-100 and the miR-30 family play essential roles, particularly in distinguishing between luminal A and luminal B molecular subtypes. In human epidermal growth factor receptor two positive (HER2+) breast cancers, miR-4728-3p, located within the intronic region of HER2, is co-expressed with HER2 and involved in feedback regulation of HER2 and oncogenic miR-21-5p, thereby promoting several oncogenic processes in advanced tumors. In TNBCs, the cMYC oncogene-driven miR-17–92 cluster is overexpressed, especially in the basal-like one molecular subtype, promoting proliferation by targeting inhibitors of the proliferation mediator AKT such as PTEN and inositol polyphosphate-4-phosphatase type II B. Furthermore, in TNBC cell lines categorized as mesenchymal stem-like and mesenchymal molecular subtypes, epigenetic changes inhibit the miR-200 family, facilitating the expression of epithelial-to-mesenchymal transition and migration genes, ultimately promoting a migratory phenotype (Arun et al., 2022).
[image: Figure 6]FIGURE 6 | Molecular signalling mediated by miRNA network in specific subtypes (Arun et al., 2022).
TABLE 1 | Involvement of miRNAs in the regulation of breast cancer.
[image: Table 1]Specific MiRNAs linked to tumorigenesis, metastasis, and drug resistance
Several miRNAs have been identified as key players in tumorigenesis, metastasis, and drug resistance across various cancer types (Pan et al., 2021). These miRNAs play crucial roles in cancer progression and treatment response, making them potential targets for therapeutic interventions and biomarkers for prognosis and drug response prediction as shown in Table 2. However, their precise roles can vary depending on the specific cancer type and context, highlighting the complexity of miRNA-mediated regulation in cancer biology (Hill and Tran, 2021).
TABLE 2 | MicroRNAs and their relationships with tumorigenesis, metastasis, and drug resistance.
[image: Table 2]MIRNA AS DIAGNOSTIC BIOMARKERS
The care of patients in breast cancer remains a significant clinical problem. The scientific community is currently engaged in the ongoing exploration of supplementary biomarkers that can be employed in clinical settings to enhance the efficacy of oncologists in patient management (Jordan-Alejandre et al., 2023). Scientists have utilized genomics, bioinformatics, and molecular biology methodologies to identify miRNAs that offer significant diagnostic insights (Wu et al., 2014). As an illustration, Li et al. conducted a study wherein they employed the exiqon miRNA qPCR panel to screen plasma samples of breast cancer patients (as opposed to normal controls) and identified five distinct types of miRNAs (Let-7b-5p, miR-122-5p, miR-146b-5p, miR-210-3p, and miR-215-5p). Subsequently, they proceeded to validate their findings through quantitative reverse transcription polymerase chain reaction (qRT-PCR) and found that the ROC correlation coefficient for miRNA expression in both samples was 0.978. This finding provides evidence for the potential of the miRNA panel as a biomarker in the diagnosis of breast cancer (Li M. et al., 2019). In addition, Bakr et al. outlined the utilization of miR-373 as a diagnostic biomarker in individuals with breast cancer. Furthermore, they conducted an assessment of the target genes (VEGF and cyclin D1) of miR-373, revealing its role as an oncomiR. This finding suggests that miR-373 could serve as a crucial biomarker for the diagnosis and prognosis of breast cancer through its targeting of VEGF and cyclin D1 (Bakr et al., 2021).
In contrast, Zhang et al. conducted a study investigating the increase of miR-26b-5p, miR-106b-5p, miR-142-3p, miR-142-5p, miR-185-5p, and miR-362-5p in patients with breast cancer. The analysis demonstrated that the miRNA panel had the ability to distinguish between breast cancer patients and healthy controls, and it also exerted an influence on multiple cancer-related pathways (Zhang K. et al., 2021).
In addition, Lv et al. established a correlation between the decrease in miR-145 levels and the diagnosis of breast cancer, regardless of the specific kind of cells involved. A meta-analysis was conducted on a total of eight papers that employed quantitative methodologies utilizing qRT-PCR. They demonstrated that the expression of miR-145 was 2.57 times higher in breast cancer tissues compared to normal breast tissues. The research findings indicated a significant inverse correlation between the expression of miR-145 and the histological grade of tumors, so implying the potential utility of miR-145 as a biomarker (Lv et al., 2020). The diagnostic relevance of seven miRNA molecules (miR-126-5p, miR-144-5p, miR-144-3p, miR-301a-3p, miR-126-3p, miR-101-3p, and miR-664b-5p) was investigated and emphasized by Kahraman et al. The researchers employed RT-qPCR to examine 63 blood samples obtained from women, consisting of 21 patients diagnosed with TNBC and 21 healthy patients. The study revealed that miR-126-5p exhibited a substantial expression level, making it a prominent miRNA that suppresses tumor growth in breast cancer. Furthermore, it was found to be the most influential miRNA for diagnosing breast cancer in the panel under analysis (Kahraman et al., 2018). Table 3 presents a diverse range of miRNA compounds that have the potential to serve as biomarkers.
TABLE 3 | MiRNA biomarkers as diagnosis and prognosis.
[image: Table 3]MIRNA AND CANCER IMMUNE EVASION
MiRNA regulated innate immune response through immune cells
Immune cells in the body provide innate immune response whenever tumor cells arise which should kill and eliminate the tumor cells. However, these tumor cells are able to escape from the immune response and progress to another area of the body, aggravating the cancer (Thomopoulou et al., 2021).
This is made possible by the bi-directional communication between tumor cells and immune cells. These interactions create tumor microenvironment (TME) where tumor cells use different mechanisms to manipulate the cells around it (Tan and Naylor, 2022). Tumor cells manipulate other cells to meet their metabolic needs. Since tumor cell metabolism differs from normal cell metabolism, it competes with normal cells for resources like glucose. In an article by Elia and Haigis (2021), it is stated that T cells and cancer cells compete for glucose and amino acids. Due to T cell dependency on metabolism, limited glucose supply alters its function and differentiation which helps in tumor progression. Similarly, other immune cells also compete with cancer cells to sustain their metabolism which affects the normal function of the immune cells thus allowing the tumor to progress and metastasize (Elia and Haigis, 2021).
The impaired functionality of immune cells can either be corrected or further impaired by miRNAs. MiRNAs play a crucial role in cancer immune evasion by regulating the pathways of immune cells involved in cancer like macrophages, NK cells, Tregg cells, and T helper cells (Cortez et al., 2019). Unfortunately, while some miRNAs can manipulate the impaired immune cells to stop tumor progression, others influence tumor cells activities leading to cancer progression.
MiRNAs can be used as biomarkers for various cancers and infectious diseases. In breast cancer patients, miRNA-125b (miR-125b) and miRNA-155 (mir-155) are used for diagnosis, monitoring prognosis, and assessing patient’s response to chemotherapy. In addition to that, they are also believed to have the ability to regulate innate immune response in breast cancer by modulating the M1/M2 profile.
The most discussed miRNA in relation to breast cancer is miR-155. In breast cancer, overexpression of miR-155 was initially thought to be oncogenic however, a study conducted by Wang et al. (2022), proves otherwise when it demonstrates that miR-155 deficient macrophages increases tumor progression while macrophages showing an overexpression of these noncoding RNAs improves tumor suppression (Wang et al., 2022a). One of the main functions of miR-155 is regulating innate immune responses by differentiating B lymphocytes and CD4+ T cells as well as activating Tregg cells. Furthermore, miR-155 has a direct relation with dendritic cells in which during the immune response in the early stage of breast cancer, both activation of dendritic cells and expression of miR-155 are increased. A study by Asadirad et al. (2019), stated that miR-155 is transported into dendritic cells via the exosomes derived by the cancer cells to increase the expression of immune cells like MHCII, CD86, CD40, CD83, IL12p70, IFN-[image: image], and IL10. In addition to that, the abundance of miR-155 seen in early breast cancer patients as compared to metastatic breast cancer patients indicates that miR-155 is responsible for the regulation of innate immune response in breast cancer (Asadirad et al., 2019).
Other miRNAs that are highly expressed in early breast cancer include miRNA-126 (miR-126), miRNA-19a (miR-19a), and miRNA-20 (miR-20). Due to that, these three miRNAs are also believed to have an influence in the regulation of innate immune response in breast cancer. MiR-126 prevents breast cancer metastasis by reshaping the TME. Reshaping of TME is made possible by targeting the stromal cell-derived factor 1 (SDF-1) which suppresses the production of monocytes. MiR-19a prevents breast cancer metastasis by converting tumor-associated macrophages (TAM) or M2 macrophages to M1 macrophages through the inhibition of various proto-oncogenes. MiR-20 is a T-helper cells modulator which affects breast cancer by targeting FOXO-1 and STAT3 pathway (Ilhan et al., 2023).
Like miR-20, many other miRNAs affect the pathway of cytokines produced by the innate immune system as seen in Figure 7. When the body detects breast cancer cells, innate immune cells like lymphocytes and macrophages secrete cytokines like tumor necrosis factor (TNF), transforming growth factor (TGF), and interleukins (IL). MiRNAs affect these cytokines to either promote or suppress tumor progression (Bahiraee et al., 2019). One of the cytokines, tumor necrosis factor-alpha (TNF-α), is involved in brain metastasis of primary breast cancer. MiRNA-509 (miR-509) prevents this action by suppressing the levels of TNF-α regulated in the tumor environment. Suppression of TNF-α by miR-509 also prevents TNBC cell proliferation and invasion. Another miRNA involved with TNF is miRNA-29a (miR-29a). This miRNA binds to 3′-UTR of tumor necrosis factor receptor 1 (TNFR1) gene to inactivate the nuclear factor kappa B (NFκB) pathway. Inactivation of this pathway reduces the cell proliferation and induces apoptosis to MCF-7 cell which is a cell from the breast cancer cell line (Zhao et al., 2017).
[image: Figure 7]FIGURE 7 | Regulation of miRNA with innate immune cells in cancer. In breast cancer, innate immune cells including tumor necrosis factor, transforming growth factor, interleukins and B cells are involved in regulation of miRNA in which their pathways are interrupted by tumor suppressor miRNAs to prevent further tumor metastasis. In contrast, oncogenic MiR-21 is involved in the mechanism by targeting B cell lymphoma, leading to abnormal cell accumulation and suppression of apoptosis.
Another type of cytokine, transforming growth factor beta (TGF-β) plays a very important role in cell differentiation, proliferation, and motility in breast cancer which also makes it crucial for TGF-β to be controlled by a regulatory network (Tzavlaki and Moustakas, 2020). In breast cancer, the regulation of TGF-β is suppressed which leads to its overactivation. Overactivation of TGF-β promotes invasion and metastasis of breast cancer cells. In relation to TGF-β in breast cancer, some miRNAs like miR-10b, miR-21, miR-106b, and miR-181 are regulated by TGF-β to promote metastasis while others like miR-145 and miR-206 regulate TGF-β to suppress tumor progression. Other than TGFs, innate immune cells also produce various interleukins. IL-1, IL-8, and IL-11 are known to aid in tumor progression in breast cancer. IN TME, these ILs promote invasion and metastasis of the cancer cells. Certain miRNAs like miR-17, miR-20, and miR-124 supress the effect of these ILs to inhibit tumor progression. MiR-17 and miR-20 bind to 3′-UTR of IL-8 to inhibit the in the inhibition of tumor metastasis to the neighbouring cells whereas the expression of miR-124 prevents bone metastasis caused by IL-11. It is observed that miR-124 has a direct downstream effect to IL-11 by reducing the luciferase activity of the 3′-UTR of IL-11. Overexpression of miR-124 inhibits the activity of IL-11 which prevents bone metastasis in breast cancer patients.
Another interleukin targeted by miRNAs in breast cancer is IL-6. Targeting this interleukin has a dual effect in breast cancer which may either be tumorigenic or anti-tumorigenic. The tumorigenic effect is caused by inhibiting apoptosis, triggering the survival of the tumor cells, and allowing metastasis. IL-6 stimulates miR-155 expression which is known to target suppressors of cytokine signalling pathway (SOCS), hence promoting the progression of breast cancer. Blocking IL-6 pathway can prevent this progression through the inhibition of tumor migration and invasion (Gyamfi et al., 2018). Another method of overcoming this situation is through the downregulation of miR-155 using a photosensitizer. The anti-tumorigenic effects are caused by inhibiting IL-6/STAT3 and SOCS pathway. One of the characteristics of miR-146 is suppression of inflammatory cytokines expression (Gao and Dong, 2017) which makes it a good tumor suppressor marker. In primary breast cancer, miR-146 expresses a negative feedback loop to IL-6 as a mean to inhibit the tumor progression initiated by IL-6/STAT3 pathway. Other miRNAs that can block IL-6 pathway are miR-203 and miR-7. MiR-203 directly inhibits the SOCS pathway in MCF7 cells which suppresses breast cancer progression while miR-7 directly binds to 3′-UTR of IL-6 to negatively regulate its expression which results in antitumorigenic and antimetastatic effects in breast cancer. Figure 7 shows the regulation of miRNA with innate immune cells in breast cancer.
Although the immune system has similar mechanism in every individual, in breast cancer patients, the expression of miRNAs may differ in different patients based on their race. This is because they are genetically influenced and causing women of different races to have different miRNAs expression. A study on Latina breast cancer patients shows that upregulation of miR-141-3-p is associated with cancer recurrence, while downregulation of miR-166 and miR-150-5p are associated with large tumors (Almohaywi et al., 2023). Another study conducted on Egyptian breast cancer patients shows an overexpression of miR-29b and under expression of miR-31 that are linked to the patient’s relapse (Abbas et al., 2022). Therefore, patient ancestry is an important factor when considering the breast cancer biomarkers.
MiRNA regulates specific immune responses in breast cancer
The specific immune system is also known as adaptive immune response which produces respective antibodies that can be used to fight against the particular microbes. The certain microbes that have previously entered the body will be immediately attacked by the immune system if they again infect the specific individual (NCHBI, 2020). The common examples of specific immune responses in breast cancers are the cytotoxic T lymphocytes, natural killer cells and B cells. The cytotoxic T lymphocytes and natural killer cells exert their effect in a direct route onto the breast cancer cells by killing the abnormal cells therefore to induce the antitumor immunity. They play the dominant character in fighting against breast cancer. As breast cancer is growing, the quantity of T-cells will be increasing simultaneously but often associated with reduction in its function due to the extremely immuno-suppressive surroundings in malignant conditions (Speiser and Verdeil, 2017). On the other hand, B cells will result in antitumor immunity through the secretion of immunoglobulins which are able to minimize the amount of early neoplasms (Amens et al., 2021b).
In this case, the tumor cells will have two-way interaction with their local environment which known as tumor microenvironment with the presence of tumor, normal breast, immune, endothelial cells, fibroblast that found in the existence of cancer and mesenchymal stromal (Syeda et al., 2022). By simply secreting the small extracellular vesicles, bidirectionally, tumor cells able to signal the other components. These generated small extracellular vesicles may modulate the activity of mesenchymal stromal, cancer-associated fibroblasts and immune. Meanwhile particularly during hypoxic condition, the performance of endothelial cells can be controlled by mesenchymal stromal and tumor (Rashid et al., 2023). The combination of immune, cancer-associated fibroblast and endothelial cells may enhance angiogenesis (Fu et al., 2020). The major role will be presented by the breast cells which able to largely control the antitumor immune response by producing the small extracellular vesicles and certain extracellular signaling molecules (Mammes et al., 2021). It therefore led to destruction in the immune cells as the products consist of numerous T cells that responsible to impede or activate the polarization, activation, expansion, movement and recruitment of the target cells (Loric et al., 2023).
There are numerous miRNAs have been studied previously and it was found that they are capable in both enhancing and impeding tumor development, depends on the types and roles of each miRNA. Many of them are proven to be related to invasion, prognosis and the formation of new blood vessels (Hussen et al., 2021). The miRNA that is involved in breast cancer can be categorized into few classes such as the oncogenic miRNA and tumor suppressor miRNA (Figure 8). Subdivision can be continued from both classes into various families. These miRNAs are derived from both the tumor and stroma cells to perform their role in inhibiting the immune system (Wang et al., 2022b). Positive regulation of oncogenic miRNAs hinder the tumor suppressor gene thus allow the formation of tumor while in contra to it, negative modulation of miRNAs with tumor suppressor effect will improve the oncogenes translation (Zacharias et al., 2020). As an example of tumor suppressor miRNA in suppressing the cell proliferation, miR-340 is one of the best instance by which it obstructs the Wnt appearance by aiming LGR5 and FHL2 thus inhibit the cell proliferation (Otmani and Lewalle, 2021).
[image: Figure 8]FIGURE 8 | MiRNA regulation mechanism. This picture depicted the role of oncogenic and tumor suppressor miRNA in cancer and the influence on tumor suppressor miRNA (miR-155) on promotion and inhibition of necroptosis.
In the context of promoting malignancy, oncogene miRNA is responsible to inhibit the function of the specific tumor suppressor genes thus boosting the cancer progression and promote breast malignancy. Meanwhile, tumor suppressor miRNA restrains the oncogenes that related in breast tumorigenesis thus downregulate and leads to breast cancer (Saikia et al., 2020). In a nutshell, irregular miRNAs will be found in the appearance of cancer cell. Increase level of oncogenic mRNA results in lesser manifesting of tumor suppressor gene while due to the low level of tumor suppressor miRNAs, positive feedback possessed onto the appearance of oncogene. Both of the feedbacks lead to tumorigenesis which involves the process of cell proliferation, invasion, prevent apoptotic event, angiogenesis, replicative immortality and metastasis (Loh et al., 2019). On the contrary, with the purpose to inhibit the breast cancer development, certain miRNAs may be participated in the replacement therapies which hamper the appearance of oncogenes (Smolarz et al., 2022). To be more persuading, a research held in 2014 found that patients who diagnosed with early stage breast cancer will have increased level of miR-155, miR-19a, miR-181b and miR-24 as compared to normal healthy people (Hamam et al., 2017).
As an example of oncogenic miRNA, high level of miR-155 play an antitumor role in breast cancer through the directly suppressing of cytokine signaling (SOCS1) which aids in the modulation of IFN-y production in T cells is vital to assemble and activate the adequate amount of T effector cells (Chen et al., 2020). In breast cancer, it is the dominant regulator in metabolizing glucose hence able to promote the energy metabolism through few pathways. Moreover, the coordination between NF-κB-miR-155 axis and NF-κB-miR-146a axis may also upregulating the inflammatory reaction (Hoorzad et al., 2023). The above founding all indicate high level of miR-155 is potent as a role that inhibiting the activity of immune response. However, it is also crucial in the first line differentiation of myeloid progenitors, responsible for various cellular processes such like proliferation, stemness, apoptosis and angiogenesis, dysregulation of it may still result in hematologic problem and exerting its oncogenic natural in solid tumors such as breast cancer (Kalkusova et al., 2022).
On the other hand, tumor suppressor miRNAs such as miR-23a/27a/24-2, miR-146a and miR-223a also possessed similar responsibilities but in a different alternative. As an instance, miR-146a is the main component that responsible to downregulate the differentiation of Th1 cell (Testa et al., 2017). Along with the elevating level of IFN-y in miR-146a, destruction is able to be seen on both CD4+ and CD8+ T cells (Mastroianni et al., 2019). When the signal transducer and activator of transcription one is not able to be targeted, the Treg cells will no longer capable of impeding the Th1 response which triggered by IFN (Goropevšek et al., 2017). Assemble of innate immune cells, autoantibodies as well as triggered CD4+ and CD8+ T cells were found to result in autoimmune disorders and severe hyperinflammatory (Li B. et al., 2017). Moreover, with the stimulation of T-cells, it negatively responses in limiting the NF-kB activity through the suppression of NF-kB activators (Wang et al., 2019). This communication is proved to reduce the death in T-cells that enhanced by activation.
Furthermore, elevate expression of miR-494 in myeloid-derived suppressor cells (MDSCs) diminish the quantity of PTEN thus result in the accumulation of MDSCs and help in the invasion and metastasis of breast tumor. In normal situation, PTEN represents the major pathway to regulate the activation and reproduction of several immune cells including T- and B- cells (Taylor et al., 2019). Hence, it is reduced in this case via the lipid phosphatase and protein phosphatase activities to diminish its ability in producing divergent tumor suppressing genes (Chen et al., 2022). When PTEN is not enough to construct the gene that suppresses the tumor growth, then a high amount of MDSCs will be collected in the respective area. MDSCs have potential to impede the T cells activities thus create a favorable condition for tumor to develop and proliferate without any interruption. Meanwhile, it also improves the tumor with resistance to immunotherapy therefore its survival is even assured (Law et al., 2020).
Meanwhile, miR-34a is a well-known miRNA that can be simply detected in every healthy cell with the responsibility to repress various tumors which comprise the breast, colon, prostate cancer and more. According to Rui et al. (2018), they suggested that the elevated the number of miR-34a, the more the breast cancer is under controlled (Rui et al., 2018). A series of assessments have been performed in order to support their statement which include the use of TargetScan device to expose the effect of miR-34a towards Notch1. In a more particular way, Notch1 is an elementary vital option that contribute in the emergence of breast tumor as it consists of Delta-like-4 that lead to the formation of new useless blood vessels in the malignancy conditions when the Delta-like-4 is being downregulated (Kontomanolis et al., 2018). It is crucial to modulate the proliferation of breast tumor. Besides, MTT examination states that the survival rate of the breast cancer cell line, MCF-7 cell is apparently reduced by miR-34a. It prompts the abnormal cells that can be found in breast to perform apoptosis and some of the malignant cells are arrested in G1 phase to prevent the further atypical replication of mutated DNA (Ngabire et al., 2018). With this, it is strong evidence showing that increasing amount of miR-34a is highly beneficial in treating and inhibiting breast cancer. It may be used as a therapeutic agent to cure the breast cancer.
Moreover, let-7 family that can be counted as a member of miRNA which is found ahead of the other miRNAs play an important role to suppress numerous cancer development. The name lethal-7 is given as its evolution often result in death of the patient (Bernstein et al., 2021). It is made up of 22 nucleotides but does not possess the ability to encode a protein. Meantime, it is a big family which act as an originate for nine miRNAs which are the let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i and miR-98 (Mizuno et al., 2018). Out of various functions that can be performed by this big family, they also capable of restricting the growth of breast cancer via impeding the proliferation, metastases and invasion of the abnormal cells by targeting MAGE-A (Liu et al., 2019). MAGE-A is also known as Melanoma-associated antigen-A which is an antigen that is noticed with the presence of tumor. These antigens will be noted by the cytotoxic T cells thus lead to the activation of a strong specific immune response that fights against the breast tumor. Elevated appearance of MAGE-A genes always indicating that the patient may have a reduced survival rate from breast cancer (Poojary et al., 2020). Based on the declaration by (121), miRNA let-7a also able to decrease the presence of E2F2 protein in order to inhibit the aberrant reproduction of osteosarcoma cells, which is the proliferation of high-grade malignant mesenchymal cancer cell that derived from the abnormal bone and osteoid (Dekkers et al., 2019). The E2F transcription factor 2 (E2F2) that stimulated by the infected E2F or Myc proteins is vital for tumorigenesis by which high expression of E2F2 may assist in high grade tumor, metastasis of cancer cell or any other terrible prognosis (Świętek et al., 2023).
MiRNA regulated cancer mediated immune cell death
Immune cell death may occur in two approaches which include the death of cell, apoptosis and destruction of the body tissues, necrosis when there is only inadequate blood flows to the particular area (Khalid and Azimpouran, 2023). Apoptosis is commonly a pathway that rigorously performed by every cells each time when the cells reach to the limit of their lifespan but the condition become out of control in the presence of cancer cells (Shirjang et al., 2019). As explained by Taghavipour et al. (2020), miRNAs able to enhance and reduce the chance of apoptosis through two different alternatives which are the intrinsic and extrinsic route (Taghavipour et al., 2020). Intrinsic pathway will be stimulated when there is destruction of DNA while apoptosis through extrinsic pathway occurs indirectly when the cells are alerted by the other cells that ordered them to perform cell death (Jang and Lee, 2021). Figure 8 demonstrates the summarization story of how apoptosis is being upregulated and downregulated by miRNA under different conditions with miR-21, the common miRNA that is involved in breast cancer as an instance.
In the case of extrinsic pathway, the appearance of fas ligand (fasL) is proved to be directly reduced by the miR-21 in the breast cancer cell line to promote the apoptotic event (Abtin et al., 2018). Meantime, miR-21 may target certain anti-apoptotic proteins in some particular cases thus reduce the ability of cancer cells to migrate and perform programme cell death. To provide a more understandable illustration, there are abundant genes that responsible to diminish the capability of abnormal cells to migrate from one place to another will be targeted by miR-21 such as the PTEN, tropomyosin 1 (TPM1), metalloproteinase inhibitor 3 (TIMP3), programmed cell death protein 4 (PDCD4) and so on. Similar to the episode that suppress the apoptotic event, PDCD4, a kind of anti-apoptotic protein, also targeted in this case with the addition of directly aiming on the B cell lymphoma 2 (Bautista-Sánchez et al., 2020a). As an extra knowledge, B cell lymphoma two possess of the ability to inhibit the apoptosis activity and assemble the abnormal cells in the same time. Thus, apoptosis can be reduced by the miR-21 that target on B cell lymphoma 2 (Bashir et al., 2021). Moreover, miR-7-5p also an instance of it by which it is responsible to impede the proliferation of cancer cells thus to enhance the abnormal cells to undergo programme cell death by virtue of aiming the REGy, proteasome activator subunit 3 (Dong et al., 2019). Conversely, for intrinsic pathway, the relationship between miR-15a, miR-16 and the transcription of 3′UTR in BMI1 has been proved to be beneficial in indirectly promoting the intrinsic route of apoptosis. In details, these miRNAs inhibit the presence of BMI1 during the transcription period. The protein BCL2 that in charge of depleting the apoptotic event will be reduced meanwhile increase the proteins that initiate the apoptosis. It then triggers a series of activities including the rising of mitochondrial reactive oxygen species (ROS) extent that lead to the disability of potential in mitochondrial membrane thus allow the cytochrome c to enter cytosol then initialize the Caspase-3 and Caspase-6 or -9 (Ghafouri-Fard et al., 2021).
The succeeding immune cell death is the occasion of necroptosis. As a general, caspase activities are blocked by which the cell death will be accomplished solitarily without the existence of caspase events in the stimulation of tumor necrosis factor (TNF) family (Jang and Lee, 2021). As the most common miRNA for breast cancer, miR-155 play a role in both up- and downregulation of necroptosis (Figure 8). First of all, by straightly targeting the Receptor-Interacting Protein 1 (RIP1) in human cardiomyocyte progenitor cells, about 40% of necroptosis is able to be inhibited (Ro et al., 2018). As soon as the TNF family initiate the necroptosis process, RIP1 will be deubiquitinated by CYLD gene thus trigger the formation of complex IIa that composed of caspase 8, RIP1 and FADD. The activated caspase-8 divides RIP1 therefor achieves the purpose to impede necroptosis and prolong the cell lifespan (Gong et al., 2019). The upregulation of cell necroptosis also can be done by miR-155 by targeting the same protein kinase, RIP1. The elevated quantity of RIP1 that merged with RIP3 along the suppression of caspase-8 will result in the emergence of a compound named as necrosome (Li et al., 2023). Then the substrate of RIP3 kinase, mixed-lineage kinase domain-like protein (MLKL) initializes the phosphorylation procedure and ready itself for necroptosis by translocating to the plasma membrane. The greatly improved in the permeability of plasma membrane and the disruption of integrity then induce the occurrence of necrosis (Zhirong et al., 2021).
Therapeutic strategies
Despite tremendous breakthroughs in treatment options for breast cancer, there is still an urgent need for innovative therapeutic strategies to enhance patient outcomes (Grimaldi et al., 2021). MiRNAs have recently attracted attention as potential therapeutic targets in cancer treatment. Changes in miRNA expression have been linked to a variety of disorders, including cancer, and therapy strategies based on miRNAs have showed promise in both preclinical and clinical studies (Forterre et al., 2020).
MiRNA-based therapies
Previously, research on miRNAs focused on characterising them, developing miRNA mimics and inhibitors, combining miRNA-based treatments with other medical interventions, and developing nanoparticle-based delivery techniques. Particular strategies in the context of breast cancer include the finding of miRNA patterns for diagnosis and prognosis, targeting of cancer-promoting miRNAs, and the development of miRNA-based treatments such as miRNA inhibitors. These techniques aim to decrease the probability of developing the disease. Several miRNAs, including miR-23a/b, miR-27a/b, miR-133, and miR-24a, are notable for their ability to impact cell fate decisions by regulating key proteins involved in apoptosis. Targeting these miRNAs is a promising technique to influence the susceptibility of cancer cells to anti-cancer therapy. Proteins involved in both intrinsic and extrinsic apoptotic pathways are described in the text, and they might be therapeutic targets for the treatment of cancer. The importance of miRNAs in controlling cell death pathways and their promise as cancer treatment targets, underscores the necessity for more study into these programmed cell death processes.
An aggressive form of breast cancer, TNBC accounts for 15%–20% of all breast malignancies. Its limited therapy choices are caused by the absence of certain receptors. Residual disease is frequently left behind by current neoadjuvant treatment (Qattan, 2020). By controlling gene expression, RNA-mediated interference is emerging as a potential therapeutic. But problems still exist since RNA-mediated interference is not very stable and breaks down quickly in the blood. One potential answer is the pRNA-3WJ scaffold, which is a product of RNA nanotechnology. By providing a robust foundation, this scaffold enables the construction of multifunctional RNA nanoparticles that carry anti-miR21 (Lin et al., 2020). The binding affinity to oncogenic miR21 is enhanced by modifications such as locked nucleic acid (LNA). Targeting CD133 with an RNA aptamer enhances targeting specificity since CD133 is expressed in TNBC and may function as a particular targeting receptor. In vitro and in vivo studies have assessed the targeting affinity, therapeutic effectiveness, and gene regulation consequences of the engineered RNA nanoparticles, which have subsequently been used to treat TNBC. The goal of this novel strategy is to improve therapeutic delivery and make tailored therapy for TNBC possible (Yin et al., 2019).
MiRNAs play a crucial role as clinical biomarkers in cancer, exerting an impact on prognosis, diagnosis, and treatment responses. These entities demonstrate substantial influence as oncogenes and tumor suppressors, which affects conventional treatments and immune reactions within the tumor microenvironment (TME) (Seliger et al., 2014). The utilisation of therapeutics that target miRNAs exhibits potential for enhancing immunotherapy in combination with established treatments. Preclinical investigations classify miRNA-based approaches into two distinct categories: antagonists and mimics. Mimics reinstate miRNAs that inhibit tumor growth, thereby increasing the tumor’s susceptibility to standard therapies and fortifying its immunogenicity. Clinical trials have investigated miR-34a mimics, which have demonstrated potential in modulating immune cell infiltration into tumor tissue and augmenting anti-tumor immune responses (XRT-mediated). Nevertheless, toxicity concerns prompted the phase I trial to be terminated early. Additional potential targets of miRNA mimics, such as miR-124 and miR-424, have exhibited the capacity to interfere with immune checkpoint signalling, thereby enhancing survival rates in glioma and ovarian carcinoma models, respectively. In a glioma model, administration of miR-138 substantially reduces the expression of CTLA-4, PD-1, and Foxp3 on CD4+ T cells that infiltrate the tumor. Clinical trials of miRNA inhibitors that target oncogenic miRNAs have commenced in the interim. As an anti-miR-155 agent, MRG105 inhibited the growth and metastasis of tumors. Nonetheless, systemic administration may impair the function of immune cells. By inhibiting effector functions of immune cells, such as miR-23a, antitumor immune responses are strengthened. Additionally, miRNAs improve the functionality of chimeric antigen receptor (CAR) T cells, which is crucial for adoptive cell therapy. The cytotoxicity and efficacy of CAR T cells are enhanced through the combination with specific miRNAs, as demonstrated by their ability to target EGFRvIII for glioblastoma or HER2 for cancer therapy (Tang et al., 2022).
The potential therapeutic application of miRNAs in cancer immunotherapy is vast, evident from their crucial role in regulating immune evasion within the TME. These miRNAs influence essential immune responses by selectively targeting various cellular components, such as dendritic cells (DCs), regulatory T-cells (Tregs), natural killer cells (NK), and macrophages. For instance, neutralizing miR-146a-5p alters the TME, disrupting macrophage-tumor cell communication and potentially bolstering anti-tumor immunity. Moreover, miRNAs like miR-23a-3p, miR-27a-3p, miR-155, miR-142-5p, miR-183, and miR-214 could serve as therapeutic targets due to their association with immunosuppressive mechanisms, indicating the potential to enhance immune responses against tumors and the significance of miRNAs in cancer immunotherapy (Raue et al., 2021). MiR-155 stands out for its pivotal role in stimulating anti-tumor immunity in T cells, enhancing functionality, memory formation, cytotoxicity against tumor cells, and promoting IFN-γ production. Its overexpression suppresses SOCS1 in CD8+ T cells, amplifying antitumor immunity, and cultivates a proinflammatory milieu within the tumor by promoting IFN-γ generation by Th1 cells. While modulating miRNA expression augments T-cell activity against specific tumor antigens, IFN-γ signaling upregulates PD-L1, fostering a pro-tumor milieu. Combining immune checkpoint blockade inhibitors with miRNA-targeting therapeutics could optimize the antitumor effect (Cortez et al., 2019).
MiRNA-based therapies—mimics
This intervention is to restore lost miRNA expression and it holds potential in revolutionizing cancer treatment due to their correlation with tumorigenesis. The potential improvement in the efficacy of cancer treatments lies in targeting multiple immune checkpoints by combining miRNA therapy with immune checkpoint blockade. While the combination method of immune checkpoint blockade and microRNAs has not yet advanced to clinical trials, there is increasing preclinical evidence of possible synergistic interactions between the two. Preclinical evidence suggests synergistic interactions between immune checkpoint blockade and miRNAs, particularly miR-424 and miR-138, which target PD-L1, CD80, PD-1, and CTLA-4, presenting capacity for treating malignancy. Overcoming the complex interplay between miRNAs and immune checkpoints is essential to exploit the potential of miRNA-ICI synergy in breast cancer treatment (Zhou et al., 2023a).
Selected MicroRNA targeted multiple immune checkpoints in breast cancer
Selected miRNAs that have the capacity to influence multiple immunological checkpoints in breast cancer cells have been chosen for potential application in immunotherapy, based on the current evidence.
MiR-149-3p: MiR-149-3p, a gene that suppresses cancer, has been found to reduce cell proliferation, migration, and invasion, and induce apoptosis in various types of cancer cells, including breast cancer (Li et al., 2022). Furthermore, there is data indicating that miR-149-3p is capable of controlling the expression of PD-1, TIM-3, and BTLA by attaching to the 3′UTRs of their mRNAs. This action helps to inhibit tumor immune escape (Zhang et al., 2019). Furthermore, the upregulated expression of miR-149-3p has been seen to reduce the programmed cell death of T cells and attenuate the miRNA indicators of T cell fatigue, resulting in enhanced cytotoxicity of CD8+ T cells against 4T1 breast cancer cells (Zhang et al., 2019). Therefore, miR-149-3p could potentially be utilized in breast cancer immunotherapy by controlling the expression of PD-1, TIM-3, and BTLA.
MiR-195/MiR-497: Prior research has indicated that the levels of miR-195/miR-497 vary between normal and cancerous breast tissues, suggesting that miR-195/miR-497 could serve as a promising biomarker for the treatment of breast cancer (Li X. et al., 2019; Purohit et al., 2019). Additional bioinformatic study revealed that miR-195/miR-497 have the capacity to control the immune evasion of breast cancer cells by specifically targeting PD-L1 and B7-H6 (Yang et al., 2018a). For example, the process of introducing miR-195/miR-497 into MDA-MB-231 cells has been discovered to significantly reduce the levels of PD-L1 messenger RNA (mRNA) and protein expression (Yang et al., 2018a). Furthermore, the introduction of miR-195 has been shown to decrease the levels of PD-L1 mRNA and protein expression. This leads to a decrease in the growth and movement of OCI-Ly10 cells, which are a type of diffuse large B cell lymphoma. Additionally, it prevents these cells from evading the immune system and increases the rate of cell death through apoptosis [28]. Furthermore, the analysis of transcriptome profiling data from the TCGA database (Yang et al., 2018a) has shown that miR-195/miR-497 can target PD-L1 and B7-H6. Therefore, the miR-195/miR-497 combination has been suggested as a promising option for using immune checkpoint blockade therapy in breast cancer. This combination works by controlling the levels of PD-L1 and B7-H6 expression.
MiR-5119: According to a study, MiR-5119 has been identified as a regulator of anti-tumor immunity in breast cancer (Zhang M. et al., 2020). A recent study has discovered that by engineering dendritic cells (DCs) and utilizing miR-5119, a new therapeutic approach can be developed. This approach effectively suppresses various negative regulatory molecules, including inhibitory receptor (IR) ligands like PD-L1 and IDO2, in DCs. As a result, it enhances the immune response against tumors, increases cytokine production, and decreases T cell apoptosis in breast cancer cells (Zhang M. et al., 2020). Moreover, MiR-5119 has the ability to function as a possible controller of PD-L1 in the immunological tolerance of tissue transplants (Zhou et al., 2023b). In summary, miR-5119 has the ability to selectively bind to certain regions in the 3′UTRs of PD-L1 and IDO2 genes, resulting in the inhibition of protein production for both genes. The dual-luciferase reporter test shown that the miR-5119 mimic can decrease luciferase activity in comparison to the control miRNA. This suggests that miR-5119 has the ability to directly bind to and affect the expression of the PD-L1 gene (Zhang M. et al., 2020). Therefore, miR-5119 is being seen as a potential enhancer for ICIs-based immunotherapy. However, additional research is necessary before it can be applied in a clinical setting.
MiR-200a: MiR-200a, a constituent of the miR-200 family, exhibits aberrant upregulation in breast cancer tissues (Kim, 2021). Patients with stomach cancer who have a greater level of miR-200a expression have a more favorable prognosis in comparison to those with lower miR-200a expression. This suggests that miR-200a has a significant role in predicting prognosis (Zhang H. et al., 2021). Additionally, it has been discovered that miR-200a is inversely correlated with CD86 in gastrointestinal cancer, suggesting that it could be a promising target for therapeutic intervention (Zhang H. et al., 2021). MiRNA has been demonstrated to have superior diagnostic and therapeutic performance in relation to breast cancer [118,119]. Furthermore, in relation to breast cancer, new findings have shown that the genes that miR-200a could potentially affect are highly present in the PD-1 and PD-L1 pathways. This suggests that miR-200a may have the ability to modulate these immune checkpoints (Kim, 2021). Cancer immunotherapy faces obstacles within the TME due to immune-regulatory cells and their secretions impeding antitumor immunity (Segal and Slack, 2020). MiRNAs modulate immune cell recruitment, function, and trafficking in the TME, impacting the immune contexture by influencing the polarisation of tumor-associated macrophages (TAMs) and modulating chemokines for immune cell recruitment. Moreover, extracellular vesicles transport miRNAs, mediating intercellular communication in the TME and influencing immune cell functions and responses. Understanding miRNA regulation in the TME comprehensively may yield innovative approaches to enhance cancer immunotherapy.
MiRNA-based therapies—inhibitors
MiRNA inhibitors are synthetic oligonucleotides designed to bind specifically to certain miRNAs, preventing them from interacting with target mRNAs. These miRNA inhibitors are also known as anti-miRNAs or antimiRs. It is feasible to decrease cancer cell growth and survival by reactivating the expression of tumor suppressor genes that have been rendered inactive by oncogenic miRNAs. MiRNA inhibitors come in a variety of forms, including locked nucleic acids (LNAs), chemically modified antisense oligonucleotides, and small molecule inhibitors. These inhibitors can be delivered into cancer cells in a variety of ways, including liposome- or nanoparticle-based delivery systems. Table 4 demonstrates the summary of therapeutic strategies for miRNAs in breast cancer.
TABLE 4 | Therapeutic strategies for miRNAs in breast cancer.
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AntimiRs are a family of medicinal compounds that have been engineered to block the action of certain miRNAs within cells. They are also known as anti-miRNAs and miRNA inhibitors. Due to the fact that particular miRNAs typically operate as oncomiRs or tumor suppressors, antimiRs are now being researched for their potential utility in the treatment of cancer. One such strategy is to inhibit oncomiR-21, which is commonly found to be overexpressed in malignancies such as breast, lung, and colorectal cancers. The use of antimiRs to decrease miRNA expression requires oligonucleotide optimisation with the goals of increasing binding affinity, improving nuclease resistance, and facilitating in vivo transport. This can be achieved by a variety of chemical modifications, including shifts in the sugar, nucleobase, or internucleotide linkages (Chakrabortty et al., 2023).
Chemical modifications, such as 2′-O-methyl (2′-O-Me), 2′-methoxyethyl (2′-MOE), and locked nucleic acid (LNA), can increase the binding affinity and resist degradation. Other changes to the backbone, such as phosphorothioate (PS) links or morpholino oligomers, can further boost nuclease resistance. Studies have shown that high-affinity modifications, such as LNA/2′-O-Me mixmers, can increase the efficacy of antimiR, with LNA having the greatest affinity of any of these modifications. High-affinity modifications like LNA/2′-O-Me mixmers, are more effective in inhibiting miRNAs such as miR-21. LNA/2′-O-Me and 2′-fluoro (2′-F)/MOE modified antimiRs show effective targeting of miR-122. AntimiRs that are fully complementary are widely utilised, and targeting the miRNA seed region is critical for suppression. Tiny LNAs are short seed-targeting LNA oligonucleotides that block complete miRNA seed families in a concentration-dependent manner. The strong binding affinity of completely substituted 8-mer LNAs is critical for successful miRNA suppression, highlighting the significance of targeting the miRNA seed for therapeutic efficacy. In both cancer and viral infections, effective miRNA targeting has been proven, which highlights the necessity of particular alterations and targeting methodologies for best treatment results.
The in vivo delivery of antimir Oligonucleotide shows MiRNA function was initially inhibited in worms using a 2′-O-Me oligonucleotide that mimicked miRNA loss. Antagomirs, which are 3′cholesterol-conjugated, 2′-O-Me oligonucleotides, efficiently repressed miRNAs such as miR-16 and miR-122 in mice, impacting diverse organs. PS backbone changes enhanced pharmacokinetics, allowing chemically modified antimiRs to be delivered in vivo (Stenvang et al., 2012). Unconjugated 2′-F/MOE, 2′-MOE, and LNA-modified antimiRs with a full PS backbone effectively silenced miRNA in vivo. Notably, a high-affinity 15-nucleotide LNA/DNA mixmer PS oligonucleotide targeting miR-122 displayed effective and specific silencing in mice and African green monkeys, decreasing blood cholesterol without harm. Tiny 8-mer LNA-antimiRs with great binding affinity have recently been investigated. MiR-122 and miR-21 were efficiently sequestered in mouse tissues after systemic distribution of these small antimiRs, indicating the possibility for in vivo functional research of miRNAs.
LNA oligonucleotides
LNA oligonucleotides, also known as locked nucleic acid oligonucleotides, are the antisense agents of the next-generation. The third-generation nucleic acid analogue, Locked Nucleic Acid (LNA), has emerged as a promising tool in molecular medicine and cancer research. As a result of its unique properties, LNAs have a greater binding affinity, sequence specificity, temperature stability, and nuclease resistance (Kamali et al., 2022). Oligonucleotides that contain one or more nucleotide building blocks and have an additional methylene bridge that locks the ribose moiety into either the C3′-endo (beta-D-LNA) or C2′-endo (alpha-L-LNA) conformation are referred to as having locked nucleic acid, or LNA for short. Locked nucleic acid is a kind of nucleic acid.
Its unique features make it ideal for the synthesis of nucleic acid-based medicines. LNA is used in cancer therapy in a variety of ways, such as oligonucleotide analogues and mimics. LNA nucleotides, for example, are used to construct mimic structures that make strong interactions with target proteins, as observed in inhibiting KRAS gene expression in pancreatic cancer. Furthermore, LNA is effective in silencing disease-associated miRNAs, suggesting a new path for targeted cancer therapy. LNA has been used to inhibit miR-21 in melanoma cells, resulting in lower proliferation and greater apoptosis, and LNA-i-miR-221 has shown potential in treating multiple myeloma. Furthermore, LNA-containing aptamers and LNA-based diagnostic procedures such as PCR improvements and single nucleotide polymorphisms discrimination help cancer research by enhancing target delivery and detection sensitivity. These applications highlight LNA’s versatility and therapeutic potential in cancer research and treatment, holding great promise for future studies, clinical applications, and diagnostic contexts, highlighting its potential impact on cancer treatment and detection methodologies.
Small molecule inhibitors
The major approaches of targeted cancer treatment are antibody therapies and small molecule inhibitors. Small molecule inhibitors decrease target protein function by attaching to the “pocket” on their surface. In compared to antibodies, their smaller size allows them to attach to a greater spectrum of sites, both extracellular and intracellular. Furthermore, many small molecule inhibitors can be given orally, whereas antibodies must be administered subcutaneously or intravenously (Liu et al., 2022). To treat intracranial lesions, certain small molecule inhibitors can even cross the blood-brain barrier. Protein kinase inhibitors are the most common of these medications, although they also affect DNA repair, epigenetics, apoptosis, and tumor metabolism. Notably, recent approvals have expanded to previously deemed difficult goals, such as RAS. Small molecule inhibitors are an important component of targeted cancer therapy because to their versatility and growing scope.
The US FDA has authorised 88 small molecule inhibitors for cancer indications as of August 2022. These inhibitors are classified into selective small molecule inhibitors and multikinase small molecule inhibitors depending on target selectivity. Selective small molecule inhibitors, further subdivided into kinase and non-kinase inhibitors, target particular cancer growth, survival, apoptosis, and metabolic dysfunctions. Because of their potential to target particular genes, patients must be screened for gene changes. Multikinase inhibitors, mostly targeting VEGFR, have anticancer effects that do not need exact detection. Protein kinase inhibitors, a major class of small chemical inhibitors, target the human kinome, which includes both eukaryotic and atypical protein kinases. These inhibitors prevent ATP from attaching to kinases, which is required for signal transmission. Based on their biochemical mechanisms, protein kinase inhibitors are classified into six types: those that interact with the ATP binding site (Type I and II), those that bind allosterically (Type III and IV), those that interact with both allosteric and ATP binding pockets (Type V), and those that form irreversible covalent bonds (Type VI). Each variety has distinct features, allowing for customised cancer treatment techniques.
Therapeutic potential of MiRNA in cancer immune response
Emerging as highly adaptable molecules, miRNAs have a wide range of possible uses that go beyond just the medical field. In addition to their well-established function in cancer-related immune suppression, miRNAs have many other potential uses in the fields of diagnostics, prognostics, therapeutics, drug discovery, personalised medicine, regenerative medicine, and elucidating disease mechanisms across diverse medical domains (Aggarwal et al., 2020) (Figure 9).
[image: Figure 9]FIGURE 9 | Therapeutic applications of miRNA in cancer immune response.
The possible use of miRNA in early illness identification and continuous monitoring is highlighted by the fact that variations in miRNA expression patterns have been associated to several diseases, most notably cancer as such it a promising biomarker. It is important to note that miRNAs play a crucial role in the transformation of cancer cells. They are very stable in body fluids such as blood, saliva, and urine, and they exhibit unique patterns of expression that are particular to different tissues, which gives them diagnostic potential (Mehrgou and Akouchekian, 2017). Researchers compare the miRNA expression profiles of healthy persons to those of breast cancer patients by collecting tissue or blood samples. This allows them to use miRNAs as diagnostic biomarkers. Modern methods such as qRT-PCR and microarray analysis allow them to pinpoint which miRNAs are either up- or downregulated in breast cancer. Early identification, therapy response monitoring, and patient outcome prediction can all be aided by these miRNAs when utilised as biomarkers. To help in tumor subgrouping, several miRNAs like miR-30 have functions in determining ER, PR, and HER-2 status. Research has shown that more than fifteen miRNAs are involved in the spread of breast cancer and that low expression of miR-125b and miR-126 is associated with poor survival rates. Stem cells, one of several cell types seen in breast tumors, play an important role in tumor progression because of their special capacities. MiRNAs impact the G1/S cell cycle transition, regulate stem cell populations, and govern self-proliferation and cell destiny in stem cells. They may regulate many genes at once (McGuire et al., 2015). The function of miRNAs in cancer research has been better understood in recent years, and this has led to new insights into molecular subgrouping, the identification of breast cancer risk genes, and the development of diagnostic and prognostic biomarkers.
Furthermore, some miRNA signatures have demonstrated robust correlations with illness prognosis and patient outcomes, providing vital information on the development of the disease, the efficacy of treatments, and the total percentage of survival. A potential way to evaluate prognosis in a wide range of medical disorders is by profiling miRNA expression levels. MiRNAs have the ability to inhibit the advancement of the cell cycle or the creation and growth of tumors, respectively, which makes them either oncogenes or tumor suppressors. Since the discovery of miRNAs, there has been a significant amount of interest in the possibility of using them in the diagnosis, prognosis, and therapy of cancer. There are many different forms of tumors, and it is feasible to detect their individual miRNA profiles. It is possible that these profiles might be utilised as phenotypic indicators to assist in the processes of cancer diagnosis, prognosis, and treatment. As mentioned already, miRNAs impact biological processes such as cell migration, proliferation, and tumor formation; they are found in genomic areas that are either delicate or connected to cancer. There are many mechanisms by which oncogenic miRNAs aid in the progression and maintenance of tumor cells (McGuire et al., 2015). As an example, miR-21 is increased in breast cancer and inhibits tumor suppressor genes; in TNBC, on the other hand, miR-155 enhances angiogenesis and invasiveness. The potential therapeutic significance of tumor suppressor miRNAs like miR-126 and miR-206 is demonstrated by their ability to limit cell proliferation and metastasis. In the event that miRNA profiles are able to accurately predict malignancies, this method has the potential to revolutionise a number of diagnostic challenges.
The ability of miRNAs to serve as intervention targets is the source of their therapeutic potential. Gene expression may be changed and disease pathways can be modulated by manipulating miRNA expression levels using various tactics, such as using miRNA mimics or inhibitors (Iorio et al., 2011). This possibility has tremendous promise for developing novel treatments for a wide range of ailments, including cancer, cardiovascular issues, and neurological problems. The altered expression patterns in cancer and the tissue-specific stability in formalin-fixed paraffin-embedded tissues demonstrate the use of miRNAs as diagnostic tools. Their analysis is useful for subdividing breast cancer cases, forecasting how the illness will develop, and gauging how well patients will react to treatments like hormone replacement and chemotherapy. One possible way to improve treatment responses and overcome resistance is to manipulate miRNA expression levels. Gaining insight into the role of miRNAs in disease pathways can help in the development of medications that target these molecules or the processes that regulate them. The potential for these individualised medications to affect miRNA activity and, by extension, to open up new therapy possibilities is exciting. In addition, by customising medicines according to individual miRNA profiles, the use of miRNA profiling in personalised medicine has the potential to completely alter therapy paradigms. This personalised strategy has the ability to increase treatment effectiveness while reducing side effects. Because of their critical function in disease pathways, miRNAs hold great promise for personalised therapy. Their roles as cancer oncogenes or tumor suppressors pave the way for individualised treatments. As an example, oncomiRs can be targeted using compounds to limit their action, possibly halting cancer growth; miRNA mimics restore tumor-suppressive miRNA expression, blocking oncogenic effects (Chakrabortty et al., 2023).
Single-stranded molecules that are essential for cellular activities, miRNAs, can be degraded inside cells. Modifying synthetic oligonucleotides stabilises and improves their function. Downregulating oncomiRs activity is a primary goal in breast cancer therapy. Because of a change at the C2 carbon of the sugar molecule, antisense anti-miR oligonucleotides (AMOs) are effective in reducing the expression of certain miRNAs. Their stability and capacity to suppress cancer growth are enhanced by various chemical modifications, such as the addition of methyl groups or fluorine. Modified AMOs may have off-target effects and are expensive. Stability and off-target impacts can be improved by combining adjustments (Wong and Cheah, 2020). To successfully limit the proliferation of cancer cells, customised AMOs were utilised in recent investigations. A different method, CRISPR/Cas9, allows for the permanent suppression of genes, which in turn lowers tumor development in breast cancer. Because miRNAs are unstable, delivering them is difficult. Systems using viruses, such as lentivirus or adenovirus, and non-viral components, such as lipids or polymers, facilitate the transport and protection of miRNAs to their intended target cells. One example is the non-toxic delivery of tumor-suppressing miRNAs to mice utilising lipid-based carriers and gold nanoparticles. Nanocarriers made of polymers work in tandem with chemotherapy to increase the effectiveness of the former while decreasing the latter’s toxicity. Figure 10 demonstrates an overview of miRNA targeting pathways in the cells.
[image: Figure 10]FIGURE 10 | Overview of miRNA targeting pathways in the cell.
There are many methods for therapeutically targeting certain miRNAs in cells. These strategies entail modifying the expression or function of miRNAs implicated in illness. Anti-miRNAs are used to break down or block the function of harmful miRNAs, synthetic miRNA copies that mimic natural ones, viruses are used to introduce miRNA expression, small molecules disrupt miRNA production, or miRNA sponges are used to block the action of miRNAs by diverting them away from their usual targets. In both experimental and clinical contexts, these approaches are occasionally paired with additional therapies such as siRNAs or conventional medicines. These results demonstrate that miRNAs may be useful therapeutic targets for breast cancer. The development of secure miRNA delivery methods shows potential for individualised treatments, which might improve anticancer outcomes while reducing patient adverse effects (Diener et al., 2022). The promise of miRNA-based treatments as an effective tool in the fight against breast cancer has been illuminated by a thorough examination of in vivo experiments. Opportunities for therapeutic intervention were revealed via categorising research into combination therapy, miRNA replacement, and miRNA inhibition. Several breast cancer models showed significant improvement in tumor development and metastasis when miRNA replacement techniques were used, with a focus on miR-34a, miR-497, miR-544, and miR-603. For example, in breast cancer cells, miR-34a replacement inhibited migration and proliferation, but in TNBC cells, miR-544 and miR-603 replacements reduced invasion and proliferation. Research into miRNA suppression has focused on oncomiRs such as miR-21 and miR-214 because of the promise they hold for preventing the advancement of cancer by modulating certain genes and signalling pathways (Sharma S. et al., 2022).
The synergistic effects of antagomiR-21 with standard chemotherapeutics were particularly striking. The results showed that miR-221 inhibition and miR-205 substitution had a synergistic impact on tumor growth suppression and metastasis mitigation. Furthermore, studies explored the use of miRNA-based therapeutics to manipulate the TME, with the goal of influencing the interactions between cancer cells inside the TME to hinder metastasis. Research has shown that reprogramming tumor-membrane endothelial cells (TMECs), targeting particular miRNAs linked with metastasis, and replacing tumor-suppressing miRNAs with other miRNAs are all effective ways to prevent the spread of metastases. The promising results of delivering miRNAs through nanosized carriers or systemic injections have sparked optimism for their potential therapeutic uses in the fight against breast cancer. These results highlight the exciting possibilities for tailored breast cancer treatment that miRNA-based therapies provide.
Another mention worthy therapeutic potential of miRNA is noticed in regenerative treatments which may be driven by manipulation of miRNA expression. Regenerative medicine relies heavily on miRNAs for a variety of purposes, including cell differentiation and tissue regeneration. Regulating gene expression and controlling diverse cellular processes are two of miRNAs’ many functions, making them a potential target for regenerative medicine. Researchers have the ability to control cell fate, improve tissue healing, and stimulate regeneration by regulating miRNA expression. MiRNAs block the translation of target genes and operates as post-transcriptional gene regulators. They have a role in a wide variety of biological activities, such as wound healing, tissue homeostasis, and embryonic development. One of the most important roles that miRNAs perform during tissue regeneration is in regulating the processes of cellular dedifferentiation, trans differentiation, and reprogramming. The use of miRNA mimics and inhibitors directed towards certain cells at the damage site allows for the manipulation of miRNA levels. By focusing on specific areas, scientists may exert fine-grained control over miRNA expression and function, which in turn allows them to modulate cellular activity and stimulate tissue regeneration. Another option for induced pluripotency that does not involve manipulating transcription factors is to use miRNA-based techniques. A powerful new method for producing regenerative pluripotent stem cells is now at our fingertips. Additionally, regenerative medicine has demonstrated translational relevance for miRNA-based treatments. By increasing the expression of beneficial miRNAs and decreasing the expression of harmful ones, these treatments can improve tissue regeneration and repair. New opportunities for the development of novel therapeutics and pharmacological techniques have emerged with the capability to precisely target miRNAs implicated in pathways for tissue regeneration (Karami F. M. et al., 2022). It may orchestrate cell destiny, enhance tissue repair, and promote regeneration.
MiRNAs have recently gained attention as a possible therapeutic tool that might help with a variety of issues, including steroid receptor modulation, metastasis, multidrug resistance, and recurrence after chemotherapy. Relapse prevention strategies that target breast tumor-initiating cells (BT-ICs) have recently gained interest. One such strategy, miRNA let-7, has shown promise in breast cancer models in mice. The use of miRNAs such as miR-22, miR-145, miR-206, and miR-375 in anti-ER-α/HER treatments have the potential to address multidrug resistance and specifically target the overexpression of ER-α and HER2/HER3. Potential anti-metastasis therapies include miRNAs such as miR-21, miR-31, miR-145, and miR-146, which have shown functions in reducing invasion and metastasis. Additionally, novel approaches to breast cancer treatment are being explored through miRNAs such as miR-155, miR-663, miR-326, miR-328, and miR-451, which impact breast cancer cell survival, sensitivity to chemotherapeutic agents, and the reversal of drug resistance mechanisms (Zhang K. et al., 2014).
THERAPEUTIC IMPLICATIONS OF TARGETING DYSREGULATED MIRNAS IN BREAST CANCER
Dysregulation of miRNAs is a crucial factor that affects several cellular pathways in breast cancer. These routes include those that regulate cell proliferation, the cell cycle, and the response to treatment. The presence of genetic instability complicates both carcinogenesis and the therapy of breast cancer, as it hinders the capacity to specifically target the pathways responsible for the development and proliferation of cancer cells. However, targeting dysregulated miRNAs in breast cancer has intriguing therapeutic implications for resolving drug resistance and increasing patient outcomes. To develop effective personalised therapeutic strategies for breast cancer treatment, it is essential to comprehend the intricate regulatory networks involving miRNAs and their downstream targets. Enhancing the efficacy of existing medications and enabling personalised strategies for breast cancer therapy may be achieved by harnessing the therapeutic capabilities of dysregulated miRNAs.
The aberrant expression of miRNAs in breast cancer has a substantial influence on the efficacy of therapeutic treatments and plays a role in the genesis of cancer. MiRNA dysregulation leads to resistance to breast cancer treatment, which is caused by changes in drug transporters and an increase in antiapoptotic activity. Oncogenic miRNAs, such as miR-155 and miR-21, have been shown to have a role in regulating resistance-associated proteins, which ultimately leads to the development of chemoresistance. Multiple treatment methods for breast cancer, including as targeted treatments, chemotherapy, antiendocrine therapy, and radiation, have been associated with resistance based on miRNA research. For example, the decrease in miR-26a and the increase in E2F7 in oestrogen receptor-positive (ER+) breast cancer highlight the possibility for treating the disease by targeting miRNAs that are not functioning properly (van Schooneveld et al., 2015). Specifically, the promising approach of targeting dysregulated miRNAs such as miR-26a and miR-30b has been found to enhance the efficiency of trastuzumab therapy for HER2-positive (HER+) breast cancer by improving sensitivity (Liu J. et al., 2018). In breast cancer tissues, the expression of miR-365 and miR-22 is reduced. These two molecules, which have lower levels of expression, might be targeted for therapy to enhance the effectiveness of chemotherapy therapies. Overexpressing miR-365 and miR-22 via the use of miRNA mimics inhibits the growth of breast cancer cells and enhances their susceptibility to chemotherapeutic treatments by selectively targeting key proteins involved in cell proliferation and tumor development (Loh et al., 2019; Bautista-Sánchez et al., 2020b).
Moreover, miR-221/222 have been identified as important regulators of resistance to antiendocrine therapy, specifically targeting proteins that are involved in signalling via the oestrogen receptor and control of the cell cycle. Targeting dysregulated miRNAs, such as miR-708, which are triggered by the glucocorticoid receptor alpha (GRα), offers a promising therapeutic approach to prevent breast cancer progression and improve the efficacy of chemotherapy. The presence of miR-210, miR-9, miR-187, and miR-155 in breast cancer indicates that they may be targeted to enhance the effectiveness of therapy and decrease the advancement of the disease (Mulrane et al., 2013). The identification of dysregulated miRNAs has promise for developing personalised therapeutics for breast cancer, despite the nascent stage of this research field. Clinical trials investigating the impact of drugs on miRNA demonstrate potential for personalised treatment approaches; miRNA-based therapeutics provide a novel approach to enhance outcomes for breast cancer patients.
MiRNA therapeutics in clinical trials
Despite the considerable potential inherent in the clinical application of medicines that regulate miRNA expression, the current absence of approved miRNA pharmaceuticals and phase 3 research documented on Clinicaltrials.gov is noteworthy in breast cancer. The siRNA therapeutics, which belong to a closely related class, have demonstrated a modestly higher level of success in their progression towards clinical implementation. This underscores the numerous obstacles that must be overcome in order to effectively advance the development of an oligonucleotide therapy. The challenges associated with the development of miRNA drugs for cancer treatment are clearly evident in the ongoing clinical trials. The website Clinicaltrials.gov provides a comprehensive compilation of Phase 1 and 2 clinical trials investigating the efficacy of miRNA compounds in the treatment of various diseases, including as diabetes, cardiovascular diseases, hepatitis C virus infection, and cancer, exhibiting varying outcomes. An illustrative instance of a miRNA drug that had challenges in clinical trials is MRX34 developed by Mirna Therapeutics, Inc. The administration of a liposomal injection of a synthetic double-stranded RNA oligonucleotide was conducted in patients diagnosed with primary liver cancer. The purpose of this intervention was to replace the depleted miR-34 and reinstate its functionality on the p53/wnt cellular pathways. Nevertheless, the study was concluded as a result of immune-related severe adverse events, leading to the withdrawal of a planned phase 2 study involving melanoma patients. Other clinical research investigating medicines targeting dysregulated miRNAs in cancer yielded more encouraging outcomes. The development of targeted minicells carrying targomiRs, a miRNA mimic, was a collaborative effort between the Asbestos Diseases Research Foundation and EnGeneIC Limited. A phase 1 research was conducted to evaluate the efficacy of the initial TargomiR, Mesomir 1, in individuals diagnosed with malignant pleural mesothelioma. The Mesomir one protein harbors a miRNA mimic those functions as a tumor suppressor for miR-16 in several types of cancer. An anti-EGFR bispecific antibody is used to specifically target lung cancer cells that express EGFR. The authors of the study assert that further investigations are warranted due to the drug’s satisfactory safety profile and efficacy (Reid et al., 2016; Van Zandwijk et al., 2017).
Regulus has announced the introduction of another therapeutic candidate targeting a dysregulated miRNA in cancer. The medication RGLS5579 is designed to specifically target miR-10b in glioblastoma multiforme, a therapeutic target that has shown promise (Teplyuk et al., 2016). The primary objective of the present investigation is to validate the prognostic and diagnostic use of miR-10b expression patterns in glioma samples. Additionally, the researchers intend to assess the sensitivity of individual primary tumors to anti-miR-10b treatment in vitro. A favorable study result would facilitate the entry of their medicine into clinical trials. Moreover, several miRNA medicines currently undergoing clinical trials for various illnesses are providing optimism on the potential application of similar techniques in the treatment of cancer. The ability of a single class of miRNA medications to effectively treat various diseases is demonstrated by locked nuclear acid (LNA)-based anti-miRNAs. These drugs have shown promise as a potential class of miRNA drugs, as evidenced by human phase 1 trials that confirmed the safety and efficacy of three LNA-based anti-miRNAs. One example is Miravirsen (SPC3649 from Roche), which specifically targets the liver-specific miR-122 (Gebert et al., 2014). In a phase 2 study including patients with chronic HCV genotype 1 infection, Miravirsen demonstrated sustained decreases in hepatitis C virus (HCV) RNA levels without any indication of viral resistance (Janssen et al., 2013).
Cobomarsen (MRG-106), a second LNA-based anti-miRNA, has been demonstrated to be safe in humans. It specifically targets miR-155 in several hematological malignancies (Foss et al., 2018). Presently, there exist two ongoing phase 2 clinical trials investigating the potential application of Cobomarsen in the treatment of cutaneous T-cell lymphoma. MRG-110, the most recent among the three anti-miRNA medication possibilities, functions by inhibiting miR-92a. Its primary objective is to stimulate angiogenesis and perhaps be employed in the therapy of heart ailments. The results of a phase 1 trial shown that MRG-110 effectively decreases the levels of miR-92a and suppresses the expression of miR-92a target genes in the peripheral blood compartment. The authors suggest that targeting gene expression in T cells and NK cells may have therapeutic potential in disorders characterized by dysregulated immune processes (Abplanalp et al., 2020). This finding could also be relevant in the setting of tumors. Abivax employs a promising strategy to regulate miRNA expression in illnesses. Two phase 2 trials are now being conducted to evaluate the efficacy of ABX464, a chemical, in individuals diagnosed with Crohn’s disease or moderate to severe active ulcerative colitis, a condition that frequently advances to colon cancer. The overexpression of miR-124 is induced by the administration of ABX4664, which binds to the cap binding complex located at the 5′-end of pre-mRNA. This binding process leads to the enhancement of splicing of a single long noncoding RNA, resulting in the production of the anti-inflammatory miR-124 (Vautrin et al., 2019). UniQure Biopharma B.V. has successfully created a gene silencing method known as miQURE™, which utilizes artificial micro-RNAs. AAV5 vector was developed to treat Huntington’s disease. This vector contains a miQure miRNA that specifically targets the huntingtin gene (AMT-130). The safety and proof of concept of this miRNA are now being evaluated in a phase 1/2 trial (Rodrigues and Wild, 2020). If the approach demonstrates both safety and efficacy in human subjects, it is likely to be applicable for cancer therapy as well.
MiRNA therapeutics to reverse TME chemotherapy resistance
The interaction between tumor cells and stromal cells via miRNAs can also improve treatment resistance. A study found that propofol causes TAMs to release miR-142-3p, which conveys propofol action in cancer cells, demonstrating that modulating miRNA transfer in the TME can be employed for treating cancer. Propofol was initially shown to decrease tumor growth in tumor-bearing mice in an HCC model. After researching the mechanism, it was shown that these effects were mediated by the transport of miR-142-3p via secreted microvesicles from TAMs during propofol stimulation (Zhang J. et al., 2014). Thus, interfering with miRNAs involved in TME-mediated therapy resistance is a potential way to reverse resistance and could be attempted in a variety of scenarios, including miRNA exchange between tumor cells and CAFs, TAMs, or other stromal or cancer cells, as well as miRNAs involved in signaling that confers chemotherapy or immunotherapy resistance.
Additional stromal cells within the TME also exert an impact on the development of resistance to therapy. Research has demonstrated that the administration of doxorubicin resulted in the increased expression of miR-21-5p in both mesenchymal stem cells and the exosomes produced from them. In breast cancer cells, the expression of S100A6 was promoted by miR-21-5p generated from exosomes, leading to the development of chemoresistance both in laboratory settings and in living organisms (Luo et al., 2020). In the majority of the aforementioned scenarios, a therapeutic strategy would probably involve manipulating the levels of miRNAs to counteract chemotherapy resistance and enable the continuation of the treatment. Nevertheless, as exosomal transfer promotes miRNA-mediated chemotherapy resistance in certain instances, interrupting this pathway of transfer could significantly contribute to the prevention of resistance from occurring initially (Raue et al., 2021).
Co-delivery
Multiple studies have demonstrated that co-administering the miRNA drugs alongside a chemotherapeutic agent can enhance the effectiveness of the treatment. Docetaxel, another cytostatic, has also been used to deliver miR-21 in TNBC. Experiments conducted in a laboratory setting demonstrated that the susceptibility of TNBC cells to docetaxel treatment was enhanced following treatment with a substance known as chitosomes. Chitosomes are nanovectors that self-assemble and have a core-shell structure. They are used to transport anti-miR-21 and docetaxel (Sun et al., 2021). In addition, there have been advancements in the development of delivery vehicles that can co-deliver miR-21 inhibitor and doxorubicin or epirubicin. Some of these vehicles have demonstrated synergistic anti-cancer effects of the therapeutics (Bahreyni et al., 2019; Song et al., 2020), while others have shown the ability to overcome multi-drug resistance (Zhi et al., 2013). There are also vehicles that exhibit high delivery efficiency but do not have a synergistic effect (Qian et al., 2014).
Ren et al. developed nanoparticles to achieve sequential drug delivery, which is crucial for the synergistic effectiveness of miRNA inhibitors and chemotherapeutic drugs (Ren et al., 2016). The researchers utilized a method involving hollow gold nanoparticles (HGNPs) that respond to near-infrared light (NIR). These nanoparticles were modified with PAMAM and loaded with a miR-21 inhibitor and doxorubicin. The purpose was to specifically target breast cancer cells in laboratory tests and in a mouse model where human cancer cells were transplanted. The miR-21 inhibitor was delivered in a sequential manner by utilizing the proton sponge effect of the PAMAM polymer once the nanoparticle was taken up through endocytosis. Following a duration of 4 h, the NIR treatment caused the hollow gold-nanoparticles to collapse, thereby releasing the enclosed doxorubicin into the sensitive cancer cells. The anticancer effectiveness was enhanced four times when compared to treatment with just doxorubicin following intravenous administration, indicating the potential of this sequential delivery approach for cancer therapy (Ren et al., 2016).
The tumor suppressor miR-34a, which plays a significant role in inhibiting tumor growth, is frequently employed in combination therapy alongside chemotherapeutic drugs. The downregulation of miR-34a is commonly associated with the development of resistance to chemotherapy. In the same manner, the administration of miR-34a and docetaxel using nanocarriers suppressed the growth and spread of tumors in a mouse model of metastatic breast cancer (Zhang L. et al., 2017). Administering doxorubicin with miR-34a demonstrated anti-tumor effects in prostate (Yao et al., 2016) and breast (Deng et al., 2014) cancer cells both in laboratory settings and in living organisms. The Table 5 lists several other miRNAs that have been utilized in co-delivery systems alongside chemotherapeutics.
TABLE 5 | Pre-clinical research on the co-delivery of miRNAs and chemotherapeutics in various cancer.
[image: Table 5]Challenges and future direction
While studying miRNAs as critical regulators of tumor processes in breast cancer, a number of impediments to their efficient diagnostic and therapeutic usage were discovered. To begin, preanalytical and analytical difficulties such as sample selection bias, haemolysis interference, and uneven extraction methods may all reduce the accuracy of miRNA quantification in research. The lack of established standards for sample collection, handling, and processing hinders data interpretation, making the identification of clinically meaningful miRNA biomarkers even more challenging. Biomarker validation efforts are further confounded by the fact that global normalisation processes do not fully account for variations in miRNA expression levels caused by cancer, lowering the reliability of miRNA profiles in the bloodstream. Furthermore, miR-21 dysregulation in other diseases raises questions about its specificity in cancer detection, potentially limiting its utility as a biomarker for breast cancer. Because of this widespread dysregulation, miR-21 is more likely to participate in non-cancer cellular stress responses. One potential solution to these challenges is to use tissue-specific miRNAs in conjunction with miR-21 in a complete biomarker collection cancer (Tiberio et al., 2015). This will improve specificity and validate the carcinogenic process in the afflicted tissues. Technique standardisation is still necessary, since differences in pre-processing procedures lead to inconsistent miRNA expression measurements. In addition, the complicated nature of cancer and the wide control of miRNAs provide challenges to therapies based on miR-21. The complex roles of target genes raise questions about the efficacy of miR-21 treatments, even if some of its targets have been shown to work. Further research on the metabolic byproducts of miRNA-based treatments is also required due to worries of toxicity and long-term consequences. Regardless, if these obstacles can be overcome, miR-21 has the potential to become an important biomarker and treatment for cancer and other complicated disorders. Future study and development of miR-21 indicate great potential as a tool for the diagnosis and treatment of illnesses, including cancer (Bautista-Sánchez et al., 2020b).
In the future, the study of miRNAs and their function as crucial controllers of breast cancer tumors is expected to adopt an interdisciplinary methodology. In order to enhance the practical significance of studying circulating miRNA in breast cancer treatment, it is essential to establish standardised protocols for sample collection, processing, and interpretation of results. This will ensure that the investigations are able to be replicated and trustworthy (Tiberio et al., 2015). Moreover, it is necessary to conduct functional studies and comprehensive experimental validation in order to further investigate the roles of miRNA-gene interactions in the communication between tumors and immune cells. In order to get a deeper understanding of the molecular pathways implicated in the progression of breast cancer, scientists are using both in vitro and in vivo investigations to validate the accuracy of hypothesised networks that regulate the interaction between miRNA and genes. Essential steps in accurately evaluating variations in miRNA expression associated with cancer include developing specialist normalisation algorithms and integrating contemporary detection techniques such as miRNA-seq (Liu J. et al., 2018). Large-scale clinical investigations are necessary to validate the therapeutic significance of circulating miRNA biomarkers. This would facilitate the development of customised treatment programmes and the use of focused approaches to the diagnosis and treatment of breast cancer. This comprehensive approach enhances breast cancer therapy by elucidating the complex regulatory networks that govern tumor development and presenting new opportunities for therapeutic strategies that focus on disrupted miRNA-gene interactions.
Furthermore, as of now, there have been several phase 1 and 2 clinical trials conducted on drugs targeting miRNA, but none of these drugs have progressed to a phase III clinical trial. This is partially attributed to the difficulty of developing efficient miRNA carriers and delivery systems that can precisely target certain cell types, regions, and organs. Utilizing antibodies, ligands, and nanoparticles to specifically target miRNAs to a desired cell has been demonstrated to improve the effectiveness of treatment and minimize unintended effects, such as immunotoxicity (Sharma Y. et al., 2022). However, there are still certain limits. Utilizing alternative miRNA carriers, such as AGO proteins or low-density lipoproteins, in conjunction with an appropriate delivery mechanism could potentially augment the cellular absorption of miRNA therapies and their integration into RISC, hence enhancing their regulatory capabilities. Creating approaches to specifically target dysregulated miRNAs in TAMs or CAFs could be beneficial in restoring anti-tumoral characteristics and improving treatment outcomes. The effectiveness and precision of the delivery mechanism are crucial for the application of miRNAs as cancer therapeutic agents. The relevance of this application will be determined after the miRNA carriers successfully transition from phase I/II to phase III. Due to the disruption of various cellular pathways, tumor development occurs. Consequently, conventional therapeutic methods that focus on individual proteins, as well as chemotherapy or radiotherapy alone, have limited efficacy. Utilizing combinatorial strategies involving miRNA therapeutics has demonstrated the ability to decrease chemotherapy resistance and enhance treatment effectiveness in pre-clinical investigations. This paves the way for the development of innovative cancer treatments, pending the resolution of the challenges that have been highlighted.
CONCLUSION
Tumor immune evasion is a crucial stage in the malignant advancement of tumors and is a notable contributor to the ineffectiveness of certain tumor therapies. This review primarily examined the impact of miRNA interference on three key areas: innate immune response, specialized immunological response, and apoptotic process. The study has demonstrated that miRNAs are key in both promoting cancerous growth and inhibiting tumor development throughout the process of evading the immune system. At present, an increasing number of nucleic acid therapies are being studied in clinical research. Therefore, it is important to fully utilize the advantages of miRNAs and their involvement in tumor immune evasion, either on their own or as supplementary treatments, due to their potential for development. Nevertheless, because miRNAs are not stable in physiological fluids and there is a need for precise delivery, various biomaterials such as liposomes, viruses, inorganic nanoparticles, and others are used as carriers for delivering therapeutic medicines based on miRNAs. Exosomes, which are naturally occurring substances, can carry nucleic acids and proteins to facilitate communication between cells in both normal and abnormal states.
As miRNA research progresses, an increasing number of studies are investigating the potential of miRNA for diagnosing and predicting prognosis. This includes the development of miRNA-based therapeutics that utilize the expression patterns of certain miRNAs to predict and target immunological escape. miRNAs can also be employed to uncover the pathways that contribute to tumor immune evasion, aiming to comprehend the malignant biological characteristics of tumors.
Although there have been significant advancements in treatment techniques based on miRNAs, the structural characteristics of miRNAs and their interactions with target genes can lead to numerous side effects that are not aligned with the intended therapeutic objectives. Hence, apart from chemically modifying miRNAs, the identification of a biocompatible carrier capable of effectively and safely delivering miRNAs to the designated site is a valuable approach to minimizing adverse effects and off-target effects. Mounting research indicates that exosomes hold great potential as carriers of miRNAs. Nevertheless, other evident concerns an additional verification, including the origin of exosomes, methods of isolation, strategies for loading, and the appropriate selection of medications for loading. Ultimately, the advent of small-molecule RNA therapies is swiftly approaching. We are confident that, as research progresses, miRNA-based therapeutic strategies or interventions will be progressively employed in clinical tumor treatment.
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miR-124 Anti-metastasis and anti-invasion STAT3 Shi et al. (2019)
miR-204-5p Anti-metastasis, anti-tumorigenic, restores sensitivity PIK3CB Hong et al. (2019)
towards PIK3CB inhibitors and chemotherapeutic drugs
(i.e., doxorubicin, taxanes and bortezomib), and involved in
tumor immune microenvironment remodeling
miR-204 Promotion of apoptotic response JAK2, BCL-2, survivin Wang et al. (2015)
miR-101 Promotion of apoptotic response by negatively regulating | EYAL, jagged1, Hesl, Heyl, SOX2 Wang et al. (2017b)

miR-296-5p and
miR-512-5p
miR-29b
miR-140-5p
miR-126

miR-100

Notch pathway

Reduction of telomerase activity, impairment of telomere
‘maintenance and activation of replicative senescence and
apoptosis programs.

Anti-angiogenesis and anti-tumorigenesis
Anti-angiogenesis and anti-tumorigenesis
Anti-angiogenesis and anti-tumorigenesis

Shuttling of miRNA enriched in MSC-derived exosomes,
anti-angiogenesis and anti-tumorigenesis

WTERT

Akt3, VEGE, c-MYC
VEGEA, CD31, Ki-67, MMP-9
VEGFA

VEGF, mTOR/HIF-la

Muraki et al. (2012)

Li etal. (2017¢)
Lu et al. (2017)
Alhasan (2019)

Pakravan et al. (2017)
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