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Breast cancer (BC) is among the most prevalent malignancies globally. It is progressively acknowledged as a diverse type of cancer, exhibiting considerable differences in its genomic and transcriptomic characteristics. Its growing evidence highlights the substantial role of epigenetic modification in pathogenesis, prognosis and treatment. Cancer and epigenetics are closely linked; abnormal epigenetic changes can influence numerous aspects of cancer biology, including unusual transcription patterns, initiation of cancer, its progression, resistance to drugs, and metastasis. Epigenetic drugs (epi-drugs), including DNA methyltransferase (DNMT) and histone deacetylase (HDAC) inhibitors, serve as promising therapeutic agents, particularly in combination with conventional therapies. Additionally, nanotechnology-assisted epi-drug delivery systems are emerging as innovative approaches to enhance treatment efficacy and reduce systemic toxicity. While several epigenetic biomarkers have shown potential in liquid and tissue biopsies, their clinical validation remains a challenge. The integration of epigenetic insights into personalized medicine could revolutionize BC management, offering more targeted and effective treatment strategies. This systematic review aims to evaluate recent advancement in epigenetic research related to BC, focusing on diagnostic and prognostic biomarkers, epigenetic-based therapies and ongoing clinical trials. A comprehensive literature search was carried out in databases like PubMed, Scopus, and Google Scholar up to January 2025, following PRISMA guidelines. Seventy two (72) studies were included, addressing key aspects of DNA methylation, histone modification, and non-coding RNAs as potential biomarkers for early detection and disease progression monitoring.
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1 INTRODUCTION
Breast cancer (BC) is among the most common cancer diagnosed in the U.S among women. Every year, almost 32% of all newly diagnosed cancers in women are breast cancer (Nwosu and Piccolo, 2024), and it is recognized that there is a hereditary factor associated with the development of BC, with an average age of diagnosis being 62 years and an increased risk observed in black women (Nounou et al., 2015). The majority of breast cancers in women originate in ducts, categorized as ductal carcinoma or in lobes categorized as lobular carcinoma. These breast cancers that remain confined to the milk ducts or lobules are classified as non-invasive. In contrast, invasive breast cancer infiltrates surrounding tissues and exhibits distinct molecular characteristics.
Between 2004 and 2017, the incidence of BC surged across various race and ethnic groups in the US, with the most significant average annual percentage increases noted among non-Hispanic Black women (0.9%), particularly those residing in rural areas (1.2%), lower poverty areas (0.8%), and all regions except the West (0.8%–1.0%). Non-Hispanic Blacks experienced sharper increases for local-stage disease and for certain subgroups with distant-stage disease. Among most subgroups, non-Hispanic Blacks experienced the least reduction in regional-stage disease. Likewise, Hispanic women saw the highest increases in certain subgroups, such as those from areas of greater poverty (0.6%–1.2%) and in the West (0.8%), for both local- and distant-stage disease (Kaur et al., 2022).
Several genetic factors that play a role in cancer progression include high-penetrance genes including BRCA1, BRCA2, p53, PTEN, ATM, NBS1, and LKB1, low penetrance cytochrome genes include CYP1A1, CYP2D6, and CYP19, along with genes from the glutathione S-transferase family such as GSTM1 and GSTP1. Additionally, there are genes related to alcohol and one-carbon metabolism like ADH1C and MTHFR, as well as genes that play a role in DNA repair, including XRCC1, XRCC3, and ERCC4/XPF. Furthermore, there are genes that encode cell signalling molecules such as PR, ER, TNF-α, and heat shock protein 70 (HSP70) (Mahendran et al., 2024). Moreover, additional prevalent risk factors for breast cancer encompass lifestyle habits, hormonal influences, socioeconomic status, age, dietary habits, obesity, and exposure to radiation (Nounou et al., 2015).
Breast cancer (BC) is progressively acknowledged as a diverse type of cancer, exhibiting considerable differences in its genomic and transcriptomic characteristics (Dai et al., 2015). For a long time, the causes of cancer were primarily thought to be genetic anomalies. However, as research has shown that the genome is influenced by epigenetic processes, it has become clear that cancer and epigenetics are closely linked. Abnormal epigenetic changes can impact numerous aspects of cancer biology, including unusual transcription patterns, the initiation of cancer, its progression, resistance to drugs, and metastasis. In contrast to genetic mutations, whose correction are challenging, altered epigenetic processes present more viable options for therapy due to their dynamic and reversible qualities. The field of epigenetics holds significant promise for developing cancer treatments and strategies that can restore the normal function of affected genes (Baylin and Jones, 2016).
Epigenetics refers to a hereditary molecular process influenced by exterior elements that governs gene expression without changing the underlying DNA sequence (Holliday, 1994). BC development is characterized by accumulation of irregular alterations at both genetic and epigenetic levels, ultimately resulting in tumor formation. As a result, epigenetic modifications induced by DNA methylation, histone alterations, nucleosome restructuring, and RNA-mediated gene regulation are recognized for their role in influencing various molecular, cellular, and biological processes related to breast cancer development (Dawson and Kouzarides, 2012). Recent research highlights the involvement of epigenetic disruptions in the key characteristics of breast cancer, such as drug resistance and features associated with stemness (Pasculli et al., 2018).
Methylation of DNA is a recognized epigenetic change entailing covalent attachment of methyl group to cytosine base of CpG dinucleotides, leading to the suppression of transcription (Sulewska et al., 2023). Altered methylation patterns of genes and regulatory proteins have increasingly been recognized as factors in the development of human cancers, including BC (Sulewska et al., 2023). Consequently, assays that analyze methylation are being utilized in research focused on creating new diagnostic and treatment approaches for BC, as demonstrated by multiple studies (Salas et al., 2020).
Histone modifications, including phosphorylation, acetylation, ubiquitination, and methylation can influence the expression of gene by changing chromatin accessibility and the process of gene transcription (Sulewska et al., 2023). Research indicates that modifications of histone acetylation (HAMs) are crucial in the development of BC. Recent investigations into abnormal HAMs have sought to uncover the fundamental molecular mechanisms that contribute to the progression of BC and its treatment outcomes (Guo et al., 2018).
Recently, non-coding RNAs (ncRNAs) have been found to play a role in various epigenetic mechanisms that regulate gene expression, including transcription regulation, post-transcriptional modifications, and the alteration of chromatin structure (Penna et al., 2016). Ongoing research is concentrating on the function of ncRNA in BC (Sher et al., 2022).
Epi-regulation encompasses interactions that are more intricate than standalone occurrences, like the relationship between DNA methylation and miRNAs in silencing protein-coding genes (Yamashita et al., 2015). Interestingly, it has been discovered that over 14% of all miRNA species are regulated by DNA methylation, and the methylation of histone tails has been suggested as another mechanism that affects miRNA genes (Sulewska et al., 2023). Furthermore, miRNAs have the ability to reduce the function of long non-coding RNA (lncRNA), and lncRNA can also be inhibited through the deacetylation of their associated histones (Sun et al., 2014). Additionally, a collection of epi-miRNAs can indirectly affect epigenetic regulators, whereas epigenetic modulators can interact directly with genetic alterations. For instance, DNA methylation accounts for more than 30% of germline point mutations associated with diseases (Liu et al., 2017; Langevin et al., 2015).
Epi-drugs utilized as treatment options have the capacity to trigger the recovery of damaged genes, restore genes that suppress or slow down tumor growth and survival, address the problem of tumor heterogeneity, and prove effective against tumors lacking actionable mutations (Ansari et al., 2016; Kalia, 2015). Additionally, epigenetic medications may have the ability to make cancer cells sensitive again after they have developed resistance to conventional therapy or tyrosine kinase inhibitors (TKIs). Research is currently being conducted on combinations of drugs that address both genetic and epigenetic irregularities, suggesting they could be more effective than those that solely focus on somatic mutations (Kalia, 2015; Brzeziańska et al., 2013). The primary approach for epidrugs focuses on blocking HDACs and DNMTs. An inhibitor of DNMT (DNMTi) positions itself amidst DNA base pairs to prevent the methylation of CpG dinucleotides (Erdmann et al., 2015). DNMTi, a pioneer epidrug, is an analogue of pyrimidine integrated into DNA in replication and triggers the damage response of DNA, leading to cell death. Inhibitors of HDAC (HDACi) reduces Zn2+-dependent enzymes activation. HDACi inhibits alterations driven by acetylation of histone and aids in returning to regular state (Kim et al., 2023). Due to the close relationship between cancer instigation and progression with genetic and epigenetic changes, epidrugs represent a promising avenue for developing treatments that target genes involved in cancer epigenetics (Figure 1).
[image: Diagram showing a breast cancer progression model involving epigenetic modifications, including DNA methylation, histone modification, and non-coding RNAs. Epi-drugs, such as DNMT inhibitors, HDAC inhibitors, and combination therapies, aim to achieve tumor recovery. Illustrations of a cancerous and recovering breast accompany the text.]FIGURE 1 | Role of epigenetic modification in progression and epi-drugs in recovery of BC.Our comprehensive review of epigenetics in beast cancer offers a current overview and new insights. We conducted a search from its inception until January 2025 for literature on this subject, concentrating on (i) diagnostic and prognostic epigenetic biomarkers in BC, (ii) epigenetic-based therapies for BC, and (iii) clinical trials. We are convinced that advancements in epigenetic research will enhance our comprehension of the disease’s development and foster a more tailored management approach.
2 MATERIALS AND METHODS
2.1 Search strategy
This research adhered to the 2020 PRISMA guidelines checklist (Table 1) (Page et al., 2021). A search of the literature was carried out in various databases including Google Scholar, PubMed and Scopus. Articles published from the beginning up until January 2025 were considered. To execute a thorough search, following keywords and MeSH terms in various combinations were implemented: (“Breast Cancer”) AND (“diagnosis” OR “prognosis” OR “therapy” OR “DNA methylation” OR “histone modifications” OR “miRNA” OR “lncRNA” OR “TNBC”) (Table 2).
TABLE 1 | Search terms used for the systematic reviews.	BC epigenetics
	Epigenetic diagnosis
	BC prognosis
	TNBC diagnosis
	Epigenetic therapy
	BC Epi-drugs
	HDAC inhibitors
	miRNA prognosis
	lncRNA prognosis
	DNA methylation prognosis
	miRNA diagnosis
	lncRNA diagnosis


TABLE 2 | The most highly investigated epigenetic markers.	S. No.	Potential biomarker	Function	Sample type	Role	References
	1.	ALU247	Diagnostic	Plasma	Detect metastatic BC	Agostini et al. (2011)
	2.	APC, RARβ	Do	Serum	Early ductal TNBC diagnosis	Swellam et al. (2015)
	3.	APC, FOXA1, & RASSF1A	Do	Plasma	Detection and monitoring of BC patients	Salta et al. (2018)
	4.	ESR1	Predictive	Peripheral Blood (CTCs)	Predict endocrine therapy efficacy in BC patients	Mastoraki et al. (2018)
	5.	FHIT	Diagnostic	Serum	Early diagnosis of ductal BC	Liu et al. (2015)
	6.	HYAL2	Do	Peripheral Blood (Leukocyte)	Early diagnose of BC	Yang et al. (2015)
	7.	KEAP1	Prognostic & predictive	Tissue	Predict resistance to chemotherapy regimens involving taxanes	Parrella (2018)
	8.	RARβ, RASSF1A	Diagnostic	Serum	Detect in situ & invasive ductal BC	Kim et al. (2010)
	9.	SFN, P16, hMLH1, HOXD13, PCDHGB7 & RASSF1A	Do	Serum	Detection and monitoring of BC	Shan et al. (2016)


2.2 Eligibility criteria
To be eligible for inclusion in the review, studies needed to satisfy the criteria as: (i) they must have been carried out in patients with BC or in BC cell lines; (ii) they should focus on diagnostic/prognostic epigenetic biomarkers (iii) studies involving humans must provide relevant clinical pathological characteristics (iv) those with diagnostic and prognostic significance required information regarding survival outcomes; (vi) therapeutic studies and (vii) publications must be in English, and the complete text must be accessible. The search terms are in the Table 1.
Research was excluded if any of the below criteria were met:
(i) Duplicate reports; (ii) studies involving non-human subjects, non-cell line research, animal experimentation, or those not available in English; (iii) studies lacking accessible data or containing partial or retracted information.
2.3 Study selection and data extraction
The selection process for publications that met the inclusion criteria was conducted manually by the author, without using any automated tools. After eliminating duplicates, a total of 318 items were identified. 90 citations were excluded by title and screened 228 abstracts for retrieval. Finally, 228 eligible studies were included. The queries, along with the corresponding sections of the paper related to diagnosis, prognosis, and therapy, resulted in 72 separate studies utilized across three sections of the paper (Figure 2). Data was gathered from the final 72 studies by the same independent author without the use of automation.
[image: Flowchart showing the identification of studies via databases and registers. Identified records: 1693. Removed duplicates: 1375. Screened records: 318, 90 excluded by title. Sought for retrieval: 228, all retrieved. Eligibility assessed: 228, 156 excluded. Final review: 72 studies, including 32 diagnostic, 32 therapy, and 8 clinical trials.]FIGURE 2 | Flowchart showing identification of studies via various databases/registers and included and excluded studies.3 RESULTS
The search terms employed in this systematic review are summarized in Table 1. The primary three subjects examined are (i) diagnostic and prognostic epigenetic biomarkers in breast cancer; (ii) therapy based on epigenetics; and (iii) clinical trials. After screening, 72 items were selected including, 32 articles for diagnostic and prognostic, 32 for therapy and 08 for clinical trials.
4 DETAILED RESULTS AND DISCUSSION
4.1 Diagnostic and prognostic epigenetic biomarkers
At present, one of the greatest hurdles in oncology is the initial-stage diagnosis of BC (Ginsburg et al., 2020). Delays in treating BC have been linked to more advanced stages of cancer at the time of diagnosis and poorer survival rates (Unger-Saldaña et al., 2015). While existing diagnostic methods for BC largely rely on ultrasound, magnetic resonance imaging (MRI), mammography, positron emission tomography (PET), computerized tomography and biopsy, these approaches possess several drawbacks, such as high costs, difficulty detecting small tumors, particularly in women with dense breast tissue, time requirements, and unsuitability for younger women. Additionally, the effectiveness of mammography is noted to depend on factors like personal medical history, age, ethnicity, the radiologist’s expertise, and the excellence of the technique used (Wang, 2017). Consequently, there is dire need to develop a sensitive and rapid diagnostic method for early-stage BC to enhance existing diagnostic options. Recently, advancements in computational and analytical methods have led researchers to focus on the early detection of BC through the creation of specific biomarkers. Thus, discovering new diagnostic and prognostic biomarkers is essential for early identification of BC and will offer improved possibilities for its prevention and treatment, ultimately aiming to significantly lower mortality and morbidity rates associated with BC globally (Sarvari et al., 2022).
The significance of identifying biomarkers extends beyond their prognostic role, which indicates the likely progression of a disease; they also offer insights into how a patient may respond to a chosen treatment. Consequently, it is essential to have diagnostic biomarkers for screening and categorizing breast cancer patients. Conversely, prognostic biomarkers are crucial for estimating a patient’s survival prospects (Louie et al., 2021). While previous research on biomarkers has largely concentrated on non-epigenetics, current studies have investigated the potential of epigenetic markers in solid as well as liquid biopsies from BC patients (Alba-Bernal et al., 2020).
Epigenetic changes, like irregular methylation of DNA and acetylation of histone at gene promoter regions, represent some of the earliest events in the mechanism that leads to cancer, as they play a role in silencing specific genes. Reports indicate that the quantity of genes with irregular methylation detected in BC is rising quickly (Zubor et al., 2019). Abnormal methylation of DNA is a key biomarker for analysis in liquid biopsies because of several factors: its early appearance, cancer-specific characteristics, organic stability, and presence in body fluids. Its relatively high stability and detectability in circulating cell-free tumor DNA (ccfDNA) from liquid biopsies provide the opportunity to use DNA methylation as a quick, dependable, cost-effective, and non-invasive method for testing breast cancer (Salta et al., 2018; Egger, 2018). It is clearly established that abnormal DNA methylation is a significant factor in development of BC and its resistance to treatment. Additionally, research indicates that changes in the DNA methylation pattern in blood of BC patients occur several years prior to the clinical diagnosis of the disease (Xu et al., 2020). As a result, abnormal DNA methylation may serve as a significant biomarker for BC (Cheng et al., 2019).
For example, the hypermethylation of hyaluronoglucosaminidase 2 (HYAL2) in blood can be identified in the initial stages of breast cancer (BC) cases. This indicates that the methylation level of HYAL2 may serve as an early indicator for detecting BC, demonstrating a high sensitivity of 64% and a specificity of 90% (Yang et al., 2015). Due to the heterogeneity observed both within and between tumours of BC, it has been suggested that relying on a single epigenetic biomarker for BC detection may be effective for one subtype but not for others, potentially resulting in incorrect diagnoses. As a result, several gene panels have been created and assessed to enhance detection sensitivity of BC. Like, Kim et al. investigated a panel of two gene, RARβ and RASSF1A, with 94.1% and 88.8% notable specificity and sensitivity for BC detection, respectively (Kim et al., 2010). In a different study, a panel of seven methylated genes, including BRCA1, APC, CCND2, SCGB3A1, FOXA1, RASSF1A and PSAT1, was able to identify BC with great specificity and sensitivity with 95.55% accuracy. In a similar manner, a gene panel with six methylated genes (RASSF1A, SFN, P16, PCDHGB7, HOXD13 and hMLH1) and a three-gene panel (RASSF1A, APC and FOXA1) demonstrated a high sensitivity and specificity in detecting BC in serum, as depicted in the Figure 3 (Shan et al., 2016).
[image: Flowchart illustrating the process of diagnosing breast cancer using DNA methylation assay (MethyLight). It starts with serum collected from a breast cancer patient, transferred to a PCR plate and machine. cfDNA is analyzed for methylated genes (SFN, P16, hMLH1, HOXD13, PCDHGB7, RASSF1A) to evaluate sensitivity and specificity in diagnosis.]FIGURE 3 | Methylation detection in a six-gene panel for BC diagnosis.Furthermore, new DNA methylation markers, including PRAC2, TDR10, and TMEM132C, were discovered to be promising diagnostic and prognostic indicators because of their elevated expression in breast tumor tissue, particularly among ER+ patients (de Almeida et al., 2019). Additionally, Nandy et al. suggested utilizing five-panel histone epigenetic biomarkers (ɣH2AX, MacroH2A.1, APLF, H2Bub1 and HJURP) that may act as a possible prognostic indicator for assessing likelihood of BC metastasis (Nandy et al., 2020).
The epigenetic features of BC can likewise be identified through ctDNA analysis for the purpose of timely detection and targeted treatment of BC (Rohanizadegan, 2018). Agostini and his team found the ALU247 methylation in BC by employing the MethyLight® technique, achieving over 69% specificity and 99% sensitivity (Agostini et al., 2011). Liu and colleagues investigated the extent of FHIT promoter methylation and found a significant association with ductal breast carcinoma; this could be beneficial for initial detection of this form of BC (Liu et al., 2015).
Epigenetic biomarkers may serve as indicators to anticipate how patients will respond to therapeutic drugs (Berdasco and Esteller, 2019). Instances comprise of KEAP1 gene methylation, which has been associated with improved overall survival; this could act as a biomarker indicating resistance to chemotherapy treatments that include taxanes (Parrella, 2018). Research indicates that hypermethylation of the p16 promoter in breast cancer suggests that p16 could serve as a prognostic and predictive marker for assessing hormonal therapy response (Goyal et al., 2019). In addition, hypermethylation of p16 is notably associated with a proposed hypermethylation profile indicative of pre-cancerous changes, which includes RARβ2, ERα, BRCA1 and BRCA2. This implies that the hypermethylation of the p16 promoter in these genes may be identifiable in the initial stages prior to any pathological alterations; thus, it could serve as a means to identify women who require close surveillance for breast cancer (Thomas and Marcato, 2018).
Methylation of ESR1 DNA in plasma ctDNA samples is expressively linked with absence of estrogen receptor (ER) expression in excised tumors, which is related with a reduced response to endocrine therapy (Martínez-Galán, 2014). As a result, ESR1 could act as a possible prognostic biomarker for the effectiveness of endocrine therapy (Stone et al., 2015; Mastoraki et al., 2018). The link between BRCA1 hypermethylation and heightened sensitivity to platinum-based chemotherapy in ovarian and BC can also be leveraged to use BRCA1 as a predictive biomarker for treatment response to platinum-based chemotherapy in BC (Liu et al., 2015; Laham-Karam et al., 2020).
FDA has approved a blood-based test for biomarkers related to breast cancer. Various cancer antigen biomarkers, including CA15−3, CA27.29, CA-125, CEA (carcinoembryonic antigen), and CTCs, are primarily suggested as prognostic indicators to evaluate the effectiveness of treatment and detect disease recurrence, rather than for early diagnosis. At present, the only screening test utilized for hereditary BC involves mutation analysis applying gene mutation markers (BRCA1 and BRCA2) (Tang et al., 2016). Furthermore, molecular in vitro diagnostics (IVDs) currently employed include tumor screening instruments like endopredict, mammaprint, prosigna and oncotype DX which utilize gene mutational and expression profiles obtained from traditional tissue biopsies rather than from methylation of DNA. Oncotype DX is widely utilized and is specifically intended for patients with ER+/HER2- status and no lymph node involvement in primary BC. EndoPredict is a novel prognostic tool that assesses expression of eight specific genes to evaluate recurrence risk in BC patients who are ER+/HER2- (Vieira and Schmitt, 2018). These cancer-screening tools were created with the goal of classifying breast cancer patients into different risk and treatment categories to aid in making decisions about adjuvant therapy. Nonetheless, their effectiveness in clinical settings is confined to specific subtypes of breast cancer, which limits their practical application. IvyGene is a recognized test in the USA that uses DNA methylation to identify the early stages of four prevalent cancers: lung, colon, breast and liver. By leveraging a panel of 46 biomarkers, it can assess the likelihood of these cancers through blood samples from patients suspected of having cancer (Sher et al., 2022).
Recently, Garcia and colleagues suggested that cfDNAs found in plasma could serve as a prognostic indicator for individuals with metastatic BC (Fernandez-Garcia et al., 2019). Furthermore, it was demonstrated that cfDNA level and CTCs count serve as indicators of overall survival. On other hand, levels of cfDNA stand as exclusive prognosticator for progression-free survival (PFS) and for distinguishing between treatment responders and non-responders. Moreover, the authors indicated that evaluating cfDNA and CTCs yields more insightful information than combination of two traditional biomarkers (AP and CA15-3) in forecasting OS. A recent investigation also explored the predictive value of blood circulating cell-free DNA (ccfDNA) in both early and advanced stages of BC (Panagopoulou et al., 2019). The research included three groups of patients and one group of healthy controls, comprising 150 breast cancer patients undergoing adjuvant therapy and 16 patients receiving neoadjuvant therapy, along with 34 individuals diagnosed with metastatic breast cancer and 35 healthy participants. The results indicated that higher levels of blood ccfDNA were significantly related to mortality rates, reduced progression-free survival (PFS), and lack of response to treatment in the metastatic breast cancer group, but not in the other groups. Notably, the study identified three types of ccfDNA fragments based on their origin: those from apoptosis (∼160 bp), necrosis (greater than 10,000 bp), and active secretion from viable cells (2000 bp), which were examined through size profiling via capillary electrophoresis. Patients exhibiting a higher tumor load in metastatic and neoadjuvant groups typically displayed an abundance of tinier fragments and a more fragmented distribution pattern. In addition, methylation status of five cancer-related genes—KLK10, SOX17, GATA3, WNT5A and MSH2 has also been assessed in plasma ccfDNA of BC patients. The findings indicate that methylation of KLK10, WNT5A, SOX17 or the concurrent methylation of at least three genes occurred more often. Furthermore, statistically a significant relationship was also found between methylation of WNT5A and larger tumor size as well as poor prognostic indicators in advanced stage disease, which correlated with shorter overall survival. In metastatic cohort, methylation of SOX17 was notably linked to higher mortality rates and reduced progression-free survival (PFS) and OS. Additionally, MSH2 methylation was observed more recurrently in adjuvant and metastatic groups, while GATA3 methylation was more prevalent in neoadjuvant group. Ultimately, the researchers concluded that circulating cell-free DNA (ccfDNA) represents a highly effective predictive classifier for metastatic BC when combined with established clinicopathological factors, which may assist in achieving timely and precise diagnosis and prognosis (Peled et al., 2020).
4.2 Epigenetic based therapy for BC
Histone methyltransferases alteration promote development of epidrugs aimed at various chromatin regulators (Richart and Margueron, 2020). Epigenetic agents can prompt cell death in response to hormone therapy. Treatment with tamoxifen triggers autophagy, resulting in increased cancer cell mortality. Nevertheless, it may also lead to the development of tamoxifen-resistant BC. HDAC inhibitors can enhance pro-apoptotic proteins such as BAK and BAX expression. Consequently, they may be utilized in conjunction with tamoxifen, primarily steering ER+ BC cells towards apoptosis. This approach could pave the way for improved clinical trials involving a combination of HDACi, exemestane, and tamoxifen (Kim et al., 2023). Luminal-B BC are characterized as ER+ and can be either HER2+ or negative subtypes. The clinical effectiveness of iadademstat as an anti- SOX-2 epigenetic therapy for BC has shown promise in targeting cancer stem cells driven by SOX-2, particularly in the SOX-2-abundant luminal-B HER2+ category (Fang et al., 2021). Patients with luminal-B BC using iadademstat led to a notable decrease in SOX2 expression, indicating a focused approach to targeting SOX2-driven cancer stem cells (CSCs). Epigenetic strategies targeting LSD1, such as iadademstat, show considerable promise for the prevention of breast and ovarian cancers in cancer therapy (Cuyàs et al., 2020).
4.2.1 DNMT inhibitors (DNMTis)
DNMT inhibitors hold significant promise for the treatment of cancer. Recently, their application has been highlighted within the realm of immuno-oncology. DNMT inhibitors enhance the immunogenicity of tumors by promoting the secretion of cytokines through immune cell activation. DNMT inhibitors represent a hopeful therapeutic option for cancer treatment and demonstrate anti-tumor effects specifically against BC (Wong, 2021). Yanrong Su and colleagues explored potential of using DNMT inhibitors to target epithelial-mesenchymal transition (EMT) for treatment of TNBC. It was demonstrated that extremely aggressive TNBC cells could be reprogrammed into less aggressive cells through the process of EMT. Additionally, DNMTi displayed antitumor properties by hindering cell proliferation, including the induction of cell cycle arrest. These findings indicate that DNMTi may serve as auspicious therapeutic entity with antitumor effects (Su et al., 2018). Decitabine (5-aza-2′-deoxycytidine), a drug that demethylates DNA, is a DNMT inhibitor approved by the FDA. Decitabine binds irreversibly to DNMTs and interacts with enzymes on DNA, leading to the failure of DNMT function. Its effectiveness in treating hematological cancers has been well established. In the case of BC, TNBC treated with decitabine demonstrated a high level of sensitivity. This response not only resulted in the degradation of DNMT1 through a proteasomal-dependent mechanism but also led to the degradation of DNMT3A and DNMT3B in lower concentrations. Additionally, patient-derived xenograft (PDX) organoids have exhibited significant tumor growth inhibition properties when exposed to low doses of decitabine (Yu et al., 2018). Additional research showed that decitabine triggered autophagy in BC cells, as evidenced by a rise in autophagy marker LCB-II (Vernier et al., 2020).
Azacitidine may work as a new therapeutic option in treatment of preclinical BC. Treatment with azacitidine hinders the metastasis of breast cancer to the brain. It reduces Wnt signaling pathway, as well as cell invasion, cell migration and tumour development in cells that colonize the brain (Butler et al., 2020). In a separate study, the use of a combination therapy involving azacitidine and vorinostat led to an increase in the expression of PD-L1 mRNA (Terranova-Barberio et al., 2017). Guadecitabine has been proposed as a substitute for traditional DNMT inhibitors, like decitabine and azacitidine, due to its potential for use in first-line therapy. Guadecitabine enhances the expression of PD-L1 and MHC class I while reducing the proliferation of tumor cells. Additionally, early administration of guadecitabine prevents the initiation of tumor growth in vivo (Gilmer, 2020). Furthermore, when combined with HDAC inhibitors, guadecitabine has the ability to reprogram aggressive triple-negative breast cancer (TNBC) cells. Additionally, guadecitabine enhances the expression of MHC class I and II in TNBC (Wong, 2021). As a result, guadecitabine could serve as an effective anti-tumor medication for individuals diagnosed with BC.
Liraglutide, an anti-diabetic, can function as a DNMT inhibitor in BC both in laboratory settings and in Ehnlich mouse tumor models. The findings indicated that it decreased cell migration, viability and DNMT activity (Ayipo et al., 2022). It effectively enhances anti-proliferative effects while impairing migration and movement of mesenchymal BC cell lines. Notably, in contrast to earlier medications, hypermethylation of the DNMT gene was not found following treatment with liraglutide. The use of half-dosages of chemotherapeutic agents alongside liraglutide greatly minimizes side effects, including toxicity and reproductive issues (Chequin et al., 2021). Hence, liraglutide may be assessed as a novel adjunct to enhance BC therapy.
4.2.2 HDAC inhibitors
HDACs have a crucial role in regulating important genes related with the development and survival of cancer cells. Consequently, inhibiting HDACs is an effective approach for treating cancer cells. HDAC inhibitors can be categorized into benzamides, short-chain fatty acids, hydroxamic acids (hydroxamates), sirtuin inhibitors and cyclic tetrapeptides (Cappellacci et al., 2020). In clinical trials for cancer, it is typical to use combination therapy that includes HDAC inhibitors.
Vorinostat was the inaugural HDAC inhibitor to receive approval from FDA (Zhou et al., 2019). Vorinostat reduces growth of TNBC cells by enhancing the expression of miRNAs that in turn activates tumor suppressor genes. Furthermore, when vorinostat is used alongside simvastatin (a medication used to lower cholesterol), it can trigger apoptosis by disrupting Rab7 prenylation and inhibiting the fusion of autophagosomes and lysosomes in TNBC (Patra et al., 2022). Combination therapy demonstrated apoptotic effects as well via blocking Rab7 prenylation in vivo in xenograft mice. This suggests that Rab7 is a potential drug target for combined use of simvastatin and vorinostat. In another investigation, pairing of letrozole (an aromatase inhibitor) and vorinostat resulted in decreased BC cell spread, induction of apoptosis, and the differentiation of peripheral blood mononuclear cells into osteoclasts. This blend might reduce risk of osteoporosis among BC patients. Moreover, administering vorinostat in conjunction with immune checkpoint inhibitors, such as PD-1 and CTLA-4, can promote tumor apoptosis and shrinkage in TNBC (Zucchetti et al., 2019).
Transwell assays for migration, invasion and healing of wound have demonstrated that treatment with trichostatin A (TSA) significantly hampers the invasion and migration capabilities of BC cells (Wang et al., 2020). TSA, a strong inhibitor of pandeacetylase, has the ability to influence the transcriptional function of ERβ in BC that does not express ERα, leading to a response in hormone receptor-negative BC cells to tamoxifen. This increases the susceptibility of TNBC cells to tamoxifen effects (Wang et al., 2021). Panobinostat, an HDAC inhibitor has the ability to enhance acetylation of histone, influencing cell cycle, and promote apoptosis in BC. It has suppressed proliferation and increased acetylation of histone in TNBC cells in an in vivo study (Qin et al., 2019). Panobinostat has the ability to reactivate silenced ERα in TNBC and enhance tamoxifen responsiveness. Therefore, pairing of trastuzumab and panobinostat has been proposed as a treatment for HER2-positive cases (Laengle et al., 2020). A different combination therapy involving letrozole and panobinostat reduced expression of aromatase in BC cells that are hormone-responsive, indicating that such combination treatments are probably effective against hormone receptor-positive/aromatase-positive breast cancer (Huang et al., 2019). Varprobic acid (VPA) has newly been recognized as a potential therapy for cancer. For more than five decades, it has effectively been utilized to manage schizophrenia, bipolar disorder and epilepsy (Wawruszak et al., 2021). VPA demonstrates strong antitumor activity both in laboratory settings and in animal models, whether used individually or together with demethylating cytotoxic agents, leading to positive results in clinical trials. VPA suppresses the proliferation of HER2+ BC cells by enhancing p21 WAF1 expression (Wawruszak et al., 2021). VPA also triggers apoptosis and promotes acetylation of histone H3 by disrupting hsp90 function (Wu et al., 2021). VPA in conjunction with 5-aza-2′-deoxycytidine can trigger RA receptor β2 tumor suppressor gene’s transcription reactivation in BC, resulting in increased apoptosis (Ediriweera et al., 2019).
HDACi effectiveness in solid tumours as a standalone treatment is not consistently positive. For this reason, it is advised to use them in combination with other therapies like hormone therapy, chemotherapy and immunomodulatory agents. HDAC inhibitors have the ability to restore proteins unchecked acetylation linked to the pathways of cancer and reactive tumor suppressor genes, which can result in the arrest of the cell cycle and induce apoptosis in cancer cells (Song et al., 2021). Resistance to HDAC inhibitors (HDACi) poses a significant barrier to effective treatment with these agents. Combining therapies has demonstrated much stronger effects than using HDACi alone, improving their clinical effectiveness. Ideal combination treatments can effectively address the issue of HDACi resistance. The discovery of new selective HDAC inhibitors, along with identifying predictive biomarkers for their use, and a deeper understanding of the mechanisms behind HDACi will enhance their application in breast cancer therapy (Kim et al., 2023).
In a recent investigation, researchers successfully developed patient-derived organoids for TNBC, creating a valuable model of conducting high-throughput drug screenings. Through this approach, they discovered new epigenetic compounds that target histone deacetylase, JAK/STAT, aurora kinase and histone demethylases pathways, demonstrating a notable tumour-killing properties against TNBC. In the identified compounds, TAK-901, panobinostat, JIB-04 and pacritinib displayed greater effectiveness compared to paclitaxel. These results emphasize that these compounds may serve as good therapeutic options for TNBC and support the importance of patient-derived organoids in progressing drug discovery (Rao et al., 2024).
4.2.3 Bromodomain and extraterminal domain (BET) inhibitors
In the treatment of malignant tumors, bromodomain (BRDs) and extraterminal (BET) proteins inhibitors have been appeared to be novel targeted medicines that control the epigenetic alterations in such conditions (Filippakopoulos et al., 2010). BRDs constitutes a family of proteins referred to as BET family of four members, namely, BRDT, BRD2, BRD3 and BRD4 (Filippakopoulos et al., 2012). The most potent and extensively studied BET protein is BRD4, also referred to as “reader” of lysine acetylation (Dawson et al., 2011). This BRD4 protein is a crucial transcriptional regulator and is involved in regulation of gene expression for a number of super-enhancer associated genes, including the well-known oncogene c-MYC (Bell et al., 2019). This implies that modifying proteins of BET family may be a promising cancer treatment approach. A number of BET inhibitors, such as JQ1, is thought to be a pan-BET inhibitor that has comparable suppressing impacts against BD1 and BD2, were among the first BET inhibitors to be made available (Filippakopoulos et al., 2010). Among 41 human BD-containing proteins, JQ1 possessed the greatest affinity for binding to BRD4 (Filippakopoulos et al., 2010). BET inhibitors are innovative targeted medicines that control epigenetic alterations in the treatment of malignancies. These inhibitors may block the over expression of oncogenes, making them as possible cancer treating agents.
A small molecule inhibitor of BRD2, BRD3 and BRD4, OTX015, having a structure similarity to JQ1, represents a significant advancement in its oral administration (Boi et al., 2015). Although the BRD3 expression remained constant, exposure to OTX015 resulted in a significant reduction in BRD2, BRD4, and c-MYC as well as a spike in HEXIM1 protein levels (Coudé et al., 2015). These alterations imply that OTX015 might cause growth inhibition, apoptosis, and cell cycle arrest (Baratta et al., 2015). Moreover, in vitro studies have demonstrated that OTX015 exhibits encouraging synergistic effects with a number of anticancer medications, namely BTK and mTOR inhibitors (Boi et al., 2015). BRD2, BRD2 BRD3 and BRD4 are mainly targeted by I-BET762, which is a pan-affinity oral BET inhibitor (Piha- et al., 2020). The study reports that I-BET762 primarily acts by down regulating MYC and IRF4, as well as upregulating HEXIM1 (Zhang G. et al., 2015). NHWD-870 is a newly developed BET inhibitor that exhibits well-known efficacy in preventing the growth of various cancers by suppressing the expression of macrophage CSF1 in tumor cells. It is evident from a cytometric assay that NHWD-870 is more potent than three well-known BET inhibitors in clinical studies, such as GSK525762, BMS-986158 and OTX015 in order to treat multiple cancer types (CXHL200250), NHWD-870 is currently undergoing Phase I clinical trials (Zhang G. et al., 2015). Recent studies have shown that NHWD-870 significantly reduces metastasis and melanoma invasion both in vivo and in vitro by controlling SPINK6, (Hu et al., 2023). Further, on melanoma, NHWD870 and cytarabine showed synergistic effects both in vitro and in vivo (Deng et al., 2022).
4.2.4 Non-coding RNA-Based therapies
According to data from the Human Genome Project, more than 90% of genome is transcribed but around about 2% of it is translated while the total RNAs consisted of 98% non-coding (nc) RNAs. In contrast to genes of protein-coding, research has demonstrated that ncRNAs have important functions in many biological processes, including transcription, chromatin remodeling, signal transduction and post-transcriptional modification (Merrill et al., 2020); ncRNA activity is likely responsible for the abnormal expression levels of several genes associated with the onset of BC (Wang et al., 2019). Moreover, ncRNAs may be targeted therapeutically, and their delivery can be based on current framework of oligonucleotide delivery and RNAi interference in targeting mRNAs that code for proteins (Levin, 2019). As a result, knowing specific ncRNA signatures can aid in the comprehension of intricate BC cellular mechanisms and promote advancements in the diagnosis and management of BC subcategories. The well-researched small microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are the two main types of non-coding RNAs. While miRNA comprises 19–28 nucleotides, lncRNA often has more than 200 (Yardim-Akaydin et al., 2022). Argonaute proteins (Ago proteins) communicate with small RNA species in typical sense, such as miRNAs, piwi-interacting RNAs (piRNAs), and small interfering RNAs (siRNAs), thereby mediating RNA silencing effects (Xiong et al., 2023). On the other hand, by controlling production of miRNAs or transcription factors, lncRNAs can either favorably or unfavorably affect the characteristics of BC cell proliferation, invasion, metastasis, and stemness (Kopp and Mendell, 2018). The disruption in both transcript types’ is frequently associated with every cancer that has been investigated so far, which has significant impact on all of the main characteristics of cancer. Numerous RNA-based therapies have emerged, such as CRISPR-Cas9-based gene editing, miRNA mimics, miRNA sponges, therapeutic circular RNAs (circRNAs), antisense oligonucleotides (ASOs), siRNAs, short hairpin RNAs (shRNAs), ASO-anti-microRNAs (antimiRs), and miRNA mimics. These medications are described in a number of excellent reviews (Winkle et al., 2021). It is possible to use ncRNAs as possible therapeutic targets in BC treatment by expressing specific tumor-suppressing mRNAs to manage BC or by developing tailored siRNAs or miRNAs to prevent tumor-promoting ncRNAs. The use of nanodrug delivery systems in BC treatment has also demonstrated prodigious promise, with great nanodelivery/nanoparticle-based strategies developed by employing various molecules for systemic drug delivery and increased targeted delivery of tumor ncRNAs with minimum side effects.
Given the possibility of ncRNA therapies, the associated challenges of complexity and diversity, stability problems, delivery methods, specificity, further investigation are necessary to produce clinically useful applications. Illuminating the various roles and modes of action of ncRNA is one of the biggest difficulties in the field of present time research. This is important because it will help determine its clinical relevance and develop its potential application as a therapeutic target or biomarker (Nemeth et al., 2024).
4.2.4.1 lncRNA therapy in breast cancer chemoresistance
Metastasis and resistance are the two main issues that emerge during the treatment of breast cancer (Echeverria et al., 2019). LncRNAs interact with many RNAs and proteins to affect drug resistance and are dysregulated in a variety of cancers. Aromatase inhibitors (AI) have been shown to upregulate the lncRNA DIO3OS in patients with breast cancer. DIO3OS works by stabilizing the mRNA for lactate dehydrogenase A (LDHA) through its interaction with polypyrimidine bundle-binding protein 1 (PTBP1), which increases the expression of LDHA and facilitates glycolytic metabolism. In other words, DIO3OS gives AI-resistant cells a growth advantage by controlling the splicing switch to increase aerobic glycolysis. As a result, LDHA activity inhibition using DIO3OS knockdown techniques may re-sensitize breast tumor cells to chemotherapies (paclitaxel) or anti-HER2 treatments (trastuzumab) as a target for BC treatment (Chen et al., 2022). In a study aimed at treating paclitaxel-resistant BC, it was shown that LINC00115 activated the HIF1α signaling pathway by acting as an RNA linker that recruited the SETDB1/PLK3 complex and was highly increased in paclitaxel-resistant BCSC (Luo et al., 2024). As an oncogene in breast cancer, SETDB1 is crucial in treating resistance to endocrine therapy (Liu Z. et al., 2022). By blocking its ubiquitinated breakdown pathway, methylation of PLK3 results in the failure of HIF1α phosphorylation, which increases the stability of the HIF1α protein. In consequence, HIF1 can improve LINC00115 stability, which in turn improves BCSC properties and encourages chemotherapy resistance and metastasis in BC. Therefore, in an animal xenograft model of BC metastasis, SETDB1 inhibitors in conjunction with LINC00115 suppression markedly increased the effectiveness of paclitaxel treatment. Chen et al. (2023) discovered that LINC02568 competitively binds miR-1233-5p to the estrogen receptor ESR1 mRNA itself, trans-regulating the stability of ESR1 mRNA and controlling the transcriptional activation of target genes in the cytoplasm induced by estrogen and estrogen receptors. Through cis regulation in the nucleus, LINC02568 contributes to the transcriptional activation of nearby genes CA12, helping to maintain a particular pH both inside and outside tumor cells. Through cis-regulation, LINC02568 contributes to the transcriptional activation of the nearby gene CA12 in the nucleus, which in turn helps to maintain a particular pH both outside and inside the tumor cell. Tamoxifen-resistant cells of BC were once again sensitive to tamoxifen after ASO targeting LINC02568 dramatically reduced the development and tumor growth of estrogen receptor-positive BC cells. As a result, endocrine medications or CA12 inhibitors work in cooperation with ASO targeting LINC02568 to limit tumor growth. Doxorubicin-resistant tumor cells were shown to have significantly higher levels of LINC00460. LINC00460 and FUS work together to influence the effectiveness of intron removal during mRNA maturation, which in turn enhances MYC expression. On the other hand, c-MYC directly activates the transcription of LINC00460, creating a favorable feedback cycle in BC cells that increases resistance to tamoxifen. The simultaneous c-MYC suppression and LINC00460 depletion significantly re-sensitized ADR cells towards doxorubicin. Accordingly, Yang et al. (2024) proposed the simultaneous antagonism of c-MYC and LINC00460, which most likely effectively eliminated the positive feedback loop and might be a promising new strategy to enhance treatment outcomes for patients who have developed acquired resistance to doxorubicin treatments. Liu X. et al. (2022) discovered that lncRNA aspartate-trna synthetase-antisense RNA 1 (DARS-AS1) was overexpressed in TNBC and that its silence successfully prevented tumor development and liver metastasis in another investigation of adriamycin resistance in BC. They developed EXOs-CL4, a natural nanomedicine delivery system tailored to TNBC, and loaded it with DARS-AS1 siRNA and DOX (DARS-AS1 siRNA/DOX@EXOs-CL4), which together prevented tumor growth, metastasis, and anti-apoptotic effects (Liu et al., 2023). In order to overcome chemotherapy resistance in patients with breast cancer, resistance-causing lncRNAs can be utilized to create new targeted and customized therapies. This offers a fresh strategy for implementing potential individualized treatment modalities.
4.2.4.2 miRNA-targeted therapy in breast cancer
miRNAs produced from circulating extracellular vesicles (EVs) have become increasingly recognized as next-generation “therapeutic diagnostic” tools for cancer that have significant clinical utility (Giordano et al., 2023). Exosomes serve as messengers between tumoral and stromal cells, facilitating the transfer of miRNAs from donor cells to neighboring cells (Donnarumma et al., 2017). The full miRNA cargo, which includes pre-miRNAs and proteins that participate in miRNA biogenesis and function, including RISC loading complex (RLC), Dicer, trans-activating response element RNA-binding protein (TRBP), and AGO2, is present in exosomes derived from cancer cells. As a result, pre-miRNAs can be utilized to yield mature miRNAs (Melo et al., 2014). Through receptor-ligand contact, exosomes carrying miRNA are absorbed and continue on to control recipient cells’ gene expression (Zhang J. et al., 2015). Numerous pathways linked to cancer include ubiquitination, one of the most common and significant post-translational modifications (Wang et al., 2018). Through their regulation of ubiquitination, deubiquitinating enzymes (DUB) play a role in cancer regulatory pathways. It was demonstrated that MDA-MB-231 and MCF7 cells treated with exosomes generated from cancer-associated fibroblasts (CAF) had significant expression of miR-500a-5p. MiR-500a-5p was also found to be upregulated in CAF and exosomes produced from CAF. MiR-500a-5p is transported from CAF to cancer cells, where it binds to ubiquitin-specific peptidase 28 (USP28) to stimulate growth and metastasis. By sponging USP28, MiR-500a-5p encourages the growth and spread of breast cancer (Chen et al., 2021). By targeting Dickkopf 3 (DKK3) and NUMB, (Yang et al., 2021), it was found that exosomes generated by BC cells upon stimulation with DOX or PTX transported miR-378a-3p and miR-378d to nearby cells, activating the WNT and NOTCH stemness pathways and causing resistance. Furthermore, chemotherapy increased the levels of miR-378a-3p and miR-378d in cells and exosomes by activating the EZH2/STAT3 pathway in tumor cells. More significantly, in a tumor xenograft model in nude mice, the combination of chemotherapeutic drugs with the EZH2 inhibitor tazemetostat reversed chemotherapy-induced exosome-induced resistance. Additionally, exosomes released by BC cells transmit miR-148-3p, miR-520b, and miR-138-5p to target macrophages to activate M2 polarization, hence increasing tumor growth. Therefore, antagonist tumor suppressor miRNAs can be delivered via exosomes in cancer treatment. Inhibiting cancer can also be achieved by blocking exosomes from entering the blood stream or by stopping target cells from fusing or absorbing exosomes. In order to cure cancer, it can also be removed from the patient’s circulatory system, altered, and transferred to the same patient (Wortzel et al., 2019). Synthetic oligonucleotides are miRNA antagonists (antagomiRs), which target and inhibit oncogenic miRNAs with comparable lengths. Synthetic nucleotide structures called miRNA sponges function in a similar way to antagomiRs in that they bind to oncogenic miRNAs within cells and disrupt their activity. Reduced cell growth, migration, and invasion were the outcomes of transfecting metastasis-associated miRNA-10b overexpressing MDA-MB-231 cells with miRNA-10b-sponges. It has been shown that miRNA-10b overturning by miRNA-10b-sponges upregulates HOXD10, which prevents BC metastasis (Liang et al., 2016). Both tamoxifen-resistant and chronically estrogen-deficient MCF7 cells showed downregulated miR-378 (Ikeda et al., 2015). Arabkari et al. discovered that XBP1, a transcription factor, could suppress the expression of miR-378 and PARGC1B, the host gene for miR-378, during UPR, a cellular stress response pathway that maintains protein homeostasis in the endoplasmic reticulum. MiR-378 is growth inhibitory in ER+ BC. Consequently, they developed ORIN1001, an IRE1 inhibitor that prevents the production of XBP1, which is currently undergoing a phase 1 trial to assess its effectiveness in patients with recurrent resistant metastatic BC or advanced solid tumors (Arabkari et al., 2023).
4.2.4.3 Targeted delivery during miRNA therapy
The capacity of tumor cells to undergo EMT, invasion, and metastasis may be diminished by over expression of some miRNAs that function as oncogenes in malignancies. But the biggest obstacle to using miRNAs as therapeutic agents is still their distribution within cells (Mollaei et al., 2019). Compared to normal breast cells, BC cells have been shown to have a significant downregulation of miR-206 levels that target NOTCH (Adams et al., 2009). Using upregulation of miR-206 mimics by gold nanocomplexes, Chaudhari et al. (2022) demonstrated decreased expression of NOTCH. Additionally, miR-206 delivered via gold nanocomplexes in MCF-7 cells was able to modify mitochondrial membrane potential, cause G0-G1 cell arrest, and prevent cell growth. Garrido-Cano et al. (2023) administered miR-200c-3p for breast cancer treatment using mesoporous silica nanoparticles. By down regulating ZEB1 and ZEB2, the well-known tumor suppressor miRNA miR-200c-3p prevents BC tumor growth and metastasis. They show that miR-200c-3p-loaded nanoparticles are safe and efficient method for delivering miRNAs to specific tumors and a promising approach for BC treatment. Another study discovered that breast tumor cells not only transmit oncogenic miRNA factors, but also cause expression of miRNA (miR-182) in macrophages. Additionally, miR-182 supports selective activation of macrophages to drive the formation of tumors. Additionally, they discovered that employing cationic mannan-modified extracellular vesicles to load miR-182 inhibitors and delivering the inhibitors precisely into macrophages successfully prevented the growth of breast tumors and reduced macrophage alternative activation (Ma et al., 2022). By creating a nanocarrier with gold nanoparticles, antagomir-155, and a nuclear protein-specific aptamer, Kardani et al. (2020) were able to block miR-155. They found that TP53INP1 mRNA, a direct target protein of miR-155, increased in levels while miR-155 mRNA levels dramatically decreased. The utilization of exosomes is another interesting delivery method for miRNA. Because exosomes can effectively cross biological vectors and retain communication with target cells, using them as delivery vectors for miRNAs may be a viable way to overcome miRNA degradation in vivo. Exosomes can enhance the production of particular endogenous miRNAs and facilitate the regulation of several physiological processes, including death in cancer cells, according to their synthesis and targeting mechanisms (Fang et al., 2022). After being loaded with microRNA molecules in the exosome carriers, it was discovered that the resulting miRNA-126 loaded 231-Exo (miRNA-231-Exo) significantly inhibited the migration and proliferation of A549 lung cancer cells by blocking the PTEN/PI3K/AKT signaling pathway (Nie et al., 2020). Furthermore, animals that received intravenous treatment of miRNA-126-loaded exosomes experienced a strong lung homing effect.
4.2.4.4 Potential therapies for other non-coding RNAs in breast cancer
CircRNAs control endocrine resistance by acting as miRNA sponges (Yi et al., 2023). In BC tissues, Xia et al. (2023) discovered that G3BP2 was overexpressed and miR-217 expression was decreased. The luciferase experiment confirmed that G3BP2 is a direct target of miR-217. BC cell movement is inhibited by G3BP2 expression inhibition. Through the circBACH1/miR-217/G3BP2 axis, paclitaxel-induced exosome circBACH1 controls BC cell stemness and migration by sponging miR-217 to increase G3BP expression. This offers a new therapeutic target for paclitaxel resistance and BC progression. In many instances, MiR-204-5p is downregulated in MCF-7 cells and BC patients (Liang et al., 2019). Jiang et al. (2023) showed that circRHOT1 serves as a sponge for miR-204-5p and stimulates the epithelial-mesenchymal transition (EMT) and invasion of breast cancer cells. Since miR-204-5p targets the protein arginine methyl transferase 5 (PRMT5) and exhibits the opposite expression pattern, they were able to reverse EMT by overexpressing PRMT5, which in turn reversed the effects of circRHOT1 knockdown on the expression of E-calcineurin, N-calcineurin, and poikilodulin, as well as on cell growth, apoptosis, wound healing and cell invasion. One RNA interference technique that can inhibit target genes is siRNA. Li et al. (2020) constructed an endosomal pH-responsive nanoparticle that contained cisplatin and Rac1 siRNA. This led to the effective delivery of cisplatin and Rac1 targeting oligonucleotides in breast cancers and displayed encouraging synergistic anticancer effects. Lipid-coated calcium phosphate nanoparticles were employed by Wu et al. (Wu Y. et al., 2019) to inhibit PD-1 and PD-L1. As a result, the siRNA can effectively enter the MCF-7 BC cell line and block the PD 1 ligand and receptor. A novel and practical genome editing technique, the clustered regulated interspaced short palindromic repeats (CRISPR)/Cas9 system is becoming a potent instrument for precision medicine (Behrouzian Fard et al., 2024). In contrast to EZH2 knockdown, which prevented MDA-MB-231 cells from proliferating and migrating in vitro, Mao et al. (Mao et al., 2023) used the CRISPR/Cas9 system to target EZH2 and suppress EZH2 mRNA and protein expression in MDA-MB-231 cells. Many experts believed that certain nanoparticles may be made for effective targeted distribution of CRISPR/Cas9 plasmids based on the function of CRISPR/Cas9 (Moitra et al., 2024).
4.2.5 Combination therapy
Past research has explored the effectiveness of DNMT inhibitors and HDAC inhibitors in treating breast cancer. Nevertheless, these studies have demonstrated limited effectiveness even at the highest tolerated doses. As a result, epidrugs have been utilized alongside cytotoxic drugs, radiation treatment, targeted therapies, and hormonal treatments for breast cancer (Exman et al., 2019). Despite the potential, clinical trial outcomes have been disappointing due to systemic toxicity and limited effectiveness. Thus, identifying suitable epigenetic biomarkers is essential for personalized strategies and the targeted administration of epidrugs. Notably, HDAC inhibitors demonstrated enhanced antiproliferative effects in endocrine therapy for ER+ cells. The combination of azacytidine and entinostat, as well as HDAC inhibitor therapy on its own, resulted in the re-expression of ER and effective resistance to anti-estrogen treatments in ER-positive breast cancer (Buocikova et al., 2020). Furthermore, the BET inhibitor JQ1, either on its own or when paired with specific molecules that promote the downregulation of estrogen receptors, inhibited the proliferation of tamoxifen-resistant cells (Yellapu et al., 2022). Moreover, a synergistic effect from combination therapy has been shown in triple-negative breast cancer (TNBC). For example, a clinical study has explored the combined effectiveness of HDAC inhibitors and anti-HER2 treatment with trastuzumab (Laengle et al., 2020). Therefore, a suitable mix of medications can address oncogenic processes.
The oncogenic E2-ERα axis is the main target of endocrine treatments. In 1896, when BC patients’ tumors shrank after both ovaries had been surgically removed, steroid hormone signaling was first linked to the advancement of BC. This finding supported the use of endocrine therapy (Beatson, 1896). Endocrine therapy is considered to be the standard of care for ER+ BC, which includes three main types of treatments: aromatase inhibitors (AIs), selective estrogen receptor modulators (SERMs), and selective estrogen receptor degraders (SERDs). Endocrine therapy includes both strategies that directly target ERα and those that suppress estrogen production. Furthermore, next-generation ERα targeting treatments for ER+/HER2-metastasized BC are currently undergoing clinical trials as either single agents or in combination with other medications (Hanker et al., 2020).
For more than 30 years, tamoxifen has been remained the main treatment option for patients with both early and metastatic BC. It was the first ERα-targeted medication to receive clinical approval. Tamoxifen is a SERM that inhibits coactivator recruitment mediated by the LBD of ERα and competes with E2 for ERα binding. Through a ligand-independent mechanism, in vitro, it can also activate the AF1 domain, leading to slight transcriptional activation in absence of E2 and an incomplete block in presence of E2 stimulation (Liu et al., 2001). Through post-transcriptional modifications like CDK7, MAPK and mTOR50 phosphorylating serine 118 (pS118) in the AF1 domain, these agonistic effects are linked to ERα activation. Even though tamoxifen therapy is successful, one-third of women who receive 5 years of tamoxifen will experience recurrent disease within 15 years (Group, 2005). However, because most of these patients still express ERα, they are still susceptible to SERDs such as fulvestrant, which disrupts ERα dimerization and nuclear localization, leading to its degradation and a complete inhibition of ERα mediated transcriptional activity. The inhibition of transcription and subsequent degradation of ERα (Guan et al., 2019) are linked to fulvestrant-mediated ERα immobilization in the nuclear matrix. Patients with luminal BC who had not previously had hormone therapy participated in a phase III trial, which showed that fulvestrant treatment produces a better progression-free survival than AIs (Robertson et al., 2016). However, its therapeutic potential is limited by its weak physicochemical characteristics and the requirement for muscle administration (Guan et al., 2019). Clinical research is currently underway for a new class of ERα-targeting medicines that combine SERM and SERD characteristics, as well as new oral SERDs (Fanning and Greene, 2019). E2 is no longer produced in the ovaries of postmenopausal women. However, it is generated by the aromatization of testosterone and androstenedione in a number of tissues, such as the liver, subcutaneous fat, the normal breast cell stroma, and the fibroblasts and breast epithelial cells of primary BC. AIs can be categorized as either steroidal or non-steroidal and work by inhibiting aromatase activity to lower increased E2 levels in BC tissue. Non-steroidal AIs bind to aromatase both competitively and reversibly, whereas steroidal AIs bind irreversibly. Currently, two reversible non-steroidal AIs (letrozole, anastrozole) and one irreversible steroidal AI (exemestane) got their approval for clinical usage (Burstein, 2020). In contrast to tamoxifen, which is usually administered for patients with premenopausal BC, fulvestrant and AIs are primarily used for post-menopausal instances, either alone or in combination with other endocrine or targeted medicines such as CDK4/6 inhibitors, Other genetic changes, such as cyclin D1 overexpression in 50% of BC and CDKN2A loss, contribute to the course of the disease and the response to treatment, even though ERα is the main oncogenic driver in ER+ BC. For example, overexpression of cyclin D1 causes RB to become phosphorylated and CDK4/6 to become more activated, which in turn causes the cell cycle to advance through G1/S. The approval of targeted medications against PI3K (alpelisib), mTOR (everolimus), and CDK4/6 (palbociclib, riboci clib, and abemaciclib) after decades of endocrine monotherapy resulted in notable advancements in disease management. The effectiveness of CDK4/6 inhibition was shown in numerous clinical trials (Burstein, 2020). As a result, CDK4/6 inhibitors, either by themselves or in conjunction with AIs (letrozole) or fulvestrant, are now considered standard-of-care options for ER+/HER2-metastasized BC that are endocrine-sensitive or endocrine-resistant. Mechanisms of resistance to endocrine therapy and possible substitute methods. Even though endocrine therapy is effective in treating ER+ BC, resistance develops in nearly all patients who acquire metastases and in approximately 25% of patients with early-stage illness, which results in a poor clinical outcome (Jeselsohn et al., 2015). Resistance to endocrine therapy can be classified as either acquired or inherent (de novo). Patients with advanced breast cancer usually show clonally distinct progression at several places, which is caused by the selection of genetic changes under treatment pressure (Razavi et al., 2018). Clones with mutations in the drug target itself, mitogenic signaling pathways, and genes encoding epigenetic factors proliferate as a result of this selection pressure. Furthermore, as epigenetic enzymes are both oxygen and nutrition sensors, micro-environmental factors like hypoxia may change the epigenetic landscape and aid in the convergent evolution of the disease. In particular, clones with epigenetic machinery mutations show abnormalities in transcription, DNA repair, and replication. These errors result in malignant self-renewal, differentiation blockage, and cell death evasion, all of which increase tissue invasiveness. In the field of ER+ BC therapy, overcoming these results is a significant issue.
Given, endocrine therapy has established itself as a vital treatment option for breast tumors that respond to hormones. However, there is an urgent need to create techniques to tackle the apparently unavoidable resistant phenotype. The emerging new era of epigenetic-based therapeutics to screen and treat a variety of diseases, including BC, is evidenced by recent advancements in the epidrug field.
4.2.6 Epi-drugs with nanotechnology
The instability, toxicity, and unintended effects of epidrugs are significant barriers to their effectiveness in treating solid tumors. Nanotechnology offers a means to specifically and directly target therapies at cancer cells. This approach allows for safer and more efficient delivery of epidrugs. Additionally, cancer nanotechnology can mitigate systemic toxicity by enhancing pharmacokinetics and selectively delivering anticancer medications to tumors. For example, nanoparticles such as albumin, membrane-camouflaged, lactoferrin and exosome-disguised nanoparticles represent innovative nanotechnologies aimed at directing tumor cells and modifying microenvironment of tumour in BC. Nano-delivery based on epigenetics promotes apoptosis and disrupts migration and proliferation (Zhang et al., 2023). Nanomedicine has the potential to enhance the effectiveness of tumor therapies that are resistant to treatment by integrating with next-generation epidrugs (Roberti et al., 2019). This indicates that utilizing nanotechnology in the medical field presents fresh possibilities to optimize drug delivery during epidemics, boost stability and solubility, and reduce off-target effects (Table 3).
TABLE 3 | Epigenetic agents and their mechanism.	Epidrugs	Mechanism
	Iadademstat	anti-SOX-2
	Decitabine	demethylates DNA
	Azacitidine	Hinders metastasis of BC to the brain and reduces the Wnt signaling pathway
	Vorinostat	increase in the expression of PD-L1 mRNA
	Guadecitabine	enhances the expression of PD-L1 and MHC class I while reducing the proliferation of tumor cells.
	Liraglutide	decreased cell viability, migration, and DNMT activity
	Simvastatin and Vorinostat	blocking Rab7 prenylation in xenograft mice in vivo
	Letrozole	an aromatase inhibitor
	Trichostatin A	strong inhibitor of pandeacetylase
	Panobinostat	an HDAC inhibitor
	Varprobic acid	Suppresses proliferation of HER2+ BC cells by increasing the expression of p21 WAF1
	Azacytidine and Entinostat	Cause re-expression of ER and effective resistance to anti-estrogen treatments in ER-positive BC
	BET inhibitor JQ1	either on its own or when paired with specific molecules that promote the downregulation of estrogen receptors, inhibited the proliferation of tamoxifen-resistant cells


4.3 Clinical trials
Connecting epigenetic research with practical medical use presents multiple obstacles. Converting discoveries from the lab into successful treatments demands not only a thorough knowledge of epigenetic processes but also comprehensive clinical trials to evaluate their effectiveness and safety. For instance, although epigenetic medications might demonstrate potential in cell cultures or animal experiments, their safety and effectiveness in human patients can be established solely through thorough clinical trials (Prabhu et al., 2024).
Preclinical research has shown that epi-drug DNMT inhibitors can diminish the tumorigeniNON-c potential of cancer stem cells by downregulating genes associated with stemness and differentiation. HDAC inhibitors reduce the functionality of cancer stem cells by affecting various critical genes that play a role in the maintenance of these cells, including those that code for β, γ-catenin, Stat3, and Notch1, which leads to a decrease in tumor formation (Xu et al., 2022). Clinical responses are generally non-cytotoxic and have been seen in individuals treated with low doses of DNMTi- and PD-1-conjugated therapeutic agents. These inhibitors have the potential to return the tumor microenvironment to a normal condition in colorectal cancer patients. Conversely, HDAC inhibitors in clinical studies have proven to be effective only in blood cancers, while trials involving solid tumors have not demonstrated significant results (Hogg et al., 2020). A phase II clinical trial has been carried out to investigate the effects of CC-486, a hypomethylating agent (HMA), and durvalumab in breast cancer treatment. The results of phase II clinical trials have indicated only limited clinical effectiveness. Treatment with anti-PD-1, anti-CTLA4, or both in combination has demonstrated tumor shrinkage and increased survival rates in clinical trials involving HER2/neurogenetic BC models. VPA, an antiepileptic medication typically prescribed for progressive prostate and breast cancers, specifically inhibits class I HDACs and helps decrease tumor growth and metastasis in vivo. Another study utilizing a mouse model of malignant pleural mesothelioma (MPM) revealed that a combination of drugs, including decitabine 2 and VPA, induced an anti-tumor immune response by promoting the expression of cancer-testis antigen (CTA) (Leclercq et al., 2011). In clinical studies, VPA has been paired with decitabine to investigate the immunogenic potential of the novel HDAC inhibitor. Furthermore, the mRNA expression levels of PD-L1, CTA, and retinoic acid-inducible protein I (RIG-I) were detected in MPM cells (Tomaselli et al., 2020).
Hydralazine has the potential to promote demethylation and reactivate tumor suppressor genes when used as a treatment for hypertension. This may increase the effectiveness of both biological and chemical therapies. In phase I, a clinical trial was undertaken to establish the safety of the dosage alongside standard cytotoxic chemotherapy in breast cancer patients. The findings from phase I revealed that hydralazine was well tolerated and showed no adverse effects on chemotherapy at doses of 200 mg or lower. Zambrano et al. demonstrated that demethylation occurred in up to 52% of the promoter region in selected tumor suppressor genes within a safe dose range to minimize toxicity. Further research on the combination of hydralazine and conventional cytotoxic chemotherapy is necessary, as these appear to be promising approaches to enhance effectiveness in phase II (Wu Y. S. et al., 2019; Cai et al., 2011).
A recent study performed immunohistochemical profiling of over 20 histone biomarkers, which included histone modifications, modifiers, and oncohistone mutations, across two cohorts of breast cancer tissues, a discovery cohort and a validation cohort, as well as healthy controls and cell line models. To assess the impact of the G9a small-molecule inhibitor in various breast cancer models, transcriptomic and cell growth analyses were carried out. Notable histone biomarkers such as H3K9me2, H3K36me2, and H3K79me showed differential expression among the breast cancer subtypes. H3K9me2 was identified as an independent marker for differentiating triple-negative breast cancer (TNBC) from other, less aggressive breast cancer subtypes, with increased expression linked to higher tumor grades and stages. Inhibition of G9a led to reduced cell proliferation and alteration of epithelial-mesenchymal transition pathways, particularly exhibiting the most pronounced effects in basal-like TNBC. Disruption in the regulation of oncogenes and tumor suppressors, such as TP53 and SATB1, was found in TNBC. This research emphasizes the context-dependent functions of G9a in breast cancer, indicating its potential as a target for therapy. The results lay the groundwork for epigenetic therapies tailored to specific subtypes to enhance outcomes for aggressive breast cancer types (Huo et al., 2025).
5 LIMITATIONS AND PROSPECTS
There are several difficulties linked to the primary strategies of epidrugs concerning cytotoxicity, tolerance, selectivity, and potency. When patients with early-stage ER+ breast cancer are treated solely with epidrugs, one-third experience treatment resistance, and there is also drug resistance observed in TNBC (Jones et al., 2016; de Lera and Ganesan, 2016). Three approaches can be employed to address the limited effectiveness of individual epidrug targets: multiple-medication therapy (MMT), multi-compound medication (MCM), and multi-target-directed ligand (MTDLs) strategies. Implementing such strategies is anticipated to result in high efficacy, encompassing enhanced therapeutic outcomes, minimized side effects, and lowered risk of drug resistance (Li et al., 2017). MMT enhances the accessibility of chromatin to DNA-damaging chemotherapy agents and improves the effectiveness of various drugs. For example, methylation of CpG islands leads to resistance to therapy; however, using the MMT approach, the combination of zebulin and decitabine facilitates demethylation (Webster et al., 2017). MMT has the potential to enhance the therapeutic impact at reduced doses by reducing drug resistance and side effects in comparison to individual medications, enabling the selection of diverse drug dosages for tailored treatment. Likewise, MCM entails the combination of two or more active components, each serving a distinct purpose, and this approach is applied through the use of “polyvalent pills (Benedetti et al., 2015).” Ultimately, the MTDLs strategy represents the creation of a single molecule capable of simultaneously engaging with multiple targets. MTDLs are composite molecules that combine the action of HDAC inhibitors with that of other medications to target and combat cancer (Doostmohammadi et al., 2024). An alternative approach that can address the limitations of a single drug is the multi-drug strategy, which tends to be more effective. The combination of HDACi, romidepsin, cisplatin, and nivolumab demonstrated substantial efficacy in treating refractory metastatic TNBC. However, multi-drug therapies do not always yield positive results. For instance, there was no notable difference in the overall response rate and progression-free survival when using atezolizumab alone, and adverse effects were noted with the combination therapy (Xu et al., 2022). As a result, innovative strategies for utilizing epidrugs alongside different therapies to boost their antitumor effects need to be established.
6 CONCLUSION
Epigenetic has emerged as a crucial field in breast cancer, providing novel insights into disease progression and treatment resistance. This review highlights the potential of epigenetic biomarkers in improving early detection and patient stratification, paving the way for precision oncology. Despite the promising advancements, challenges such as the stability and reproducibility of epigenetic signatures, as well as the clinical translation of epi-drugs, remain to be addressed. Future research should focus on large-scale clinical trials to validate epigenetic biomarker and optimize combination therapies for enhanced therapeutic outcomes. Additionally, the integration of nanotechnology in epigenetic drug delivery holds promise for overcoming drug resistance and minimizing adverse effects. As our understanding of BC epigenetics continues to evolve, leveraging these molecular insights could lead to more effective, personalized treatment strategies, ultimately improving patient prognosis and survival rates. Moreover, public health education programs and awareness campaigns including Breast Cancer Awareness Month, community screening drives, and risk reduction workshops have been implemented globally to improve early detection and inform women at risk, highlighting the importance of integrating epigenetic knowledge into community-level education and prevention strategies.
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