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Up till the present moment, breast cancer is still the leading cause of cancer-related death in women worldwide. Although the treatment methods and protocols for breast cancer are constantly improving, the long-term prognosis of patients is still not optimistic due to the complex heterogeneity of the disease, multi-organ metastasis, chemotherapy and radiotherapy resistance. As a newly discovered class of non-coding RNAs, ncRNAs play an important role in various cancers. Especially in breast cancer, lncRNAs have received extensive attention and have been confirmed to regulate cancer progression through a variety of pathways. Meanwhile, the study of epigenetic modification, including DNA methylation, RNA methylation and histone modification, has developed rapidly in recent years, which has greatly promoted the attention to the important role of non-coding RNAs in breast cancer. In this review, we carefully and comprehensively describe the interactions between several major classes of epigenetic modifications and ncRNAs, as well as their different subsequent biological effects, and discuss their potential for practical clinical applications.
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Introduction

Breast cancer is the most common type of cancer in women worldwide, and both developed and developing countries are seeing increased rates of morbidity and mortality from the disease (1, 2). In China, the incidence and mortality of breast cancer rank first among female malignant tumors (3). At the same time, the lack of early clinical features and low-cost screening means breast cancer is often detected at a later stage, delaying treatment (4). Currently, the treatment of breast cancer mainly includes chemotherapy, radiotherapy, targeted therapy, immunotherapy, endocrine therapy and so on (5). However, the therapeutic effect and long-term prognosis still need to be further improved.

Epigenetic modification refers to changes in gene expression that are independent of changes in DNA sequence, mainly including DNA modification, histone modification and RNA modification (6, 7). DNA methylation is the most intensively studied epigenetic regulation mechanism (8). DNA methylation regulates growth and development, gene expression pattern and genome stability without changing DNA sequence, and abnormal expression of DNA methylation can lead to the occurrence and development of tumors (9, 10). At present, histone modification mainly includes methylation, phosphorylation, acetylation and so on (11, 12). Histone methyltransferase can directly regulate the methylation site and degree of histone, and the methylation of different sites of histone H3 and H4 is very important for transcriptional regulation of genes (13, 14). For RNA methylation modification, the current research mainly focuses on m6A modification, which accounts for more than 80% of all RNA methylation (15). m6A modifications regulate mRNA at different levels and participate in various cell life activities, such as cell cycle regulation and cell differentiation (16, 17). The above three epigenetic modifications together constitute the three major elements of basic regulation of life activities.

With the continuous maturation of high-throughput sequencing technology, more and more non-coding RNAs (ncRNAs) appear in the public eye (18). The ncRNAs closely associated with cancer mainly include miRNAs, piRNAs, circRNAs and lncRNAs (19). These ncRNAs change the abnormal expression of cancer suppressor or oncogene mainly through epigenetic modification at different levels, thus leading to the progression and occurrence of cancer (20, 21).

In this review, we focused on the current carcinogenic role of ncRNAs in the occurrence and development of breast cancer through epigenetic modification, their core regulatory mechanisms and their effects on the biology of breast cancer, hoping to provide new insights into clinical treatment and prognosis of breast cancer in the future.





Core members involved in epigenetic modifications

In the past few decades, more and more evidence has been found to confirm the important role of epigenetic modification in the regulation of various human cancers (22, 23). In addition, epigenetic modification involving emerging ncRNAs has also attracted great attention of researchers (24, 25). In breast cancer, epigenetic modification involving ncRNAs mainly focuses on DNA methylation, RNA methylation and histone modification (12, 26, 27) (Figure 1). These modifications work mainly through key regulatory enzymes such as methylase, acetylase and ubiquitination enzyme (16, 28, 29).




Figure 1 | Schematic diagram of three types of epigenetic modifications: DNA methylation, RNA methylation, and histone modification DNA methylation inhibits transcription when it is near promoter regions, whereas methylation within the genome promotes gene expression. DNMT3A and NDMT3B catalyze de novo methylation, adding a methyl group to the fifth carbon of a cytosine, while DNMT1 is primarily responsible for maintaining DNA methylation levels. RNA methylation modifications mainly include m6A, m5C, m1A and m7G, among which m6A modification has been studied most thoroughly. In m6A modification, Writers including METTL3, METTL14 and WTAP are able to add methyl groups to the sixth N position of the adenylate, while Erasers are able to remove the methylation, reversing the function of Writers. Histone modification mainly includes methylation, acetylation, and phosphorylation. Histone methylation occurs mainly in arginine and lysine residues and is a reversible process that can be finely controlled by various demethylases (KDM) and methyltransferases (KMT). Histone acetylation is mainly regulated by acetyltransferases, which mainly add acetyl groups to lysine residues of histones. A number of kinases and phosphatases control the histone phosphorylation process, primarily affecting serine, tyrosine, and threonine residues in the histone tail.






DNA methylation

DNA methylation, the most extensively researched epigenetic mechanism, is essential for maintaining the genome integrity and controlling mammalian gene expression (30, 31). Generally speaking, methylation near the promoter region inhibits transcription while methylation in the genome encourages gene expression (32). DNA methylation refers to the modification of methyl groups on the fifth carbon of cytosine (5-methylcytosine, 5mC), commonly found in mammalian symmetric CpG dinucleotides (33). This process is catalyzed and regulated by DNA methylation transferase (DNMT), Currently, known DNMTs involved in DNA methylation mainly include DNMT1, DNMT3A and DNMT3B (34). DNMT1 is required to maintain DNA methylation levels during cell replication (35). In early and late embryos, DNMT3A and NDMT3B, which are both extremely homogenous, catalyze de novo methylation (36, 37). Even though it lacks methyltransferase activity, DNMT3L aids DNMT3A/B in carrying out its job.





RNA methylation

Epigenetic transcriptome modification (RNA modification) has become a key regulatory factor of gene expression during eukaryotic development (15). To date, more than 170 different types of chemical modifications have been identified on the RNA nuclear bases and play key roles in different biological processes (38). In breast cancer, studies on RNA modification mainly focus on m6A methylation (39, 40). Therefore, in this review, we will focus on the important role of m6A methylation in breast cancer. Writer, eraser, and reader are the three principal proteins that currently control m6A modification (41). Among the writers who promote methylation are METTL3, METTL14, WTAP, RBM15, ZC3H13, and VIRMA (42, 43). The most widely known catalyst for m6A modification, METTL3, has the capacity to bind to the methyl donor SAM and effect methyl transfer (44). It is believed that METTL14 functions as an RNA-binding platform that, along with METTL3, creates the core methyltransferase complex that catalyzes and produces the m6A alteration (45). WTAP serves as a crucial adapter protein, increasing the stability of the core methyltransferase complex in the meantime (46). For the purpose of enlisting targets of the methyltransferase complex, RBM15/15B can bind to METTL3 and WTAP. The cornerstone for the varied regulation of m6A modification is the quantity of methyltransferases (47). Erasers, such as Fat mass and obesity-associated protein (FTO) and AlkBhomolog5(ALKBH5), are demethylases capable of removing m6A modifications from RNA (48). The readers include the m6A-specific methylation proteins IGF2BP1/2/3, YTHDF1/2/3, and ELAVL1, which can recognize and bind to m6A-modified transcripts through a variety of processes, thereby regulating gene expression, mRNA splicing, mRNA structure, translation efficiency, and miRNA biogenesis (49). These three categories of regulatory proteins influence the development of cancer and the prognosis of patients by controlling many downstream molecules and signaling cascades.





Histone modification

Chromatin is a dynamic molecule with a variety of structures, and histones are one of the major components of chromatin with a tail protruding from the nucleosome, which is susceptible to covalent modification in several places (50). It includes a variety of covalent modifications, such as acetylation, phosphorylation, methylation, ubiquitination, and sumoylation (13, 51–53). The nucleosome, which is made up of two copies of the histones H2A, H2B, H3, and H4, is the fundamental building block of chromatin. It wraps around about 147 DNA base pairs (54). At present, more efforts have been put into histone modification in two aspects, acetylation and methylation. Covalent modification of histones can alter nucleosome conformation, thereby regulating chromatin structure and gene expression (55). Histone methylation occurs mainly in arginine and lysine residues. Arginine is asymmetrically or symmetrically methylated, whereas lysine is monomethylated, dimethylated, or trimethylated (56). Histone methylation is a reversible process that can be finely controlled by various demethylases (KDM) and methyltransferases (KMT). H3K4, H3K36, and H3K79 are some of these markers that are connected to transcriptional activation, while H3K9, H3K27, and H4K20 are connected to transcriptional repression (57). At several lysine residues in the histone tail, acetyl groups can be added during histone acetylation. From a functional standpoint, we are aware that histone acetylation, particularly when localized at enhancers, promoters, and gene bodies, is substantially linked to active transcription (58). A number of malignancies have been discovered to have altered overall levels of histone acetylation, particularly H4K16ac, which has even been found to have possible predictive significance (59). Gene expression may be stimulated when hyperacetylation takes place, particularly when proto-oncogenes are involved, whereas hypoacetylation of tumor suppressors is typically localized at the promoter and takes place concurrently with DNA methylation, resulting in gene silence (58). The enzyme that adds acetyl groups to the lysine residues of histones is lysine acetyltransferase (KAT), commonly referred to as histone acetyltransferase (HAT). The opposite histone deacetylase (HDAC) is responsible for its removal. HAT and HDAC activity together are required for proper regulation of gene expression (60). Thus, given that acetylation modification is reversible, pharmacological interventions targeting HAT, HDAC, and acetyl-lysine readers have potential value for therapeutic cancer therapy. Numerous kinases and phosphatases control the process of histone phosphorylation, which mainly affects the serine, tyrosine, and threonine residues in the histone tail (61). Histone phosphorylation during mitosis upsets the equilibrium of connections between histones and DNA, resulting in unstable chromatin structure that eventually influences the development and occurrence of cancer (62).





ncRNAs involved in epigenetic modification

Non-coding RNAs (ncRNAs) are composed of many types of RNAs that are not translated into proteins (63). Abnormal expression of ncRNAs has been found and confirmed to be closely related to clinical prognosis in many types of cancer, including breast cancer (64). ncRNAs can be divided into two main categories based on their length. Small/short ncRNAs (sncRNAs), which have a length of 200 nucleotides or less, are the first class of ncRNAs (65). They are mostly made up of microRNAs (miRNA), piwi interacting RNAs (piRNA), endogenous short interfering RNAs (endo-siRNAs), and small nucleolar RNAs (snoRNAs) (66). The second category includes ncRNAs >200 nucleotides in length and is called long ncRNAs (lncRNAs) (67). CircRNA is a recently discovered ncRNA with a covalently closed structure, and although it does not contain the 5’-3’ polar RNA polymerase II transcription or polyadenine tail, it has the same transcription efficiency as linear RNA (68). The above ncRNAs have changed the biological behavior of breast cancer cells by interacting with various epigenetic modifications, and indirectly affect the occurrence and development of cancer.






Interactions between ncRNAs and other epigenetic modifications in breast cancer

As one of the special forms of epigenetic modification, ncRNAs can interact with DNA methylation, RNA methylation, and histone modification through various modifying enzymes, and regulate the expression of specific genes (69–71), thereby affecting the expression of downstream genes and regulating the progression of cancer (Figure 2). In this section, we mainly introduce the crosstalk mechanism between ncRNA and DNA methylation, RNA methylation and histone modification through three parts (Table 1).




Figure 2 | The crosstalk between ncRNAs and three classes of epigenetic modifications and biological implications. The epigenetic modifications can be divided into DNA methylation, RNA methylation and histone modification. LncRNAs, miRNAs, circRNAs and piRNAs affect the proliferation, apoptosis, cell cycle arrest, EMT, invasion and immune microenvironment of breast cancer cells by affecting the above epigenetic modifications.




Table 1 | Interaction of ncRNAs with other epigenetic modifications.






Crosstalk of ncRNAs and DNA methylation in BC

ncRNAs can not only actively recruit DNA methyltransferases to actively regulate the methylation of downstream gene promoters, but also act as a downstream target that is actively regulated by DNA methyltransferases (129).




Active regulation of DNA methylation by ncRNAs

As a carcinogenic factor, TINCR can promote the progression of breast cancer in vivo and in vitro. Wang et al. demonstrated that this is due to TINCR’s ability to recruit DNMT1 into the promoter of miR-503-5p, thereby inhibiting its expression through DNA methylation, and ultimately leading to high expression of downstream target STAT3. Surprisingly, further studies demonstrated that STAT3 was highly enriched at the promoter of the TINCR site and involved in transcriptional regulation of TINCR, suggesting that a complete positive feedback loop was formed between STAT3 and TINCR (72). Later, Wang et al. demonstrated that TINCR recruited DNMT1 into the promoter region of miR-199a-5p in the nucleus in the same way, thereby reducing its expression and promoting cancer progression (73). As a well-known tumor suppressor, the expression of PTEN is significantly negatively regulated by LncRNA Kcnq1ot1 in triple-negative breast cancer. The specific mechanism is that the overexpression of lncRNA Kcnq1ot1 can enrich DNMT1 to increase the methylation ratio of PTEN promoter, thus inhibiting the expression of PTEN and promoting the progress of TNBC (74). ncRNAs usually recruit DNMTs to perform methylation in the promoter region of downstream targets, but Li et al. found that McL-1 can target the promoter of miR-142-5p and promote its transcription. The up-regulated miR-142-5p directly binds to the 3’-UTR of DNMT1, and then inhibits its expression, thereby indirectly promoting the expression of Maspin and inhibiting the progression of cancer (77). piR-651 increased DNMT1 enzyme activity, and further studies found that DNMT1 bound to the promoter region of the tumor suppressor gene PTEN, resulting in decreased expression and promoting cancer progression (78). miR-145 inhibits the expression of DNMT3A by directly binding to the 3’-UTR of its mRNA, and circIQCH downregulates miR-145 by function as its sponge, so as to relieve its negative regulation of DNMT3A and promote cancer progression (79).

miR-770-5p binds to 3’-UTR of DNMT3A mRNA and down-regulates DNMT3A, thereby reducing promoter methylation of CDH1 and increasing its expression, thus playing a role in cancer inhibition (80). lncRNA H19 can regulate the autophagy related gene Beclin1 to exert its carcinogenic effect of drug resistance. In particular, the Beclin1 promoter region was less methylated in tamoxifen-resistant cancer cells than in non-resistant cells. Mechanically, H19 can bind to and inhibit S-adenosine homocysteine hydrolase (SAHH), thereby reducing DNMT3B-mediated methylation, resulting in hypomethylation in the downstream Beclin1 promoter region, and up-regulating Beclin1 expression (81). lncRNA RAMP2-AS1 can recruit DNMT1 and DNMT3B to the CXCL11 promoter region and form a ternary complex, thereby promoting the methylation of CXCL11 and reducing its expression. Low expression of RAMP2-AS1, a cancer suppressor, impairs the inhibition of downstream CXCL11, leading to cancer progression (84). As a carcinogen, LINC01270 is highly expressed in breast cancer tissues and mainly concentrated in the nucleus of cancer cells. At the same time, LINC01270 binds to the promoter of the LAMA2 gene and recruits DNMT1, DNMT3A, and DNMT3B, resulting in high methylation of the LAMA2 promoter region, thus reducing its expression. Furthermore, cancer progression is promoted by weakening LAMA2 inhibition of MAPK signaling pathways (85). lncRNA MIAT recruits DNMT1, DNMT3A, and DNMT3B to the promoter region of the downstream target DLG3, and thus promotes the methylation of DLG3, leading to the down-regulation of its expression. Conversely, MIAT silencing can lead to up-regulation of DLG3, which in turn exerts its anticancer effect by activating the Hippo signaling pathway (86). LINC00922 binds to DNMT1, DNMT3A, and DNMT3B and is enriched in the promoter region of the downstream tumor suppressor NKD2, thereby inhibiting its expression through methylation, which ultimately activates the Wnt signaling pathway and promotes cancer progression (87). High expression of LINC00518 is accompanied by enrichment of CDX2 promoter region methyltransferase DNMT1, DNMT3A and DNMT3B, which negatively regulates its expression. Overexpressed CDX2 blocks the Wnt signaling pathway, and LINC00518 enhances activation of the Wnt pathway through methylation inhibition of CDX2 (90). LINC00472 plays a tumor suppressor role in triple-negative breast cancer. Overexpression of LinC00472 can recruit DNMT1, DNMT3A and DNMT3B to mediate the methylation of oncogenic factor MCM6, which leads to the down-regulation of its expression level, and then inhibits cancer progression by inactivating MEK/ERK signaling pathway (89). Activation of the nuclear factor erythroid 2 associated factor 2 (NRF2) led to down-regulation of miR‐29b‐1‐5p, increased cell proliferation and decreased intracellular ROS levels. Further studies showed that overexpression of miR‐29b‐1‐5p inhibited DNMTs (DNMT1, DNMT3A, and DNMT3B) and promoted the expression of some cancer suppressor factors (88). However, the specific mechanism of miR-29b-1-5p regulating DNMTs needs to be further revealed. xu et al. demonstrated that the tumor suppressor MAGI2−AS3 may regulate the expression of MAGI2 through a cis-acting mechanism, and overexpression of MAGI2‐AS3 leads to a reduction in the number of MAGI2 methylated CpG sites, leading to the up-regulation of MAGI2. The above anti-tumor effects have been shown to be achieved through partial inhibition of AKT signaling pathway, Wnt signaling pathway, and BAX/BCL2 apoptotic pathway (91).





Active regulation of ncRNAs by DNA methylation modification enzymes

The tumor suppressor LncRNA MEG3 is regulated by DNMT1’s hypermethylation in breast cancer, resulting in down-regulation of its expression. When the demethylation reagent 5-AzadC is applied, the hypermethylation regulation of MEG3 by DNMT1 is significantly inhibited, and uninhibited MEG3 exerts its inhibitory effect on cancer through the inhibition of Notch1 signaling pathway (75). UXT, a putative member of the alpha pre-folded protein family, has recently been found to be involved in the regulation of methylation. UXT is highly expressed in breast cancer and combines with DNMT3B to participate in the methylation regulation of MEG3, thus reducing the expression level of MEG3. At the same time, UXT knockdown can lead to the increase of MEG3 level, and MEG3 subsequently increases the expression of P53 to exert its anticancer effect (82, 83). lncRNA PHACTR2-AS1(PAS1), as the upstream regulatory gene of PH20, can inhibit its expression and reduce the aggressiveness of tumor cells. However, the expression of PAS1 is regulated by DNMT1 and leads to the decrease of the expression level, which undermines the inhibition effect of PAS1 on PH20 and leads to the progression of cancer (76).

In addition to single DNA methylation modification, the expression of ncRNAs is also regulated through the combination of multiple epigenetic modifications. LncRNA MIR497HG is regulated by various factors in breast cancer, in which ZEB1 and ERα play important roles. When breast cancer cells are in the state of endocrine resistance, ZEB1 recruits DNMT3B and HDAC1/2 to the MIR497HG promoter region, which leads to transcriptional repression through DNA methylation and histone modification. In addition, ERα also binds to the promoter region of MIR497HG in the endocrine sensitive state and promotes its expression through trans activation. Then miR-195 and miR-497 derived from MIR497HG reverse regulate the downstream PI3K/AKT pathway, playing a double-sided role in breast cancer (92).






Crosstalk of ncRNAs and RNA methylation in BC

More than 150 RNA modifications have been identified, and the most studied are m6A, m5C, m1A, m7G and other methylation modifications. Among them, m6A is the most abundant methylation modification form in mRNA, and it is also the most well studied type of RNA modification (130, 131). In breast cancer, the crosstalk between ncRNAs and RNA methylation modification is also mainly concentrated in m6A. In this subsection, we provide a brief introduction to the crosstalk between ncRNAs and m6A modifications.




Active regulation of RNA methylation by ncRNAs

Ruan et al. found that METTL3 and m6A levels showed low expression and played a potent oncogenic role, which was mainly negatively regulated by the upstream target miR-34c-3p. In addition, the low expression level of circMETTL3, a sponge of miR-34c-3p, also indirectly promoted the expression of miR-34c-3p (93). ZNF217 could bind to METTL3 and prevent its m6A methylation on NANOG, thereby promoting its expression. miR-135 is a tumor suppressor, which can target and negatively regulate ZNF217, thereby promoting the m6A modification of NANOG and reducing its expression (100). By recognizing the specific recognition sequence, LNC942 directly binds to METTL14 and plays a positive regulatory role on METTL14 at the mRNA and protein levels, eventually affecting the methylation level of m6A in BRCA cells, and enhancing the mRNA stability and increasing the expression of its downstream targets CXCR4 and CYP1B1 through m6A modification (101). lncRNA UCA1 recruits DNMT1, DNMT3A, and DNMT3B in the promoter region of METTL14 to promote its DNA methylation and reduce its expression. METTL14 can reduce the expression of miR-375 through m6A modification and indirectly promote the expression of downstream SOX12, thereby playing a tumor suppressor role. Mechanistically, UCA1 reduced m6A modification in breast cancer cells in a DNA methylation modification manner (102). piRNA-17560 binds to the 3’-UTR of FTO to reduce the decay and enhance the stability of FTO mRNA, and then FTO up-regulates the expression of ZEB1 through m6A demethylation. Moreover, YTHDF2 directly binds to the mRNA of ZEB1 and enhances its stability and expression. Ultimately, this dual dem6A methylation collectively promotes chemoresistance in BC cells (105). m6A methyltransferase WTAP increases the expression of DLGAP1-AS1 by promoting its stability, and indirectly upregulating WTAP by targeting miR-299-3p, thereby forming a positive feedback loop and increasing the resistance of BC cells to ADR (107).





Active regulation of ncRNA by RNA methylation modification enzymes

As an m6A modification enzyme, KIAA1429 enhances mRNA stability and promotes its expression by targeting the m6A modification site of LINC00667. In addition, LINC00667 positively regulates KIAA1429 through sponging miR-556-5p, thus forming a positive feedback loop and promoting cancer progression (132). Rong et al. confirmed the existence of m6A modification site on LINC00958 by Merip-Seq analysis and demonstrated that METTL3 was involved in the enrichment of m6A modification, resulting in the overexpression of LINC00958 through knockdown and overexpression experiments. Indirectly inhibited the downstream target miR-378a-3p and increased YY1 expression to promote cancer progression (94). Guo et al. used the SRAMP tool to find that the m6A methylation modification site of LINC00520 is GGACU, and m6A is highly enriched in tissues overexpressed by LINC00520. In addition, the expression level of METTL3 is closely related to LINC00520, and the m6A modification of LINC00520 can be actively regulated and its expression can be increased. Subsequently, overexpressed LINC00520 targets miR-577, leading to up-regulation of downstream target gene POSTN, thereby promoting the ILK/Akt/mTOR pathway (95). As a tumor suppressor, the m6A site of LINC00675 is located in AGACA, and METTL3 knockdown can significantly decrease the m6A level of LINC00675 and lead to down-regulation of its expression, which indirectly leads to the up-regulation of oncogenic factor miR-513b-5p (96). Lei et al. found that LINC00662 was significantly enriched in m6A, and further studies confirmed that METTL3 could bind to LINC00662 and positively regulate its expression, thus inhibiting the downstream target miR-186-5p. Interestingly, overexpressed miR-186-5p inhibited the expression of METTL3 in turn. Therefore, Lei et al. speculated that LINC00662 improves the expression of METTL3 through sponging miR-186-5p to form a positive feedback loop that promotes the expression of LINC00662 (97). METTL3 promotes the expression of MALAT by increasing its m6A modification level. Mechanically, it up-regulates MALAT1 sponging and inhibits the expression of miR-26b, thus promoting HMGA2 and promoting cancer progression (98). circMETTL3 was found to be highly enriched in m6A modification, and knockdown of METTL3 could reduce the expression of circMETTL3 and the level of m6A modification, and indirectly weaken its carcinogenic effect through the circMETTL3/miR-31-5p/CDK1 axis (133). METTL3 could enhance the m6A methylation of pri-miR-221-3p, thereby increasing the expression of miR-221-3p and increase the drug resistance of breast cancer cells through the miR-221-3p/HIPK2/Che-1 axis (134). METTL14 increases the expression of has-miR-146a-5p by regulating m6A modification, thereby promoting the migration and invasion of cancer cells (103). FTO, as an m6A demethylase, is highly expressed only in HER2-positive cell lines and can significantly down-regulate the level of m6A. The most affected is miR-181b-3p, whose expression is significantly inhibited, thereby indirectly upregulating downstream ARL5B and promoting cancer (104). LncRNA FGF14 is a key repressor of breast cancer metastasis. FGF14-AS2, as an antisense lncRNA transcribed from the opposite strand of FGF14, can significantly inhibit the osteolytic metastasis of breast cancer by down-regulating the RUNX2/RANKL axis. Furthermore, the overexpression of YTHDF2 promoted the rapid degradation of m6A-modified FGF14-AS2, thereby exerting a tumor suppressor effect (106).






Crosstalk of ncRNAs and Histone modification in BC

Histone proteins and DNA constitute the basic structure of chromatin. Histone modifications (such as acetylation, methylation, and phosphorylation) regulate chromatin structure and gene expression by regulating chromatin compaction (129). In this subsection, we will explore the mutual regulatory mechanism between ncRNAs and histone modifications.




ncRNAs actively regulate histone methylation

As a histone lysine methyltransferase, SUV420H2 can specifically trimethylate Lys-20 of histone H4, resulting in transcriptional repression of related genes. miR-29a can directly target SUV420H2 and inhibit its expression, leading to the inhibition of trimethylation of H4K20 and ultimately promoting cancer progression (108). SNHG1 can bind to EZH2, the subunit of PRC2, and target miR-381 at the same time. EZH2 then binds to the promoter region of miR-381, resulting in H3K27me3 modification, thereby down-regulating its expression and weakening its anti-tumor effect (109). lncRNA UCA1 can recruit EZH2 to the promoter region of P21, increase H3K27me3, and thus reduce its expression (112). Cullin 4B (CUL4B) can simultaneously recruit CRL4B, PRC2 and HDAC to the promoter region of miR-32-5p and increase H2AK119ub1 and H3K27me3 to inhibit its transcription (110). SETD1A is a histone H3 lysine 4-specific methyltransferase, which can maintain the histone H3K4 methylation of ERα target gene trefoil factor 1 (TFF1) and increase the occupancy of ERα in TFF1 enhancer and promoter regions in ER-positive breast cancer cells. On the contrary, depletion of SETD1A resulted in a significant reduction in the recruitment of ERα. Further studies demonstrated that miR-1915-3p directly bound to the 3’-UTR of SETD3A mRNA and subsequently reduced SETD1A protein level, exerting a tumor suppressor effect (111). Exosomal miR-138-5p, which is upregulated in breast cancer, prevents the expression of histone demethylase KDM6B, which reduces the level of H3K27me3, thereby increasing the level of H3K27me3 and the transcriptional activity of genes encoding proinflammatory factors, leading to the suppression of M1 polarization (113). LncRNA ROR can recruit methyltransferase MLL1 to the promoter region of TIMP3, which then enriches H3K4me3, thereby increasing TIMP3 transcription level (114).





ncRNAs actively regulate acetylation in promoter regions

Histone deacetylase 3 (HDAC3) is a potential oncogene. Rahbari et al. found that it is up-regulated in TNBC and negatively regulated by its upstream target miR-589-5p. However, the specific downstream target genes regulated by HDAC3 have not been further determined (116). xie et al. found 8 lncRNAs with high H3K27 acetylation peaks in the non-coding genome, among which RP11-162G10.5 had the highest expression, which was closely related to the poor prognosis of patients (127). Zhou et al. demonstrated that lncRNA HULC can increase H3K9 acetylation in the promoter region of IGF1R in the nucleus, thereby activating IGF1R transcription, which in turn causes activation of the downstream PI3K/AKT pathway (121). DLEU1 is highly expressed in breast cancer and is subject to two epigenetic modifications to regulate its expression. Besides the hypomethylation of DLEU1 promoter, H3K27ac and H3K4me3 were also enriched at DLEU1 locus. Upregulated DLEU1 then promotes downstream SRP4 expression by increasing H3K27ac enrichment (122). Overexpression of LINC00473 enriched H3K27ac at the CRE region, and further study confirmed that LINC00473 activated cyclin D1 (CCND1) expression by recruiting phosphorylated CREB and histone acetylation to the CCND1 promoter site (120). HDAC2 acts as a transcriptional corepressor by inducing deacetylation of the PLIN1 promoter; conversely, depletion of HDAC2 renders the PLIN1 gene promoter highly acetylated, ultimately enhancing PLIN1 transcription in BC cells. As a ceRNA, ARAP1-AS1 increased the expression of HDAC2 by competitive binding to miR-2110, and thus inhibited the expression of PLIN1 (115). HER2/neu signaling inhibits p65Ser536 phosphorylation, which results in transcriptional activation of miR-22. miR-22 further negatively regulates the expression of transcriptional repressors FOXP1 and HDAC4 and causes changes in histone and p53 acetylation (119). lncRNA SNHG14 induces PABPC1 up-regulation by regulating H3K27 acetylation in the PABPC1 promoter region (123). The oncogenic factor LINC01857 promotes H3K27Ac and CREB1 transcription by promoting the enrichment of CREBBP in the CREB1 promoter region, thereby promoting cancer progression (124). STAT3 positively activated CASC9 transcription, and CASC9 subsequently upregulated SOX4 expression by inducing H3K27 acetylation and up-regulating its promoter region acetylation (126). miR-590-3p can directly increase the acetylation of p53 promoter region and increase its expression, thereby up-regulating the expression of downstream tumor suppressor factors BAX and p21 (125).





ncRNAs actively regulate histone phosphorylation

miR-941 was found to be highly expressed and play a carcinogenic role in breast cancer. Further studies confirmed that inhibition of miR-941 could reduce the expression of histone H3 ser10 phosphorylation, thereby inhibiting the proliferation of cancer cells (128).







Biological effects of ncRNAs involved in epigenetic modification on BC

The bulk of the human transcribed genome is made up of non-coding RNAs (ncRNAs), which also include microRNAs, lncRNAs, circRNAs, and piRNAs. These ncRNAs play various functions in many cellular processes and are linked to a variety of adverse outcomes in cancer (135). We give a thorough summary of the ncRNAs that have an impact on biological processes in breast cancer through epigenetic alterations in this subsection (Figure 3).




Figure 3 | Cellular processes and prognosis regulated by ncRNAs ncRNAs can regulate cell proliferation, apoptosis, invasion and cell cycle, thereby affecting the tumor volume, lymph node metastasis and distant organ metastasis of breast cancer patients, and ultimately affecting the survival cycle of patients.






LncRNA in BC

Recent studies have confirmed the important role of lncRNA in the occurrence and development of breast cancer, especially the regulation of its biological function by abnormal expression of lncRNA (136–138). In this subsection, we will further elaborate on the functional mechanisms involved in lncRNA, including cell proliferation, invasion and metastasis, cell cycle and EMT (Table 2).


Table 2 | The effect of lncRNA on the biological behaviors of breast cancer and its correlation with prognosis.






lncRNA regulates proliferation

Up-regulation of LNC942 could significantly promote BRCA cell proliferation, colony formation, metastasis, as well as inhibit apoptosis through METTL14/CXCR4/CYP1B1 signaling pathway axis, and significantly promote tumor growth in mice (101).

Low expression of TINCR significantly inhibited tumor volume and weight in vivo, and had the same inhibitory effect on cell proliferation, as well as reducing the aggressiveness of tumor cells. In terms of mechanism, TINCR can act as a ceRNA to sponge miR-503-5p, thereby up-regulating downstream EGFR expression and downstream signal JAK2 and STAT3 conduction, ultimately leading to a malignant phenotype of breast cancer (72). Shen et al. initially found that yin yang1 (YY1), a protein in the zinc finger transcription factor family, was highly expressed in triple-negative breast cancer tissues, and its expression level was inversely proportional to the overall survival of patients. Further studies found that YY1 could weaken the expression of downstream cancer suppressor PTEN by up-regulating the expression level of lncRNA Kcnq1ot1, thus promoting the adverse progression of TNBC. In vitro experiments demonstrated that both upregulated YY1 and lncRNA Kcnq1ot1 could improve the viability of TNBC cells (74). Up-regulated LINC00958 promotes tumor cell proliferation and promotes tumor growth in mice through the LINC00958/miR-378a-3p/YY1 axis. In addition, high expression of LINC00958 in patients is strongly associated with Advanced stage (III – IV grade) and poor overall survival (94). MAGI2‐AS3, a lncRNA transcribed from an antisense chain near the MAGI2 gene, acted as a tumor suppressor gene in breast cancer. Overexpression of MAGI2-AS3 was confirmed to prevent cell proliferation, metastasis and promote apoptosis of cancer cells, and was in direct proportion to longer survival of patients (91). Overexpression of LINC00520 inhibits the expression of downstream tumor suppressor miR-577, up-regulate POSTN, and promote the activation of ILK/AKT/mTOR pathway. Knockdown of LINC00520 can significantly inhibit cell proliferation and tumor growth. In addition, overexpressed LINC00520 was strongly associated with Advanced stage (III – IV grade), poor differentiation, and poor overall survival (95). lncRNA ROR can enhance cell proliferation and invasion ability by increasing the transcription expression of TIMP1. Silencing TIMP1 can reverse the carcinogenic effect of ROR. Similarly, ROR depletion effectively suppressed breast cancer tumor growth in vivo (114). The high expression of RP11-162G10.5 was closely related to tumor size and TNM stage. Mechanistically, RP11-162G10.5 recruited transcription factor YBX1 to the GLO1 promoter and activated the transcription and expression of GLO1, thereby promoting the proliferation in vitro and in vivo (127). DLEU1 can promote cell viability and colony formation, and high expression of DLEU1 is associated with larger tumor size and weight in vivo (122). LINC00473 was upregulated in breast cancer in a camp-dependent manner and promoted cell proliferation by regulating CCND1 transcription (120). ARAP1-AS1 inhibits the expression of PLIN1 at the transcriptional level and promotes the proliferation and migration of BC cells (115).





lncRNA regulates invasion and metastasis

Wang et al. found that STAT1 was significantly enriched in the promoter region of TINCR and directly bound to it, thereby upregulating TINCR expression. Then, TINCR recruits USP20 for de-ubiquitination of PD-L1 and promotes its expression at the protein level, thus increasing the invasion and metastasis ability (73). MEG3 is down-regulated in breast cancer and is closely related to tumor size, lymph node metastasis, and TNM stage. In vitro experiments showed that its overexpression could impair migration and invasion. In vivo experiments have demonstrated that overexpressed MEG3 can effectively inhibit tumor growth (82). The low expression of RAMP2-AS1 as a tumor suppressor in breast cancer is closely related to poor differentiation and lymph node metastasis. Experiments showed that its overexpression could effectively inhibit the viability, proliferation, invasion and metastasis of breast cancer cells, and promote apoptosis. It can effectively inhibit tumor growth in vivo. This is achieved by inhibition of the downstream oncogene CXCL11 by RAMP2-AS1 (84). PH20, a member of the human hyaluronidase family, promotes tumor cell metastasis by degrading hyaluronic acid in the extracellular matrix. PAS1 reduced the tumor volume by inhibiting the expression of PH20, and effectively reduced the number of lung metastatic nodules. In vitro experiments also confirmed that PAS1 knockdown enhanced the migration ability, but after knocking down PH20, the cell migration ability was inhibited again (76). LINC00472 is down-expressed in patients with triple-negative breast cancer and is significantly associated with poor pathological differentiation, lymph node metastasis, and clinical grade. In vitro studies demonstrated the inhibitory effect of overexpressed LINC00472 on cell invasion and metastasis, mainly through inhibition of MCM6 and MEK/ERK pathways. Meanwhile, in vivo experiments also confirmed that LINC00472 effectively inhibited lung nodule metastasis and tumor volume and size in mice by down-regulating MCM6 (89). Low expression of LINC00675 is associated with higher tumor grade and lymphovascular infiltration, and shorter patient survival. In vivo experiments have demonstrated that overexpression of LINC00675 can effectively inhibit cell proliferation, invasion and metastasis (96). FGF14-AS2 significantly inhibited osteolytic metastasis by down-regulating the RUNX2/RANKL axis. Mechanistically, FGF14AS2 inhibits RUNX2 translation by inhibiting eIF4E/eIF4G complex assembly and eIF4E phosphorylation, thereby reducing transcription of RANKL, a key regulator of osteoclast differentiation. Low expression of FGF14-AS2 is closely related to distant metastasis-free survival of patients (106). The nuclear lncRNA HULC plays a role in promoting cancer metastasis in vivo and in vitro by activating the IGF1R/PI3K/AKT pathway. The overexpression of HULC could significantly enhance the invasion and metastasis of breast cancer cells, and the same idea was also verified in the mouse lung metastasis model. In addition, HULC has also been shown to be positively correlated with lymph node metastasis and distant metastasis in patients (121). LncRNA CASC9 is highly expressed in BC tissues and cell lines, and is positively correlated with tumor volume, TNM stage and lymph node metastasis. Moreover, CASC9 silencing significantly inhibited cell invasion, as well as BC-associated human dermal lymphatic endothelial cell invasion and lymphangiogenesis. Mechanistically, CASC9 enhanced the oncogenic ability of SOX4 mainly by increasing its expression (126).





lncRNA regulates apoptosis

LINC01270 inhibits the expression of LAMA2 to enhance the proliferation, invasion and metastasis of tumor cells, and reduces their apoptosis rate. Mechanically, the outcome of this malignant behavior is caused by the impaired ability of LAMA2 to inhibit MAPK pathway activation. Therefore, LAMA2 can inhibit the growth of tumor grafts by inhibiting the activation of MAPK pathway after silencing the expression of LINC01270 (85). The expression of LncRNA MEG3 is lower in breast cancer. With the knockdown of the upstream inhibitory target DNMT1, the highly expressed MEG3 shows high potential for cancer inhibition, including inhibiting cancer cell proliferation and promoting apoptosis, and inhibiting EMT through Notch1 signaling pathway. MEG3 can also effectively inhibit tumor growth in nude mice tumor grafts (75). Patients with up-regulation of LncRNA UCA1 often have a shorter survival time. In vitro experiments, the oncogenic effect of UCA1 is mainly reflected in promoting cell proliferation, enhancing invasion and inhibiting apoptosis (102). Xiong et al. found that high expression of LINC01857 was positively correlated with lymph node metastasis, tumor size, and advanced clinical stage. In vitro experiments demonstrated that LINC01857 knockout could effectively promote cell apoptosis, mechanically, this is achieved through the activation of the downstream CREB1 (124).





LncRNA regulates EMT

The 3-year survival rate of breast cancer patients was inversely correlated with the level of MIAT expression, and stage III patients expressed higher MIAT and lower DLG3 than Stage I-II. Upregulated MIAT exerts its carcinogenic effect by inhibiting downstream cancer suppressor DLG3, whereas silencing MIAT inhibits cell viability, migration and invasion, and EMT. At the same time, silencing MIAT significantly inhibited the xenograft volume and weight in nude mice. Mechanistically, upregulated DLG3 inhibits cancer progression by activating downstream Hippo signaling pathways (86). The high expression of LINC00922 is closely related to the TNM stage and tumor size of patients. LINC00922 enhances cell viability and promotes the invasion and metastasis of cancer cells by inhibiting the downstream target NKD2, and also promotes EMT by activating the Wnt signaling pathway. In vivo studies have also demonstrated that LINC00922 promotes tumor graft growth and enhances lung and liver metastasis of breast cancer by negatively regulating NKD2 (87). LINC00518 is associated with poor prognosis of patients, and its low expression can promote the apoptosis of breast cancer epithelial cells and inhibit the proliferation, invasion and metastasis of cancer cells by increasing the expression of CDX2. In addition, highly expressed CDX2 can inhibit EMT by inactivating the Wnt signaling pathway. All of these antitumor effects were reversed by up-regulated LINC00518. In vivo studies have demonstrated that LINC00518 can promote tumor growth and distant metastasis (90). MALAT1 is highly expressed in breast cancer and negatively correlated with the survival of patients. Knockdown of MALAT1 inhibited EMT, invasion and migration of BC cells in vitro. Similarly, in vivo experiments demonstrated the potent pro-metastatic ability of MALAT1 by up-regulating HMGA2 (98).





lncRNA regulates cell cycle

KIAA1429 enhanced the mRNA stability of LINC00667 and promoted its expression. High expression of LINC00667 can promote cancer cell proliferation, migration and accelerate cell cycle. On the contrary, knockdown of LINC00667 can significantly inhibit the above malignant behavior and block cancer cells in G1/S phase. In vivo experiments also confirmed that LINC00667 can promote tumor growth in mice (132).






miRNAs in BC

As a kind of small ncRNA, miRNA can play an important role in regulating the expression of downstream target genes, and most of them are competitively regulated by other lncRNAs (139–141). The aberrant expression of miRNAs has been widely confirmed to play a crucial role in different biological behaviors in breast cancer (Table 3).


Table 3 | The effects of miRNAs, piRNAs and circRNAs on the biological behaviors of breast cancer.






miRNA regulates proliferation

As a tumor suppressor, miR-381 is negatively regulated by its upstream SNHG1, and low expression of miR-381 is often associated with shorter survival time of patients. In vivo experiments confirmed that overexpression of miR-381 inhibited tumor cell proliferation, invasion and metastasis, and improved DDP resistance (109). miR-3-1915p was down-regulated in ERα positive breast cancer cells, while SETD1A, which was negatively regulated by miR-3-1915p, was up-regulated. In vitro experiments showed that SETD1A depletion significantly inhibited cell proliferation and migration. In addition, SETD1A knockdown also significantly reduced the growth rate of xenografts in mice (111). The expression of miR-216b-5p is low in breast cancer tissues and negatively correlated with lymph node metastasis and tumor size. miR-216b-5p can directly bind to the 3’-UTR of HDAC8 mRNA and significantly inhibit its expression level, which effectively inhibits the malignant proliferation of breast cancer cells (118). As a carcinogenic factor, inhibition of miR-941 expression can significantly reduce the expression level of cyclin D1 and increase the expression level of P21 and inhibit the proliferation of BC cells. In addition, inhibition of miR-941 could also increase the expression of E-cadherin and reduce the expression of MMP-13 protein, thereby inhibiting invasion and metastasis (128).





miRNA regulates invasion and metastasis

miR-34c-3p, an upstream regulator of METTL3, is able to bind directly to the 3’-UTR of its mRNA and down-regulate its expression, which then promotes the ability of migration and invasion. In vivo tumorigenic assays in nude mice also demonstrated that inhibition of miR-34c-3p expression significantly inhibited tumor growth and metastasis in vivo (93). As a tumor suppressor, miR-135 is poorly expressed in BC and closely related to lymph node metastasis. xu et al. found that overexpression of miR-135 could effectively inhibit EMT, invasion and migration abilities. In addition, miR-135 effectively suppressed tumor growth and metastasis in vivo by down-regulating ZNF217/NANOG (100). As a tumor suppressor, the overexpression of miR-181b-3p can significantly inhibit cell migration and invasion. However, miR-181b-3p is down-regulated in HER2-positive breast cancer cells due to FTO regulation (104).





miRNA regulates apoptosis

It has been established that miR-59-3p directly targets SIRT1, and that miR-59-3p dramatically reduces SIRT1 expression. In addition, miR-59-3p could up-regulate p53 and eventually lead to the up-regulation of BAX and p21, which significantly inhibited the cell viability and promoted apoptosis of BC cells (125).





miRNA regulates EMT

Overexpressed miR-770-5p can up-regulate the expression of CDH1, effectively inhibit the mobility and invasion ability of TNBC cells, and significantly inhibit EMT (80). As an oncogenic factor, miR-29a promotes EMT, invasion and metastasis of breast cancer cells by up-regulating EGR1 and CTGF. Moreover, miR-29a promoted lung metastasis of breast cancer cells in vivo by inhibiting SUV420H2 expression (108).





miRNA regulates cell cycle

miR-142-5p is positively regulated by the upstream target McL-1 and promotes the expression of maspin to play a tumor suppressor role and cause G1 phase arrest. In vivo experiments have confirmed that the tumor of nude mice in the group with high expression of miR-142-5p has a smaller volume and slower growth rate (77). Wang et al. found that miR-22 plays a dual role in fulvestrant-resistant breast cancer cells. Either inhibition or overexpression of miR-22 enhanced the expression of p21Cip1/Waf1 and p27Kip1, and thereby inhibited cell proliferation, induced apoptosis, and caused cell cycle S-phase arrest (119).





miRNA regulates immune cell

Macrophages are divided into a classically activated M1 phenotype and an alternatively activated M2 phenotype based on their differentiated surface receptor expression and function. M1 macrophages usually play an anti-tumor role, while M2-polarized macrophages are usually considered as tumor-associated macrophages (TAMs), which promote cancer progression through angiogenesis, lymphangiogenesis regulation and immunosuppression. miR-138-5p prevented M1 polarization and promoted M2 differentiation of macrophages by inhibiting the expression of KDM6B in macrophages, and significantly promoted lung metastasis of breast cancer in mice (113). HDAC3, as an oncogenic factor, can inhibit cell viability, migration, EMT and promote cell apoptosis by up-regulating the expression of miR-3a-130p. Furthermore, it is also found that HDAC3 could inhibit the proliferation and promote apoptosis of CD8+/CD69+/PD-1+T cells (117).






circRNAs and piRNAs in BC

circIQCH is upregulated in metastatic breast cancer and has been shown to promote cell proliferation and metastasis in vitro. In addition, inhibition of circIQCH in lung metastasis in nude mice has been shown to reduce the number of lung metastatic nodules. The above carcinogenic effects were mainly achieved by circIQCH acting as a sponge for miR-145 (79). Li et al. found that circMETTL3 was stably and highly expressed in breast cancer tissues and could promote cell proliferation and enhance cell migration and invasion in vitro and in vivo (133). piR-651 is upregulated in breast cancer and plays a pro-cancer role, such as promoting cell proliferation and invasion, promoting cell cycle progression and inhibiting cell apoptosis by blocking G2/M phase, while reducing piR-651 has a significant anti-cancer effect (78).




Potential clinical application of ncRNAs in BC drug resistance

One of the most prevalent malignancies in women and the main cause of death is breast cancer. Despite significant attempts to enhance breast cancer early diagnosis and treatment effectiveness, the frequent emergence of drug resistance remains a prominent factor in cancer patients’ poor prognoses (142, 143). ncRNAs interact with a range of RNAs and proteins and are dysregulated in a number of cancers, ultimately leading to drug resistance (144, 145). As a result, ncRNAs associated with cancer resistance can be investigated as pertinent therapeutic targets and may offer new choices for patients with cancer resistance.

Programmed cell death -1 receptor (PD-1) is an important immunosuppressive molecule, which is activated by binding with PD-L1 and expressed on the surface of immune effector cells to inhibit the activation and proliferation of T cells, deplete the function of effector T cells, and enable tumor cells to achieve immune escape (146). It has been reported that lncRNA TINCR inhibits ubiquitination of PD-L1 through a dual mechanism of up-regulation of USP20 to ensure its stable expression at the protein level. In the cytoplasm, TINCR sponges miR-199a-5p to increase USP20 mRNA stability. In the nucleus, TINCR can attract DNMT1 to support the methylation of miR-199a-5p, which inhibits its transcription and lessens its inhibition of USP20 mRNA stability in the cytoplasm. This, in turn, causes the expression of PD-L1 to be upregulated, which induces immune escape (73). This mechanism fully demonstrates the potential of TINCR as an immunotherapeutic target for breast cancer.

Cytotoxic drugs are still the first line of treatment for metastatic cancer, but the emergence of evolving drug-resistant cancer cells is a major obstacle on the road to chemotherapy (147, 148). Autophagy is a physiological mechanism by which tumor cells can effectively avoid cell death and induce drug resistance (144, 149). Planned cell degradation and proper recovery of damaged organelles can effectively reduce cell stress caused by cytotoxic substances, thus avoiding cell death and generating resistant cancer cells (150). H19 is significantly upregulated in tissues and cell lines of tamoxifen-resistant patients and promotes autophagy of breast cancer cells by promoting Beclin1 expression. On the contrary, H19 knockdown can inhibit autophagy synthesis, reduce the formation of autophagosomes and autolysosomes, and induce G2/M cell cycle arrest. This was also confirmed in xenografts in nude mice, where inhibition of H19 expression inhibited autophagy and restored tamoxifen sensitivity, significantly inhibiting tumor volume and mass (81). The discovery of this target can provide a new therapeutic target for tamoxifen resistant patients in the future. MEG3, as a cancer suppressor, is regulated by methylation, resulting in decreased expression, especially in drug-resistant cell lines. The expression of MEG3 is restored by the combination of DNA methyltransferase inhibitor 5-aztidine, and the combination of MEG3 and chemotherapy agents in drug-resistant cell lines can significantly inhibit invasion and migration. This means MEG3 has the potential to be an important target for resistance (83). METTL3 increased the expression of miR-221-3p in ADR-resistant cells in a m6A mRNA methylation-dependent manner, and miR-221-3p in turn negatively regulated tumor suppressor HIPK2 to promote ADR-resistance. In vivo experiments confirmed that HIPK2 overexpression reduced the expression of Che-1, increased the expression of apoptotic protein Bax, decreased the expression of Bcl-2, and promoted cell apoptosis. In addition, overexpression of HIPK2 also reduced the expression of drug resistance proteins BCRP and MDR1, effectively inhibiting drug resistance. These tumor suppressive effects of HIPK2 could be inhibited by the overexpression of upstream miR-221-3p. Therefore, miR-221-3p is expected to be a new therapeutic target (134). METTL3 and LINC00662 promote each other’s expression in the form of a positive feedback pathway. Knockdown of LINC00662 can effectively promote the apoptosis of docetaxel-resistant cells and reduce their metastatic ability (97). METTL3 mediates the overexpression of MALAT1 in adriamycin resistant breast cancer through m6A. Subsequently, MALAT1 activates AGR2 transcription by recruiting E2F1 to increase the resistance of breast cancer cells to adriamycin and promotes cell proliferation and metastasis. In addition, silencing AGR2 effectively reduced the size and weight of tumor suppressors (99). Overexpression of piR-17560 derived from senescent neutrophil exosomes conferred docetaxel resistance to tumor cells, mainly through piR-17560/FTO/ZEB1 axis. Subsequent studies confirmed that upregulated ZEB1 could significantly promote chemoresistance and EMT of BC cells (105). Wtap-induced DLGAP1-AS1 was overexpressed in ADR-resistant BC cells. Further studies found that DLGAP1-AS1 promoted its expression in a positive feedback manner by targeting miR-299-3p/WTAP axis and increased the drug resistance of BC cells by promoting their proliferation and inhibiting apoptosis (107). CUL4B increased the expression of ER-α36 at the post-transcriptional level by inhibiting miR-32-5p, which reduced the sensitivity of breast cancer cells to tamoxifen. Moreover, knockdown of CUL4B effectively inhibited the growth of tamoxifen-resistant tumor grafts (110). UCA1 was upregulated in tamoxifen-resistant cells and was able to significantly enhance the viability of cells treated with tamoxifen. By silencing the expression of UCA1, it was able to promote G2/M phase cell cycle arrest, which was achieved by reducing the expression of p21 by UCA1. In addition, UCA1 significantly enhanced the resistance of breast cancer cells to tamoxifen by activating CAMP responsive element binding protein (CREB) through PI3K/AkT-dependent pathway (112). miR-22 plays a dual role in fulvestrant-resistant BC cells. Knockdown of miR-22 decreased the expression of cyclin E, up-regulated the expression of p21Cip1/Waf1 and p27Kip1, significantly inhibited cell proliferation, induced cell apoptosis and caused cell cycle arrest in S phase. Surprisingly, overexpression of miR-22 plays the same biological role. This implies that knockdown or ectopic expression of miR-22 is able to induce S-phase arrest and apoptosis by up-regulating p21Cip1/Waf1 and p27Kip1, which re-sensitizing drug-resistant cells to fulvestrant (119).







Conclusion

As one of the forms of epigenetic modification, ncRNA has been intensively studied in the occurrence and development of breast cancer. At the same time, with the development of epitranscriptomics, further studies have found that ncRNAs can interact with other epigenetic modifications, such as DNA methylation, RNA methylation and histone modification, through different pathways. However, at present, the biological role of ncRNA and RNA methylation in breast cancer mainly focuses on m6A modification, and others such as m5C modification and m7G modification have not been confirmed. The ubiquitination modification and hematoxylin modification in histone modification also need to be further revealed.

This review summarizes the mechanisms and biological implications of ncRNAs and other major epigenetic modifications in breast cancer, but there is still much work to be done to study the dysregulation of epigenetic mechanisms related to pathological processes. Further studies may focus on less studied RNA modifications and histone modifications, such as m1A modification, m5C modification, etc. In addition, additional clinical trials are needed to determine the potential diagnostic and therapeutic effects of ncRNAs interacting with other epigenetic modifications in breast cancer patients.
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