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Abstract
Cancer initiation and development engage extremely complicated pathological processes which involve alterations of a large number of cell signaling cascades and functional networks in temporal and spatial orders. During last decades, microRNAs (miRNAs), a class of non-coding RNAs, have emerged as critical players in cancer pathogenesis and progression by modulating many pathological aspects related to tumor development, growth, metastasis, and drug resistance. The major function of miRNAs is to post-transcriptionally regulate gene expression depending on recognition of complementary sequence residing in target mRNAs. Commonly, a particular miRNA recognition sequence could be found in a number of genes, which allows a single miRNA to regulate multiple functionally connected genes simultaneously and/or chronologically. Furthermore, a single gene can be targeted and regulated by multiple miRNAs. However, previous studies have demonstrated that miRNA functions are highly context-dependent, which leads to distinct pathological outcomes in different types of cancer as well as at different stages by alteration of the same miRNA. Here we summarize recent progress in studies on miRNA function in cancer initiation, metastasis and therapeutic response, focusing on breast cancer. The varying functions of miRNAs and potential application of using miRNAs as biomarkers as well as therapeutic approaches are further discussed in the context of different cancers.
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INTRODUCTION
In the human genome, protein coding genes (around 20000) only represent approximately 1.5% of entire DNA sequences[1]. Since little discernible function was known about the majority of non-coding sequences, they were called “junk DNA”. However, recent data provided by ENCODE project and other research progress have revealed that a large portion of “junk DNA” may pertain to important biological functions, such as host regulatory DNA sequences, long interspersed elements, short interspersed elements and non-coding RNA genes. Non-coding RNA (ncRNA) comprises several classes of functional RNA transcripts, including ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), small neucleolar RNA (snoRNA), long non-coding RNA (lincRNA), small interfering RNA (siRNA) and microRNA (miRNA), which have been shown to exert critical roles such as regulating transcription, stability and translation of protein-coding genes[2,3]. The most studied ncRNAs to date are miRNAs, owing to their crucial functions in control of varying biological and pathological processes, such as development, cell proliferation, differentiation, programmed cell death and stress response. Most miRNAs are highly conserved across different species, while exhibiting high specificity to tissue/cell types and developmental stages. The involvement of miRNAs in cancer initiation and progression was first reported in chronic lymphocytic leukemia[4]. Later studies further revealed that miRNAs may serve as either tumor suppressors or oncogenes (also known as oncomiRs) in a variety of cancers, depending on which genes or pathways were regulated/dysregulated by particular miRNA in a specific cancer type[5,6]. Meanwhile, an individual gene could be regulated by multiple miRNAs, which further underscored that the potential pathological impact of specific miRNA or miRNA cluster may vary in different types of cancer[5,7,8]. High throughput analyses using expression microarrays or next-generation sequencing have revealed that miRNAs are dysregulated in most types of human cancer[9,10]. Moreover, the aberrant expression signatures of miRNAs have been suggested to have diagnostic, prognostic, predictive and therapeutic values[11-14].

As many outstanding reviews have comprehensively described the current understanding of the pathophysiological functions of miRNAs and their involvement in cancer initiation, progression and metastasis[3,5,6,14,15] , here we only summarize the recent progress in these research areas and focus on miRNA function in cancer therapeutic response, especially in breast cancer. The potential application of using miRNA signatures as predictive biomarkers for cancer therapeutic response and how these insights can be used for the development of novel anti-cancer regimens targeting miRNAs are further discussed. 

MIRNA GENERATION AND FUNCTION

MiRNAs are a family of single-strand RNAs ranging from 19 to 24 nucleotides, which are predominantly transcribed from the genome as primary miRNAs by RNA polymerase Ⅱ[16,17]. The primary transcripts then undergo a multi-step process to generate precursor and mature form of miRNAs. The initial transcription of miRNA genes yields long, capped and polyadenylated primary miRNA transcripts, varying from several hundreds to several thousands of nucleotides. These primary transcripts are subsequently processed by a nuclear microprocessor complex consisting of ribonuclease (RNase) Ⅲ Drosha and DGCR8 (DiGeorge syndrome critical region 8, also known as Pasha), yielding precursor miRNAs (Pre-miRs)[18]. Besides the core components of the Drosha microprocessor, several additional proteins, including the DEAD-box helicase proteins p68/DDX17, NF90 and NF45, have been shown to interact with Drosha and facilitate the processing of nearly one-third of pri-miRNAs. Alternatively, pre-miRNAs can also be generated by RNA splicing when the miRNA sequence resides in intron of a protein-coding gene and is co-transcribed with the mRNA of the host gene. Precursor miRNAs form a complex with exportin 5 (XPO5) and Ran-GTP, which is then transported into the cytoplasm. The hairpin structure of pre-miRNAs can be recognized by cytoplasmic type III RNase Dicer which further cleaves pre-miRNAs into double-stranded miRNAs. Then, the miRNA double strands are separated, and the mature miRNA can be loaded into the RNA-induced silencing complex (RISC) along with its target mRNAs, leading to posttranscriptional gene silencing[19-21] (Figure 1). 

In general, miRNAs post-transcriptionally decrease gene expression by inhibiting ribosome-dependent translation and/or destabilizing mRNAs of target genes. Typically, mature miRNAs recognize their target genes through sequence-complementarity within the 3ʹ-untranslated region (3′-UTR) of mRNA to the miRNA seed region (nt. 2-7). However, several lines of evidence indicated that miR​NAs can also bind to 5′-UTRs or open reading frames (ORFs) of a target mRNA and repress its expression[22,23]. By comparison, ORF targeting appears less frequent and less effective than 3′-UTR targeting but still much more frequent than 5′-UTR targeting based on the computational and experimental genome-wide analyses.

The overall function of miRNAs is believed to negatively regulate gene expression. However, recent evidence suggested that certain miRNAs, such as miR-369, can enhance the translation via binding to the AU‑rich elements of the target gene mRNA[24]. Moreover, miR-328 was found to indi​rectly increase the protein output by promoting release of translation-inhibiting hnRNP E2 from the target gene mRNA, thereby de-repressing translation[25]. In addition, miR-373 was shown to induce expression of genes with complementary promoter sequences, while miR-10a can bind to the 5′-UTR of ribosomal protein gene transcripts and augments their translation[26]. Nevertheless, in contrast to the well-studied consensus mechanism of miRNA-dependent gene silencing, much remains to be learned about how miRNA up-regulate gene expression.

In addition to intracellular functions, abundant miRNAs are detected in the serum and other biological fluids. Circulating miRNAs are released from source cells into extracellular milieu and can be taken up by recipient cells via endocytosis. This process may be mediated by as yet unidentified miRNA-binding mem​brane receptors on the recipient cells[27]. The circulating miRNAs can act on neighboring cells as well as at remote sites in a paracrine and endocrine fashion, suggesting their roles in mediating both short- and long-range intercellular commu​nication[28,29]. The uptaken miRNA could regulate target gene expression via RISC in recipient cells, or induce pro-metastatic inflammatory response by binding to intracellular Toll-like receptors (TLRs)[28].

MIRNAS IN CANCER DEVELOPMENT

MiRNAs have been shown to play pivotal roles in cancer initiation and progression. It was found that miRNA genes were frequently located within cancer-associated genomic regions, either amplified or deleted, and miRNAs can act either as oncogenes or tumor suppressors, depending on regulated genes and cancer types[30]. Furthermore, a particular miRNA can exploit both tumor-suppressive and oncogenic functions depending on the cellular context of its target genes in different cancers. 

The first evidence that miRNAs may be involved in human cancer pathogenesis was derived from a study aiming to identify tumor suppressors within the 13q14 region which is frequently deleted in chronic lymphocytic leukemia (CLL)[4]. It was found that, in 69% of CLL patients analyzed, polycistronic miR-15a and miR-16-1 were deleted or downregu​lated by epigenetic inhibition. Since downregulation of miR-15a/16 is observed in the majority of indolent CLLs, loss of miR-15a and miR-16-1 is likely among the initiating events in the pathogenesis of this disease[4]. Subsequent studies revealed additional tumor suppressor miRNAs including the let‑7 family and miR‑34 family[15]. These tumor suppressor miRNAs were shown to target varying protein-coding oncogenes for translation inhibition or mRNA decay[5]. For example, miR‑15a and miR‑16‑1 inhibit the expression of anti-apoptotic gene BCL2 (B cell lymphoma 2) and MCL1 (myeloid cell leukemia 1), both of which are well-established oncogenes in hematopoietic cancers.

The tumor suppressive effects of let-7 have been attributed to inhibition of a list of oncogenes, such as KRAS, CCND1, CDK6, HOXA9, TLR4 and MYC[31-33]. Let‑7 was also found to negatively regulate self-renewal and tumorigenicity of breast cancer initiating cells through repressing cell proliferation and growth as well as inducing cell cycle exit and terminal differentiation. It has been proposed that cancer stem-like cells or tumor initiating cells may play important roles in breast cancer incidence. Consistently, ectopic expression of miRNAs from the let-7 family was shown to suppress mammary tumor development in mouse models[33]. Furthermore, by comparing miRNAs in normal stem cells from the mammary gland and cancer stem-like cells from DCIS tumors, miR-140 was found to be significantly decreased in cancer stem-like cells but not in normal stem cells, indicating that miR-140 may play a critical role in preventing malignant transformation of mammary stem cells. The downregulation of miR-140 may be associated with DNA hypermethylation in breast cancer cells. Further investigation found that expression of stem cell marker SOX9 and ALDH1, which are significantly upregulated in DCIS stem-like cells, are repressed by miR-140. Accordingly, overexpression of miR-140 decreased expression of SOX9 and ALDH1 in ER-/basal-like DCIS mammospheres, and reduced tumor growth in vivo[34]. These studies indicated that tumor suppressive miRNAs may antagonize tumor formation by reducing cancer initiating cell population. 

 Tumor suppressive miRNAs may also work downstream of coding tumor suppressor genes, which may directly regulate miRNA expression. For instance, tumor suppressive miR-205 can be directly transactivated by the tumor sup​pressor p53[35]. Moreover, a study evaluating miR-205 expression in a panel of highly aggressive triple-negative breast cancer cell lines demonstrated that miR-205 is substantially downregulated compared with normal cells. Accordingly, reconstitution of miR-205 expression strongly reduced cancer cell proliferation and tumorigenic potential in cell culture models and inhibited tumor growth in animal models. The miR-205-dependent tumor suppression is attributed, at least in part, to repressing E2F1 and LAMC1, resulting in blockade of cell cycle progression as well as reduced cell adhesion and migration[35].

Similarly, oncogenes may also promote tumor growth by inhibiting tumor suppressor miRNAs. It was found that estrogen downregulated miR-34b in ER-positive/p53 wild-type breast cancer cells, as well as in ovarian and endometrial cells, but not in ER-negative or p53 mutant breast cancer cells[36]. The negative association between ER and miR-34b expression levels has also been validated in ER-positive breast cancer patients. miR-34b was found to inhibit expression of cyclin D1 and Jagged-1 (JAG1) in breast cancer cells. It may also mediate tumor suppressor p53 signaling by repressing oncogenes such as cyclin-dependent kinase 4 (CDK4), MYC and MET[37]. In addition, overexpression of miR-34b could inhibit tumor growth in an orthotopic xenograft mouse model transplanted with ER-positive breast cancer cells, but not with ER-negative or p53 mutant breast cancer cells[36]. These results suggest that downregulation of miR-34b may play an important role in ER-driven breast cancer tumorigenesis.

In contrast to the anti-tumorigenic functions described above, oncogenic miRNAs, such as miR‑21, miR‑17‑92 cluster and miR‑155, exhibit strong cancer-promoting activity in various human malignancies. As a well-characterized oncomiR, miR‑21 was found to be upregulated in almost all cancer types[38]. In vivo studies revealed that cancer cells showed strong addiction to miR-21, whereas inactivation of miR-21 induced complete tumor regression in a pre-B-cell lymphoma model[39]. In breast cancer, repression of the tumor suppressors such as PTEN, PDCD4 and TPM1 by miR-21 was demonstrated to mediate cancer cell survival and proliferation. A strong correlation between the high expression level of miR-21 and advanced clinical stage, lymph node metastasis and poor prognosis has also been found in breast cancer patients[40-42]. It was found that the increased ratio between miR-21 and PDCD4 level in bone marrow of breast cancer patients showed a significant correlation with shortened disease-free survival (DFS) and overall survival (OS)[43]. Meanwhile, the expression of miR‑17‑92 cluster, another well-studied oncomiR located within 13q22, was found to be frequently increased in a variety of cancers such as breast cancer, lung cancer, colon cancer and lymphoma, through gene amplifica​tion or transcriptional activation[38]. Interestingly, this miRNA cluster was found to be a direct downstream target of the MYC oncogene, and the increased expression of miR-17-92 could attenuate apoptosis induced by MYC amplification, thereby promoting B cell lymphoma development in a mouse model[44,45]. These findings suggest that upregulating miR-17-92 may contribute significantly to the oncogenicity of MYC. In contrast, blockade of miR-17 decreased the breast cancer cell invasion/migration in vitro and metastasis in vivo[46]. Moreover, a series of studies have shown that miR-17-92 cluster acts as an oncogenic gene to promote breast cancer cell invasion and migration through diverse signaling cascades such as Wnt/-catenin pathway and miR-17-92/ZBTB4/Sp axis[46-51]. Likewise, miR-27a was also found to play oncogenic roles though ZBTB/Sp cascade in breast cancer cells. Upregulation of miR-27a has been shown to repress ZBTB10 and Myt-1 expression in breast cancer cells, which promoted cancer cell proliferation[52]. Inhibiting miR-27a by miR-27a antagmir or anti-cancer drugs, such as betulinic acid, resulted in increased ZBTB10 and decreased Sp family of transcription factors expression in breast cancer cells, thereby leading to consequent growth suppression[52-54].

Recent studies also demonstrated that differentially expressed miRNAs correlated to specific pathological features in breast cancer, such as tumor grade, disease stage, proliferation index and vascular invasion[55]. Moreover, a panel of differentially expressed miRNAs have been identified between ER+ and ER- breast cancer patients. In this panel, miR-191 and miR-26 are the most significantly upregulated miRNAs, while miR-206 was at the opposite end of spectrum[54]. In another study, miR-7, miR-128a, miR-210, and miR-516-3p were identified to be significantly associated with ER+ luminal signature and breast cancer aggressiveness[56]. All these studies support the potential application of miRNA profiling in cancer diagnosis and subtype characterization.

MIRNAS IN CANCER METASTASIS

It has been demonstrated that miRNAs also play critical roles in tumor metastasis by regulating the migration and invasion of cancer cells[57,58]. A pair of basal-like subtype breast cancer-specific miRNAs, miR-221 and miR-222, could promote epithelial-to-mesenchymal transition (EMT), a phenotype strongly associated with cancer invasion and metastasis, by repressing epithelial genes while enhancing mesenchymal gene expression[59-61]. The transcription of miR-221/222 can be directly upregulated by FOSL1 (also known as Fra-1), a RAS-activated FOS family transcription factor, and the level of miR-221/222 decreased when MEK (mitogen-activated or extracellular signal-regulated protein kinase) was inhibited, which suggest that miR-221/222 cluster is a transcription target of the oncogenic RAS-RAF-MEK signaling pathway. The miR-221/222-mediated decrease of the mesenchymal signature gene E-cadherin is dependent on repression of trichorhinophalangeal syndrome type 1 (TRPS1), which is a miR-221/222 target and a transcriptional repressor belonging to GATA family. Decrease of TRPS1 could enhance the transcription of zinc finger E-box-binding homeobox 2 (ZEB2), thereby inhibiting E-Cadherin expression while up-regulating Vimentin[60]. Besides, miR-9 was found to directly repress E-Cadherin expression in breast cancer cells, resulting EMT transition as well as activation of -Catenin signaling[62]. The activated -Catenin promotes VEGF (vascular endothelial growth factor) transcription, which in turn enhances angiogenesis during the secondary tumor formation. Therefore, these data strongly support the hypothesis that miRNAs may contribute to the aggressiveness of breast cancer by promoting EMT.

In contrast, miR‑126 decreases the ability of breast cancer cells to remodel the metastatic niche by recruiting endothelial cells from the tumor microenvironment, leading to reduced metastatic colonization[63]. Meanwhile, miR-335 was found to target the stemness transcription factor SOX4 and extracellular matrix protein tenascin C, resulting in suppression of breast cancer cell metastasis and migration. Consistently, decrease of miR-335 was found in the majority of primary tumors from breast cancer patients who eventually relapsed, which was also associated with poor DMFS[64]. Interestingly, it was found that treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and selective AHR modulator 6-methyl-1,3,-trichlorodibenzofuran (MCDF) could induce miR-335 expression and SOX4 downregulation in several breast cancer cell lines, which inhibited cancer cell growth and lung metastasis in vivo[65,66]. In addition, it was found that significant decrease of miR-34a/c was associated with breast cancer metastasis and lymph node invasion. Overexpression of miR-34a/c leads to decreased breast cancer cell motility and invasiveness as well as reduced distal lung metastasis in animal models. Additional studies found that Fra-1 mRNA and protein levels were decreased by miR-34a/c upregulation, indicating that FOSL1 is a downstream target of miR-34a/c. Furthermore, significant decrease of miR-34a in breast cancer metastases inversely correlates with Fra-1 expression, confirming the critical role of miR-34a-Fra-1 axis in regulating metastasis[67]. As we discussed above, FOSL1/Fra-1-dependent upregulation of miR-221/222 has been linked with aggressiveness of breast cancer[60], and miR-221/222 may serve as indirect downstream target of miR-34a/c for its anti-metastatic activity. The similar crosstalk between miRNAs and their critical roles in cancer progression have been further supported by other studies. A recent study showed that miR‑22 may suppress expression of anti-metastatic miR‑200, which increased the population of breast cancer stem-like cells and promote metastasis in mice. It was found that miR-22 directly targets the TET (Ten eleven translocation) family of methylcytosine dioxygenases, which promotes DNA demethylation of the miR‑200 promoter and its transcriptional activation. The negative correlation between miR-22 and TET-miR-200 axis was also confirmed in metastatic breast cancer patients, supporting the clinical relevance of miRNA crosstalk in breast cancer progression[68].

 Some miRNAs can promote oncogenesis in one cancer type while suppressing tumor development in the other. For instance, although the miR-221 has critical roles in antagonizing breast cancer metastasis and aggressive behaviors, overexpression of miR‑221 in liver cancer promoted tumor initiation by inhibiting the expres​sion of the tumor suppressor phosphatase and tensin homolog (PTEN)[69]. On the contrary, miR-221 acts again as a tumor suppressor in erythroblastic leukemia by reducing the expression of the KIT oncogene[70]. The complex interactions between miRNAs and protein-coding genes in various cancers indicate that therapies targeting both miRNA and protein-coding genes may be required for effectively controlling cancer progression. However, when miRNAs are considered as emerging therapeutic targets, the selection of miRNA may be highly cancer type- and even stage-specific.

MIRNAS IN CANCER THERAPEUTIC RESISTANCE

Therapeutic resistance is the major obstacle of effective cancer treatment, and plays paramount roles in cancer relapse and cancer-related deaths. Previous studies have demonstrated that drug resistance of cancer cells can be mediated by a variety of mechanisms including the removal or detoxification of the drug, upregulation of anti-apoptotic processes, or alteration of drug transporters such that the therapeutic agent cannot gain entry into the target cells or is immediately exported. Recently, dysregulation of miRNAs was found to not only affect cellular processes involved in carcinogenesis, but also have a direct impact on the cancer therapeutic response. A number of oncogenic miRNAs (e.g., miR-9,-155, -21) have been shown to induce chemoresistance in vitro by modulating expression of key resistance-associated genes[5,71-73]. In breast cancer, miRNAs have been implicated to affect the response to different types of treatments, including anti-endocrine therapies, targeted therapies, chemotherapy, and radiotherapy, via treatment-specific or shared mechanisms.

Chemotherapy

The importance of ATP-binding cassette (ABC) transporter proteins, including multidrug resistance protein 1 (MDR1/P-glycoprotein/ABCB1), breast cancer resistance protein (BRCP/ABCG2) and multidrug resistance-associated proteins 1/2 (MRP1/ABCC1, MRP2/ABCC2), in the development of chemoresistance has been well-established[74]. Recently, miRNAs were reported as key regulators of drug transporter gene expression in cancer cells. For example, miR-328 was shown to negatively regulate BRCP by directly targeting 3′-UTR of ABCG2 and consequently influence drug disposition in breast cancer cells. miR-328-directed downregulation of ABCG2 expression significantly improved response to the chemotherapeutic agent mitoxantrone in a cell culture model[75]. Besides, several other miRNAs have been found to target MDR1, including miR-451[76], miR-7, miR-345[77], and miR-326[78], all of which increased cancer cell sensitivity to numerous chemotherapeutic agents. In addition, miR-128-depedent repression of BMI1 and ABCC5 (MRP5) has been implicated in the improved response to doxorubicin treatment, both in vitro and in breast cancer patients[79]. Reduction of miR-128 leads to upregulation of Bmi-1 and ABCC5 in breast tumor initiating cells, which contributes to chemotherapeutic resistance in breast cancer. Ectopic expression of miR-128 sensitizes breast tumor initiating cells to the pro-apoptotic and DNA-damaging effects of doxorubicin, indicating the potential therapeutic value of miR-128 in reducing drug resistance. Moreover, miRNAs may indirectly repress drug resistance gene expression by repressing their upstream activators. It was reported that miR-137 was significantly decreased in cancer cells resistant to doxorubicin. Further investigation revealed that miR-137 can directly repress the expression of constitutive androstane receptor, a nuclear receptor promoting MDR1 gene transcription, thereby downregulating MDR1 expression[80]. In contrast, miR-21 may upregulate MDR1 expression through repressing PDCD4, a miR-21 target gene, leading to reduced apoptosis and chemotherapeutic resistance[81]. The increase of MDR1 may be associated with decreased interaction between PDCD4 and eIF4A, resulting in enhanced protein translation. 

 It has been recognized that one miRNA could simultaneously target multiple genes sharing the same miRNA-recognition sequence, and these genes could be involved in a specific signaling network and play additive or synergistic roles in regulating cellular processes, such as apoptosis, proliferation or cell survival processes. For instance, chemotherapeutic drugs could upregulate miR-21 expression in breast cancer cells, which in turn inhibits chemodrug-induced apoptosis and promotes therapeutic resistance. Both PTEN and PDCD4 were identified as miR-21 target genes in this experimental setting, whose downregulation could promote cancer cell survival and proliferation[82]. Moreover, miR-34a was found to regulate human breast cancer cell response to docetaxel through targeting BCL-2 and CCND1[83]. Furthermore, miR-125b was found to inhibit pro-apoptotic BCL-2 antagonist killer 1(BAK1) expression. Upregulation of miR-125b in breast cancer cells could markedly inhibit taxol-induced cytotoxicity and apoptosis, and consequently increase the resistance to taxol[84]. In parallel, miR-125b directly targets the E2F3 gene, which regulates cell proliferation and apoptosis[85]. Interestingly, circulating miR-125b in breast cancer patient serum may also serve as a biomarker predicting chemoresistance. Tumor samples from breast cancer patients with high levels of circulating miR-125b showed increased cancer cell proliferation and decreased apoptosis. Accordingly, ectopic miR-125b expression correlated with increased resistance to anticancer drugs, whereas suppressing miR-125b level improved breast cancer cell sensitivity to chemotherapy[85]. Additional studies also revealed that inhibition of miR-21 and miR-200b enhanced sensitivity to doxorubicin in breast cancer cells, which may be mediated by repression of PDCD4 and PTEN, as well as upregulation of pro-apoptotic genes due to ZEB1 inhibition, respectively[81,86,87] .

All these findings indicate that miRNAs may regulate cancer cell response to chemotherapeutic drugs by targeting multiple genes, simultaneously or in parallel, which lead to complex changes in varying cellular processes, such as proliferation and apoptosis. A list of miRNAs involved in sensitivity to chemotherapy in breast cancer can be found in Table 1.

Anti-endocrine therapy

Anti-estrogen therapy is prescribed as standard treatment for ER-positive breast cancer and tamoxifen has been shown to reduce mortality in these patients by 31%[88]. However, many patients subsequently display resistance and clinical progression, and the involved mechanisms have not been fully understood. Multiple miRNAs have been implicated in mediating anti-estrogen therapy resistance by modulating ER expression, receptor tyrosine kinase signaling, cell survival signaling, and apoptosis[89,90]. MiR-221/222 were shown to be key regulators of anti-endocrine resistance in vitro, and the resistance could be achieved by downregulation of cell-cycle inhibitor p27/Kip1 and ER[91,92]. Overexpression of miR-221/222 promoted resistance to tamoxifen in MCF-7 cells. Moreover, knockdown of miR-221/222 sensitized ER+ breast cancer cells to tamoxifen-induced cell growth arrest and apoptosis. The protein level of p27/Kip1, which has been demonstrated as a direct target of miR-221/222, decreased along with miR-221/222 overexpression in MCF-7 cells. Additionally, ectopic p27/Kip1 increased cell death in the endocrine resistant cells exposed to tamoxifen. In parallel, overexpression of miR-221/222 in MCF-7 and T47D cells decreased ER protein, but not mRNA, level, while miR-221/222 depletion partially rescued ER downregulation in these cells[92]. Besides, the miR-221/222-mediated resistance to fulvestrant, a drug inducing ER degradation, was also attributed, at least in part, to the activation of -catenin and estrogen-independent growth of breast cancer cells[93]. In an in vivo study  using miRNAs as therapeutic targets, it was found that when anti-miR222 and -181b were directly delivered into mammary tumor xenografts, the growth of tamoxifen-resistant xenografts was suppressed[94]. The authors subsequently found that miR-221, -222, and -181b all target TIMP3 directly, and knockdown of TIMP3 in MCF7 cells enabling tumors to grow in the presence of tamoxifen. A significant association was found between the expression level of miR-221 and hormone receptor (HR) status in breast cancer patients. High plasma miR-221 level was associated with HR-negative genotype as well as poorer overall response rate to neoadjuvant chemotherapy and shorter overall survival. Additional studies also found that plasma miR-221 may have predictive value in assessing chemoresistance in patients with breast cancer who received neoadjuvant chemotherapy[95].

In contrast, miR-30c was shown to be associated with a better response to endocrine therapy in advanced ER+ breast cancer. Higher expression level of miR-30c was found in patients with longer progression-free survival (PFS) after tamoxifen treatment, which may be attributed to inhibited HER and RAC1 signaling pathways[96]. It was also found that miR-301 was upregulated in mammary tumor vs normal tissue. Moreover, miR-301 expression increased again in patients that relapsed following tamoxifen treatment, but not in those who remained relapse-free[97]. Consistently, downregulation of miR-301 in tamoxifen-resistant cells restored the sensitivity to the drug. A summary of miRNAs involved in sensitivity to antiendocrine therapy in breast cancer can be seen in Table 2.

Targeted therapy

Targeted therapy has brought great success in treating selected subtypes of breast cancer, but the subsequent drug resistance is not rare. Compared with chemotherapy and endocrine therapy, much less was known about the mechanisms involved in resistance to targeted therapies. It has been shown that hyperactivation of the PI3K-Akt pathway played a critical role in HER2+ breast cancer resistance to trastuzumab (a therapeutic antibody targeting HER2/ERBB2)[98], and miR-21-mediated PTEN repression may contribute to the increased Akt activation in trastuzumab-resistant breast cancer cells[99]. Resistant cells can be re-sensitized to the trastuzumab treatment by blocking miR-21 with antisense oligonucleotides, which leads to proliferation inhibition and G1-S cell cycle arrest. Consistent resensitizing effect of miR-21 inhibitor can be also observed in breast cancer xenograft models, while miR-21 mimics promoted resistance to trastuzumab. Importantly, upregulation of miR-21 was found in tumor biopsies obtained from patients receiving trastuzumab treatment, which associated with poor therapeutic response, indicating a potential role of miR-21 level in predicting trastuzumab response. On the contrary, restoration of miR-205 expression, which is downregulated in breast tumors, was found to sensitize breast cancer cells to gefitinib and lapatinib, two tyrosine kinase inhibitors targeting downstream signaling of HER2[100]. The authors further identified HER3 as a direct target of miR-205 in breast cancer cells. HER3 is a critical partner of HER2 to activate downstream tumorigenic signaling pathways, and HER3 upregulation has been implicated as a potential mechanism in breast cancer resistance to HER2-tageting therapies[101-103]. Therefore, reintroduction of miR-205 likely could improve the response to HER2-targeted therapy by silencing HER3[100]. Moreover, plasma miR-210 has been found to correlate with sensitivity to trastuzumab, tumor presence, and lymph node metastases in breast cancer patients. High baseline circulating miR-210 level in patients before receiving neoadjuvant chemotherapy combined with trastuzumab significantly correlated with pathologic complete response, suggesting that miR-210 may serve as a predictive marker for better response to regimens combining trastuzumab[104].

PARP1 [poly (ADP-ribose) polymerase] inhibitors hold high promise as a novel targeted therapy for treating cancers harboring BRCA1/2 mutation, such as breast and ovarian cancers[105]. Recent studies have demonstrated that inhibiting PARP1 results in synthetic lethality in cancers with defect in DNA repair due to BRCA1/2 mutation, which highly overlap with basal-like triple negative breast cancer (TNBC)[106]. Interestingly, miR-182 has been shown to sensitize breast cancer cells to both radiotherapy and to PARP1 inhibitors by repressing BRCA1 expression and inhibiting DNA repair[107]. Antagonizing miR-182 in breast cancer cells increases BRCA1 protein level, leading to reduction of IR-induced cell death and resistance to PARP1 inhibitors. These results suggested that inhibiting miR-182 may further enhance the therapeutic efficiency of PARP1 inhibitors in combination with genotoxic therapies. 

Radiotherapy

Besides targeted therapy and chemotherapy, miRNAs may also modulate cancer cell response to radiotherapy. For example, inhibition of miR-155 was shown to sensitize breast cancer cells to ionizing radiation[108]. Likewise, anti-miR-21 treatment decreased breast cancer cell survival after irradiation, which was associated with failed G2/M checkpoint upon DNA damage[109]. Cell cycle arrest at the G2/M checkpoint is essential for DNA repair machinery after DNA damage, whose failure likely will increase apoptosis upon genotoxic stress. It was found that miR-21 expression was transiently increased after irradiation in T47D cells and MDA-MB-361 cells, which was required for proper cell cycle arrest in these cells after irradiation. These observations indicated that miR-21 may contribute to radiation resistance in breast cancer cells through enhancing cell cycle checkpoint and subsequent DNA repair[109]. Similarly, increased miR-34a has been linked to poor response to radiotherapy in breast cancer cells[110]. It appeared that miR-34 promotes apoptosis while antagonizes non-apoptotic cell death in nematodes upon radiation, which was also confirmed in human breast cancer cell lines. Moreover, it has been shown that miR-34 is a target gene of p53 and can be upregulated in response to radiation[111]. Thus, inhibiting miR-34 with antagonist may be of potential therapeutic utility for sensitizing p53-mutant breast cancer to radiotherapy.

MIRNA AS CANCER THERAPEUTICS

miRNA therapeutics can be devised to downreg​ulate or block the function of pathogenic miRNAs as well as to upregulate the expression of disease-defensive miRNAs. For instance, miravirsen is a locked nucleic acid-modified DNA phosphorothioate antisense oligonucleotide that forms a highly stable heteroduplex with mature miR-122, resulting in its inactivation. It is one of the earliest miRNA-targeting therapeutics approved for clinical trials and has recently shown positive results in treating hepatitis C infection in a phase Ⅱ trial[112]. In chronic HCV infection patients, miravirsen treatment reduced HCV RNA level in blood samples in a dose-dependent manner without obvious viral resistance.

Since the pathogenesis of cancer involves a number of gene mutations, amplifications and deletions, usually an effective cancer therapeutic regimen needs to target multiple genes involved in same and/or parallel functional networks as well as several signaling cascades. A significant advantage of using miRNAs as therapeutic targets lies in that one miRNA generally has multiple coding genes or non-coding RNAs as targets, which may be involved in a single pathway or in parallel pathways regulating cancer progression[6]. Compared with the strategy using siRNAs, which are usually aiming to repress one specific target gene, miRNA therapeutics appear to be superior to a mixture of siRNAs. For example, several genes associated with the epidermal growth factor receptor (EGFR) signaling pathway, such as p38 mitogen-activated protein kinase (p38), signal transducer and activator of transcription 3 (STAT3) and AKT2, are miR-124 targets[113]. As aberrant activation of EGFR signaling has been found in a number of human malignancies, such as lung and breast cancers[114], it is plausible that enhancing miR‑124 expression may concurrently repress the expression of p38, STAT3 and AKT2, thereby effectively inactivating the EGFR signaling pathway.

 Antagomirs are synthetic RNAs with a 2'‑O‑methyl linkage and phosphorothio​ate modification and conjugated to cholesterol. They can be used as miRNA antagonizers by complementarily binding to the targeted miRNA, thereby deblocking other endogenous miRNA target gene expression. It was found that miR-10b antagomirs remarkably reduced the lung metastasis formation in a breast cancer xenograft model. Further investigation demonstrated that silencing of miR-10b with antagomirs significantly decreased miR-10b levels and enhanced expression of Hoxd10, a miR-10b target gene playing critical roles in breast cancer metastasis[115]. Another type of miRNA inhibitors, miRNA sponges, are RNA traps that are constructed with tandem binding sites complemen​tary to the seed sequence of the miRNA of interest. It was shown that a single sponge inhibitor can block an entire miRNA family sharing the identical seed sequence. In a study using miRNA sponges targeting miR-9, it was found that sponge-dependent miR-9 inhibition dramatically reduced mouse breast cancer cell lung metastasis, potentially by alleviating miR-9-modulated E-Cadherin downregulation and inhibiting EMT[62].

 Although the preclinical studies implied high promise of using miRNA therapeutics in cancer treatment, there are also significant challenges remaining to be overcome before practical clinical applications of miRNA-targeted therapy[6]. First of all, miRNA activity highly depends on the cellular context and cancer types. Different target genes may be repressed by the same miRNA in different cell types and consequently opposite biological effects may occur within the same organism. Consequently, targeting a specific miRNA may be beneficial in one cell type but harm​ful in another. Thus, selective delivery of miRNA therapeutics to target tissues is a major obstacle for effective miRNA-based therapy and minimal side effects. A specific and efficient delivery system that targets only cancer cells has yet to be developed. Moreover, double-stranded RNAs (≥ 21 base pairs) can elicit a sequence-independent interferon response[116]. Since macrophages and monocytes were found to remove complexed RNAs from extra​cellular spaces, systemically delivered miRNAs or RNA-based miRNA inhibitors might trigger and be eliminated by the host immune response[117]. Nevertheless, the recent advance of using antibody-conjugated nanoparticles to encapsulate miRNA agents may represent a promising future of cancer cell-selective delivery approach with minimal adverse immune response in patients[118].

Beyond being directly delivered as pharmacological intervention, miRNAs may also serve as mediators for carrying out tumoricidal effect of other anti-cancer agents. For instance, Enoxacin, an antibacterial compound, was found to inhibit cancer growth through upregulating tumor suppressive miRNA production[119]. Similarly, curcumin analogue CDF was shown to inhibit pancreatic tumor growth in vitro and in xenograft models, which involved CDF-induced EZH2 downregulation and consequent activation of tumor suppressor miRNAs, such as let-7, miR-26a, and miR-101[120]. It is worth noting that induction of miRNAs may lead to complicated pathological responses in cancer cells, which can be exemplified by the observation that retinoid (ATRA)-induced miR-21 upregulation in MCF-7 cells reduced cell motility but promoted cell proliferation[121]. Meanwhile, general inhibition of miRNA biogenesis and function by small molecules was shown to reverse tumorigenesis[122]. Therefore, the pharmacological effects of conventional drug-induced miRNAs in cancer treatment are highly drug- and cancer type-specific.

As combination therapies have been proved to be more effective than single agents in various cancer regimens, it is not surprising that combinations of varying miRNA agents as well as along with conventional cytotoxic drugs or molecularly targeted agents have been studied in treating cancers. It was shown that overexpression of miR‑30c, which is a favorable prognostic marker in breast can​cer, sensitized TNBC cells to doxorubicin treatment in an animal model. The chemo-sensitizing effect of miR-30c was attributed to the downregulation of miR-30c target gene, twinfilin 1, which promotes EMT and induces drug resistance by upregulating IL11[123]. Similarly, adenoviral delivery of miR‑145 along with 5‑fluorouracil achieved greater tumor reduction than using 5‑fluorouracil alone in breast cancer models[124]. These preclinical studies suggest that selective miRNA therapeutics may be applicable as sensitizing agents in clinic when used in combination with conventional therapies.

CONCLUSION

Dysregulated miRNAs in breast cancer play critical roles in the cancer initiation and progression. However, the signatures of miRNA alteration may also help to stratify patients into different risk groups as well as to predict therapeutic response. Accumulating evidence support the notion that miRNAs may sever as both therapeutic targets and tools in anticancer therapy. We envision that novel miRNA therapeutic approaches will be developed and approved for clinical application in the near future, which are combined with chemotherapy, anti-endocrine therapy or radiotherapy, based on small RNAs regulated pathway. To this end, better understanding of the regulatory mechanisms involved in miRNA biogenesis and function is pivotal for developing successful application of miRNA therapeutics. Although there are still big challenges in developing miRNA-based therapy, such as the effective delivery with high selectivity and safety evaluation, miRNAs have emerged with great potential as diagnostic/prognostic biomarkers as well as promising therapeutic targets in cancer treatment. 
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Figure 1  Biogenesis and function of microRNAs. 
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Table 1  miRNAs involved in chemotherapy response regulation in breast cancer


miRNA


�
Drug


�
Target(s)


�
Ref.


�
�
miR-328


�
Mitoxantrone


�
BRCP/ABCG2


�
[75]


�
�
miR-21


�
Doxorubicin


�
MDR1, PDCD4


�
[81]


�
�
miR-451


�
Doxorubicin


�
MDR1


�
[76]


�
�
miR-130/107


�
Cisplatin


�
RAD51D


�
[125]


�
�
miR-345


�
Cisplatin


�
MDR1


�
[77]


�
�
miR-326


�
VP16/Doxorubicin


�
MRP1


�
[78]


�
�
miR-128


�
Doxorubicin


�
BMI1, ABCC5


�
[79]


�
�
miR-34a


�
Docetaxel


�
BCL-2, CCND1


�
[83]


�
�
miR-125b


�
Doxorubicin


�
BAK1


�
[84]


�
�
�
Paclitaxel


�
E2F3


�
[85]


�
�
miR-200b/c


�
Doxorubicin


�
ZEB1, PTEN


�
[86,87]


�
�






Table 2  miRNAs involved in antiendocrine therapy response in breast cancer


miRNA


�
Drug


�
Target(s)


�
Ref.


�
�
miR-221/222


�
Tamoxifen


�
P27Kip1


�
[91]


�
�
�
�
ER


�
�
�
�
Fulvestrant


�
TGF-


�
[93]


�
�
miR-181b


�
Tamoxifen


�
TIMP3


�
[94]


�
�
miR-30c


�
Tamoxifen


�
�
[96,97]


�
�
miR-342


�
Tamoxifen


�
cyclin B1


�
[126]


�
�
miR-451


�
Tamoxifen


�
14-3-3


�
[127]


�
�
Let-7


�
Tamoxifen


�
ER-36


�
[128]


�
�
miR-128a


�
Letrozole


�
TGFR1


�
[129]


�
�









