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Chapter 18
Cross-Roads to Drug Resistance 
and Metastasis in Breast Cancer: miRNAs 
Regulatory Function and Biomarker 
Capability
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Abstract  Breast cancer and specifically metastatic breast cancer (mBC) constitutes 
a major health burden worldwide with the highest number of cancer-related mortal-
ity among women across the globe. Despite having similar subtypes, breast cancer 
patients present with a spectrum of aggressiveness and responsiveness to therapy 
due to cancer heterogeneity. Drug resistance and metastasis contribute to therapy 
failure and cancer recurrence. Research in the past two decades has focused on 
microRNAs (miRNAs), small endogenous non-coding RNAs, as active players in 
tumorigenesis, therapy resistance and metastasis and as novel non-invasive cancer 
biomarkers. This is due to their unique dysregulated signatures throughout tumor 
progression and their tumor suppressive/oncogenic roles. Identifying miRNAs sig-
natures capable of predicting therapy response and metastatic onset in breast cancer 
patients might improve prognosis and offer prolonged median and relapse-free sur-
vival rate. Despite the growing reports on miRNAs as novel non-invasive biomark-
ers in breast cancer and as regulators of breast cancer drug resistance or metastasis, 
the quest on whether some miRNAs are capable of regulating both simultaneously 
is inevitable, yet understudied. This chapter will review the role of miRNAs as bio-
markers and as active players in inducing/reversing anti-cancer drug resistance, 
driving/blocking metastasis or regulating both simultaneously in breast cancer.
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Abbreviations

BC	 Breast cancer
CTCs	 Circulating tumor cells
DCIS	 Ductal carcinoma in situ
DFS	 Disease-free survival
ER	 Estrogen receptor
mBC	 Metastatic breast cancer
MDR	 Multidrug resistance
microRNAs	 miRNAs or miRs
OS	 Overall survival
PFS	 Progression-free survival
TNBC	 Triple negative breast cancer

18.1  �Introduction

18.1.1  �Overview on Breast Cancer and Its Metastasis

Breast cancer is a global public health burden, constituting the highest cancer inci-
dence in females and the second most common cancer diagnosed worldwide, with 
around 1.7 million new cases each year. In the U.S., almost one in eight females fall 
victims of invasive breast cancer throughout their lifetime [1]. Recent statistics by 
the American Cancer Society reported breast cancer to be amongst the three most 
commonly diagnosed female cancers, along with lung and bronchus cancer and 
colorectal cancer, all of which comprise 50% of all female cancer cases and contrib-
ute to most cancer deaths in women [1]. Breast cancer is a heterogeneous disease 
with various subtypes, conventionally classified according to histology (most com-
mon types are ductal carcinoma in situ, invasive ductal carcinoma and invasive 
lobular carcinoma), immunopathology (estrogen receptor, progesterone receptor 
and human epidermal growth factor receptor 2 (HER2) status) and molecular signa-
ture (luminal A, luminal B, triple-negative/basal-like, HER2-enriched or normal-
like) [2–4]. Despite having similar subtypes, breast cancer patients present with a 
spectrum of aggressiveness and responsiveness to therapy [5]. This questioned the 
efficacy of the mentioned conventional classification methods and the available 
prognostic and diagnostic tests for breast cancer. Hence, recent studies are focusing 
on complementing the conventional breast cancer classification tools using patients’ 
distinct signature of microRNAs (miRNAs), small non-coding single-stranded 
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nucleotides [6]. For instance, Bhattacharyya et al. [7] used fivefold cross-validation 
techniques in an attempt to sub-classify breast cancer using miRNA signatures com-
pared to pre-existing clinical records. Their results not only validated that miRNA 
can corroborate the conventional molecular subtype classification, but also pro-
posed the existence of further subtypes through using hierarchical clustering.

Metastatic breast cancer (mBC) is the most aggressive form of breast cancer, 
which affects 10–15% of patients within 3 years from diagnosis and is characterized 
by increased tumor burden and its spread to distal regions [8]. The metastatic cas-
cade begins with tumor dissemination, denoted by local invasion of neighboring 
tissues, intravasation into the blood or lymph, persistence of the escaped cells in the 
circulation and subsequent extravasation. It is then followed by colonization, where 
the escaped cells adjust to the new microenvironment [9]. Epithelial to mesenchy-
mal transition (EMT), an inherent developmental process, necessary for the proper 
morphogenesis of tissues, is one key step in driving invasion and metastasis. 
Epithelial cancer cells devise EMT to provoke motility, migration and invasion, 
switch to a mesenchymal phenotype to lose epithelial polarity and cellular interac-
tions [10]. Developing better diagnostic and therapeutic interventions for mBC is 
fundamental. miRNAs play key regulatory roles along all stages of the metastatic 
cascade whereby McGuire et al. [11] summarized the different miRNAs in mBC 
implicated in invasion (miR-199a, miR-214, miR-200a/b/c, miR-141 and miR-
429), dissemination (miR-31), extravasation (miR-10b, miR-373, miR-20a, miR-
214 and miR-31) and proliferation (miR-10b, miR-34a, miR-155, miR-200a/b/c, 
miR-141 and miR-429).

Drug resistance and metastasis continue to pose a challenge in breast cancer and 
mBC treatment due, in part, to the limitations that entail the available prognostic 
and diagnostic tests, which range from having low sensitivity, to being highly inva-
sive, to yielding high false positive rates and over-diagnosis [12]. For instance, first, 
the use of serum carbohydrate antigens such as carcinoembryonic antigen (CEA) 
and cancer antigen 153 (CA153) as biomarkers is limited by its low sensitivity [13]. 
Second, there exists few available multi-gene expression DNA microarrays based 
testing, like Oncotype DX, MammaPrint, Veridex 76-gene and MapQuant Dx. 
Oncotype DX test, which estimates the recurrence likelihood through assessing 16 
cancer-related genes, 5 reference genes and whether patients are eligible for chemo-
therapy [14], MammaPrint, a prognostic test that analyzes 70 genes and identifies 
patients with stage 1 or 2, node negative, invasive breast cancer <5  cm in size. 
Veridex 76-gene signature, a diagnostic test that predicts distant metastasis in 
ER-positive (ER+) patients within 5 years of diagnosis through a signature of 60 
genes for ER+ patients and 16 for ER-negative (ER-) patients [15]. MapQuant Dx, 
which further classifies grade II tumors into grade I-like (low chance of distant 
relapses) and grade III-like (clinically similar to grade III) and predicts chemothera-
peutic benefit, but can only be used as prognostic tool for ER+ tumors [15]. However, 
all these tests necessitate patient tissue samples, and thus are highly invasive. Third, 
mammograms not only exhibit high false positive rates and are incapable of  
detecting mBC and cause over-diagnosis, but patients below the age of 40 are not 
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recommended to undergo mammography screening because of their dense breast 
tissue architecture [16, 17]. Additionally, the conventional diagnostic tool for mBC, 
sentinel lymph node biopsy (SLNB), only detects local but not distal metastasis 
[11]. Thus, the limitations of the conventional classification tools along with the 
unavailability of non-invasive, highly sensitive and highly specific mBC diagnostic, 
prognostic and therapy predictive tests called for the investigation of miRNAs; to 
better understand their regulatory role in drug resistance and distant metastasis and 
their biomarker potential.

18.1.2  �miRNAs Biogenesis

miRNAs are small (16–29 nucleotides) endogenous, non-coding, single-stranded 
RNAs that negatively regulate gene expression at the post-transcriptional level [6]. 
Around half of miRNAs exist in clusters with other miRNAs and are transcribed as 
polycistronic precursor miRNAs, while others reside within exons and the 
3′-untranslated region (UTR) of mRNAs [18]. Various miRNAs promoters tran-
scribe their own miRNAs in intergenic sites, whereas, the majority of miRNAs are 
transcribed by their host gene promoters when they reside in the introns of protein 
coding or non-coding host genes. miRNAs biogenesis undertakes a sequence of 
processes, where RNA polymerase II/III first transcribes miRNAs into primary 
transcripts (pri-miRNAs) which are several kilobases long. pri-miRNAs in the 
nucleus are then cleaved by RNase III endonuclease Drosha and DGCR8 protein 
into intermediate (60–70 nucleotide-long stem loop) precursor miRNAs (pre-
miRNAs). The latter are exported to the cytoplasm via exportin-5 (XPO5) com-
plexed with Ran-GTP, and undergo cleavage into mature length by Dicer, another 
RNase III endonuclease together with the double-stranded RNA-binding protein 
TRBP [19]. At this stage, the mature miRNA strand unwinds from its complemen-
tary strand (passenger strand), and is normally targeted for degradation. The mature 
strand gets presented onto the RNA-induced silencing complex (RISC), a ribonu-
cleoprotein complex comprised of the mature miRNAs and Argonaute (AGO2) pro-
teins [19, 20]. However, recent studies have shown that the passenger strand can 
also be loaded onto RISC and therefore can have regulatory function [21]. The 
RISC complex preferentially binds the seed-matching sequence of the 3′-UTR of 
target protein-coding mRNA genes, whereby perfect complementarity leads to 
mRNA degradation by AGO2 via the induction of RNA-mediated interference 
(RNAi) pathway. Imperfect complementarity leads to translational repression of the 
target mRNA or mRNA degradation as a result of deadenylation by the CAF1-
CCR4-NOT1 de-adenylase complex and subsequent de-capping of the target mRNA 
[22, 23] (Fig. 18.1). Although miRNAs are known to silence their target mRNA, 
studies shed light on few miRNAs that promote the expression of their target mRNA, 
a mechanism termed “RNA activation” (RNAa), majorly attributed to epigenetic 
regulation of AGO2 [24]. A single miRNA can regulate many genes, which nor-
mally exhibit cellular regulatory roles including proliferation, metabolism, 
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Fig. 18.1  Canonical miRNA biogenesis. Canonical miRNA biogenesis starts by RNA polymerase 
II/III transcribing miRNAs into primary transcripts (pri-miRNAs) in the nucleus, which are then 
cleaved by Drosha and DGCR8 protein into intermediate precursor miRNAs (pre-miRNAs). Pre-
miRNAs are exported to the cytoplasm via exportin-5 (XPO5) complexed with Ran-GTP, and 
undergo cleavage into mature length by Dicer complexed with TRBP. The mature miRNA strand 
is unwound from its complementary strand (passenger strand), which gets degraded, while the 
mature strand is presented onto the RNA-induced silencing complex (RISC), comprised of the 
mature miRNAs and AGO2 proteins. The RISC complex preferentially binds the seed-matching 
sequence of the 3′-UTR of target protein-coding mRNA genes and perfect complementarity leads 
to mRNA degradation while imperfect complementarity leads to translational repression or dead-
enylation, which results in degradation of the target mRNA. (Modified from: Winter et al. [19])
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differentiation, cell death or aging [25]. Various miRNAs exhibit oncogenic or 
tumor suppressive roles during cancer pathogenesis, and hence, play part in cancer 
progression, drug resistance or metastasis. However, deciphering miRNAs that con-
currently control drug resistance and metastasis is fundamental, yet understudied 
[26]. Due to their dysregulation along the different stages of tumorigenesis and their 
presence and stability in bodily fluids, miRNAs have gained much attention in the 
past decade. Several studies reported miRNAs diagnostic, prognostic and therapy 
predictive biomarker potential in breast cancer and others discuss their role as active 
players in drug resistance and metastasis, all of which will be discussed thereof.

18.1.3  �Circulating miRNAs Origin and Function

miRNAs were first detected in bodily fluids by Chim et al. [27] who discovered 
circulating placental miRNA in pregnant women plasma. Soon after, Lawrie et al. 
[28] identified the first miRNA signature in patients with diffuse large B-cell lym-
phoma with elevated serum miR-155, miR-210 and miR-21. Circulating miRNAs 
were then found in blood and plasma, colostrum and breast milk, tears, bronchial 
lavage and in amniotic, peritoneal, seminal, pleural and cerebrospinal fluids [29]. 
Previous studies by Lima et al. [30] related the stability of miRNAs in the circula-
tion to their encapsulation in microvesicles or in exosomes. Turchinovich et al. [31] 
showed that some circulating miRNAs are generated from dead cells, while 
Merkerova et al. [32] attributed a portion of circulating miRNAs to have originated 
from blood or immune cells. Recent studies mainly attribute the origin of circulat-
ing miRNAs to their passive out-flow from dead cells or active secretion in exosome 
by tumor and other cell types. Wu et al. [33] characterized exosome-derived miR-
19a as a key player in breast cancer metastasis to the bones through facilitating 
breast cancer and osteoclast cellular communication. Zhong et al. [34] argued that 
drug resistance can be transmitted from resistant to sensitive breast cancer cells 
through exosomal miRNA discharge. Similarly, Le et al. [35] showed that transfer-
ring cells expressing miR-200 and extracellular vesicles from tumors into murine 
and human cancer xenografts resulted in acquisition of metastatic potential in 
weakly metastatic cells, both locally and distally.

Circulating miRNAs harbor a plethora of non-invasive biomarkers and warrant 
more extensive investigation due to their ease of accessibility in bodily fluids, sta-
bility, resistance to RNase digestion and extreme conditions and withstanding long 
storage [33, 36]. Many studies bid the urge of using miRNAs as novel non-invasive 
biomarkers for prognosis, diagnosis and therapy prediction in breast cancer and 
mBC [12, 33] while others discuss the role miRNAs play in controlling metastasis 
[37–41] inducing and/or reversing breast cancer drug resistance [26, 42, 43], set-
ting new patient selection criteria for clinical trials [44], characterizing new breast 
cancer subtypes [7] and identifying miRNAs that have both therapy-sensitizing 
and metastasis blocking roles in breast cancer [26]; most of which will be discussed 
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hereafter. This chapter will highlight the biomarker roles of miRNAs in breast 
cancer and mBC and will review the regulatory role of miRNAs in causing or 
reversing drug resistance, metastasis, or both simultaneously.

18.2  �miRNAs as Diagnostic, Prognostic and Therapy 
Predictive Biomarkers in Breast Cancer

McGuire et al. [11] reviewed the essential role circulating miRNAs play as mBC 
diagnostic or prognostic biomarkers in discriminating non-metastatic from meta-
static tumors to guide mBC early diagnosis and monitor disease progression. For 
instance, circulating miR-10b, miR-34a and miR-155 were elevated in mBC patients 
[45] and circulating miR-10b and miR-373 [46] as well as miR-20a and miR-214 
[47] were upregulated in patients with lymph node positive breast cancer as opposed 
to patients with no lymph node involvement. Moreover, miR-10b has been reported 
as a potential mBC biomarker to the brain and bones [48, 49] while miR-141, miR-
200a, miR-200b, miR-200c, miR-203, miR-210, miR-375 and miR-801 were sig-
nificantly upregulated in plasma of mBC patients with circulating tumor cells, CTC 
[50]. Upregulation in miR-105 predicted metastasis in early onset breast cancer 
[51], while elevation in miR-17 and miR-155 discriminated metastatic from non-
metastatic breast cancers [52]. Moreover, metastasis as a result of primary breast 
tumors correlated with over-expression of miR-34a and miR-155  in the serum, 
while upregulated miR-34a predicted increased aggressiveness [53].

Nassar et  al. [12] shed light in their review on prognostic miRNAs in breast 
cancer in terms of predicting the overall survival (OS), disease outcome and recur-
rence in patients. Out of the prognostic biomarkers, miR-106b, found in serum and 
tissues, predicted risk of high recurrence and shorter OS [54], while miR-122, 
which was over-expressed in serum of relapsed patients, served as metastasis pre-
dictive miRNA. Sahlberg et al. [55] reported that miR-18b, miR-103, miR-107 and 
miR-652 predicted recurrence and decreased OS in triple negative breast cancer 
(TNBC) patients. Recent study by Halvorsen et al. [56] was the first to characterize 
miRNAs profiled from tumor interstitial fluid (TIF) as prognostic and diagnostic 
biomarkers and as potential bridges between tumor cells and their micro-environ-
ment. The authors profiled TIF, normal interstitial fluid, tumor tissues and serum 
samples from breast cancer patients and a corresponding validation cohort. The 
results identified upregulation of 266 miRNAs in TIF, of which 61 were present in 
more than three quarters of the serum samples. Seven miRNAs of the latter pre-
dicted poor survival rate and 23 miRNAs were linked to immune cells and adipo-
cyte existence in the serum. Furthermore, Lánczky et al. [57] devised an integrated 
platform that can search for all documented miRNAs through GEO, EGA, TCGA 
and PubMed database to arrive at survival analysis capable of predicting the effi-
ciency of miRNAs acting as prognostic biomarkers. Importantly, via this platform, 
miR-210, miR-328, miR-484 and miR-874 were shown to be capable of predicting 
prognosis or risk of recurrence [11].

18  Cross-Roads to Drug Resistance and Metastasis in Breast Cancer: miRNAs…



342

Dysregulation of miRNAs could also predict the therapy outcome and patient’s 
sensitivity or resistance to a specific treatment, which is the leading cause of recur-
rence and poor prognosis in breast cancer patients [58]. Chen et al. [59] showed in 
breast cancer formalin-fixed paraffin-embedded (FFPE) tissues that miR-222, miR-
29a, miR-34a, miR-423, miR-140, miR-3178, miR-574, miR-6780b and miR-744 
were significantly associated with drug resistance and that miR-222, miR-29a, miR-
140, miR-574, miR-6780b, miR-7107 and miR-744 were correlated with poor prog-
nosis. Moreover, some miRNAs were associated with radioresistance, like the 
over-expression of miR-21, miR-144 and miR-27a and the down-regulation of miR-
205, miR-200c and miR-302 [12]. Gasparri et al. [53] reviewed urinary miRNAs in 
breast tumors, wherein miR-125b predicted resistance to chemotherapy while miR-
21, miR-34a, miR-125b, miR-155, miR-195, miR-200b, miR-200c, miR-375 and 
miR-451 were specific to breast cancer patients and were capable of predicting 
therapy outcome [60]. Other miRNAs offer potential therapeutic roles in addition to 
their therapy predictive roles, like the case with miR-200 family, which inhibits 
angiogenesis through targeting EMT [61]. However, drug resistance remains the 
leading cause of therapy failure, cancer recurrence and metastasis in breast cancer 
patients, and thus, understanding its underlying mechanisms along with miRNAs 
regulatory function holds major promises.

18.3  �miRNAs and Drug Resistance in Breast Cancer

18.3.1  �Mechanisms of Drug Resistance in Breast Cancer

The conventional treatment regimens for breast cancer, and mBC, include a combi-
nation of surgery with chemotherapeutic agents [mostly anthracyclines (doxorubi-
cin and epirubicin), taxanes (paclitaxel and docetaxel), fluorouracil (5-FU) and 
cyclophosphamide], hormonal therapies [estrogen antagonists: tamoxifen, toremi-
fene and fulvestrant that compete with estrogen to bind and block its receptor or 
aromatase inhibitors (AIs): letrozole, anastrozole, exemestane, which stop estrogen 
production], targeted therapy (trastuzumab against HER2+) or a combination 
thereof. Despite the available treatment regimens, breast cancer drug resistance is 
amongst the leading causes of therapy futility, cancer recurrence and distant metas-
tasis worldwide [11, 26, 42, 62]. One in two breast cancer patients are expected to 
present with therapy failure or acquire chemotherapy resistance with aggressive 
malignancy [63, 64]. Anti-cancer therapy resistance can be classified into intrinsic 
and acquired, wherein pre-existing resistance mechanisms render the patient 
unresponsive or resistant to cancer therapy (intrinsic resistance), while acquired 
selection pressure along the course of treatment might tilt the balance from initially-
responsive to resistant variants (acquired resistance) [65]. Various mechanisms con-
tribute to cancer drug resistance including reduction in the intracellular drug 
concentrations brought by aberrant drug transport and metabolism (less drug reach-
ing the cells or higher drug efflux), deregulation in cell cycle, apoptosis and/or DNA 
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repair machineries, overexpression of oncogenic signaling pathways responsible for 
tumor transformation, dysregulation in DNA methylation and histone modifications 
and changes in drug target expression and/or availability [20, 65]. All of which have 
been implicated in breast cancer and have been shown to be regulated in part by 
miRNAs. In this regard, miRNAs have been studied as potential biomarkers, to 
predict treatment response and as master regulators in chemotherapy, hormonal, 
targeted and radiotherapy resistance.

18.3.2  �Role of miRNA in Chemotherapy and in Multidrug 
Resistance

Breast cancer drug resistance poses a threat through therapy failure, cancer recur-
rence and distant metastasis. One major hurdle in chemotherapeutic response is 
cancer cells acquisition of multidrug resistance (MDR), a phenomenon cancer 
cells develop upon exposure to one chemotherapeutic agent that renders them 
unresponsive and resistant to various drugs, subjecting breast cancer patients to 
treatment futility, poor prognosis and cancer-related deaths [66]. MDR is classified 
into non-classical and transport-based classical MDR phenotypes. Changes in 
enzymatic activity of glutathione S-transferase and topoisomerase or alteration in 
apoptotic proteins are responsible for the non-classical phenotype, while reduced 
uptake of the drug by cancer cells or increased drug efflux out of the cell represent 
classical MDR.

The major players in classical MDR are comprised of one or more ATP binding 
cassette (ABC) transporters, which are ABCB1 (MDR-1/P-pg), multidrug 
resistance-associated protein ABCC1 (MRP-1) and breast cancer-resistant protein 
ABCG2 (BCRP), all of which possess hydrophobic elements that compete with 
drug transport across the cellular membrane [66]. For instance, an upregulation of 
miR-130 and consequent downregulation of PTEN was detected in tumor tissues as 
compared to normal adjacent tissues as well as in MCF-7 breast cancer cells resis-
tant to adriamycin (MCF-7/ADR) as compared to sensitive MCF-7 and MCF-10A 
cells, a non-malignant breast epithelial cell line [43]. Increased drug resistance and 
proliferation and decreased apoptotic levels were observed upon over-expression of 
miR-130b in MCF-7/ADR cells, while downregulation of miR-130b showed oppo-
site patterns. The authors also noted along with the downregulation of PTEN an 
induction of MDR through activation of the PI3K/Akt pathway and linked it to the 
upregulation of miR-130b, which in turn induced proliferation and apoptosis. 
Another example of MDR was reported in doxorubicin-resistant (MCF-7/DOX) 
breast cancer cells that exhibited low levels of miR-451 compared to DOX-sensitive 
cells and resulted in increased MDR1 levels, hence increased DOX resistance [67]. 
By rescuing the levels of miR-451, DOX sensitivity increased through bypassing 
MDR. Furthermore, MRP-1-mediated MDR can be regulated by miR-326, particu-
larly, in VP-16 (Etoposide)-resistant MDR cell line (MCF-7/VP), where MRP-1 
was the only over-expressed ABC transporter protein [66]. A downregulation of 

18  Cross-Roads to Drug Resistance and Metastasis in Breast Cancer: miRNAs…



344

miR-326 and up-regulation of MRP-1 were reported in MCF-7/VP cells as well as 
in different tissues of advanced breast cancer, while a decrease in MRP-1 expression 
and an increase in VP-16 and DOX sensitivity were identified upon transfection 
with miR-326 mimics [67].

In non-classical MDR, Glutathione S-transferase P1 (GSTP1) was studied in tis-
sue samples and exosomes from sera of patients with advanced breast cancer pre-
and-post anthracycline/taxane-based neoadjuvant chemotherapy to reduce the 
tumor burden and block metastasis [68]. GSTP1, a member of the phase II meta-
bolic enzymes, can drive chemoresistance through conjugating various anti-cancer 
drugs with glutathione, resulting in their detoxification. After therapy, levels of 
GSTP1 were elevated in advanced patients compared to responsive patients with 
partial re-localization of cellular GSTP1 to the cytoplasm, both in tissue and exo-
somal samples. The same pattern was seen in the exosomal marker, tumor suscepti-
bility gene 101 protein (TSG101). This proposed the use of GSTP1-containing 
exosomes in predicting/transferring chemo-resistance. Therefore, future studies 
could develop exosomal miRNA biomarkers for MDR prediction, to prevent che-
moresistance beforehand, and anti-cancer treatments could govern a merge between 
the already available therapies and ones that take into consideration preventing/
reversing MDR, including exosomal miRNAs [69].

As for the role of miRNAs in chemoresistance, miRNAs are shown either to 
exhibit a confirmed involvement in chemoresistance, thus increasing the value of 
IC50 in vitro or drug resistance in vivo or to serve as a biomarker of chemoresistance 
[65]. For instance in vitro analysis showed that miR-451 was downregulated in 
MCF-7/DOX-resistant breast cancer cells and was involved in DOX-resistance 
through targeting P-glycoprotein (MDR1 gene) [67], while the up-regulation of 
miR-221-222 served as biomarkers for Tamoxifen resistance via targeting p27(Kip1) 
in MCF-7 and T47D cells [70]. The same pattern was seen with miR-449a/b upreg-
ulation in Tamoxifen resistance in frozen breast cancer tissues. In addition, an 
increase in miR-449a/b levels was shown in tamoxifen-sensitive ZR75 cells while 
decreased levels of miR-449a/b conferred chemo-resistance in tamoxifen-resistant 
AK47 cells and other resistant cell lines, which is possibly a consequence of repres-
sion of miR-449a/b through DNA methylation [71].

Moreover, aggressive TNBC cells exhibited higher survival and metastatic 
potential as a result of miR-181a upregulation upon Dox treatment, which is in line 
with the poor disease free survival and overall survival noticed in TNBC patients 
that have high levels of miR-181a upon DOX treatment [42]. Hong et al. [72] dis-
cussed one of the most studied miRNAs in breast cancer, oncomiR miR-21. miR-21 
upregulation infers chemoresistance, possibly through either enhancing prolifera-
tion and suppressing tumor suppressor programmed cell death 4 (PDCD4), thus 
inhibiting apoptosis, or through repressing PTEN, therefore boosting growth and 
invasion [73, 74]. A combination therapy of miR-21 inhibitors with paclitaxel was 
shown to be more efficacious than paclitaxel alone [75]. Zhou et al. [76] character-
ized a crucial role upregulation of miR-125b plays in paclitaxel-resistant breast can-
cer cells, by directly downregulating pro-apoptotic Bcl-2 antagonist killer 1 (Bak1), 
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which in turn is partially responsible for paclitaxel cellular uptake. Rescuing the 
sensitivity of breast cancer cells to paclitaxel was attained through re-expressing 
Bak1, or inhibiting miR-125b.

18.3.3  �Role of miRNAs in Hormonal Therapy Response/
Resistance

miRNAs also play important regulatory roles in hormonal and targeted therapy 
resistance that might also be breast cancer sub-type specific. As for ER+ breast 
tumors, treatment regimens typically rely on decreasing (both endogenous or circu-
lating) estrogen levels or on blocking ER using tamoxifen. Although tamoxifen is 
widely used, ER- breast cancer patients, which comprise 20–30% of breast cancer 
cases, cannot benefit from this endocrine therapy, neither do a large number of ER+ 
patients that display intrinsic resistance to endocrine therapy. Unfortunately, most 
of the patients who primarily respond to endocrine therapy acquire resistance along 
the way due to the evasion of cancer cells to endocrine regulatory effect by means 
of estrogen-independent ER constitutive activation, estrogen/ER-independent 
growth pathway activation, EMT or miRNAs aberrant expression. While remission 
is documented in post-menopausal women who receive aromatase inhibitors or 
other post-tamoxifen therapies, the majority fall victims to relapse and metastasis. 
This reflects one of the limitations in the conventional staging tools that are inca-
pable of stratifying patients with more stringent differential prognosis and predict-
ing their likelihood to respond to endocrine therapy. Thus, the latter is now 
accompanied by further cancer subtype classification methods such as the Oncotype 
DX and MapQuant Dx, which should also be coupled by characterizing the patient’s 
miRNAs signature for enhanced therapy response prediction [77].

miRNAs regulatory role was studied in three tamoxifen-resistant breast cancer 
cell lines (TamRs) and their tamoxifen-sensitive counterparts in a pursuit to inter-
pret the molecular machineries behind tamoxifen resistance [78]. Out of the 131 
dysregulated miRNAs in TamRs, 22 miRNAs showed comparative expression lev-
els among all TamRs, and were shown to affect common underlying pathways, 
despite regulating different target genes. Of the regulated gene targets ESR1, PGR1, 
FOXM1 and 14-3-3 family genes were noted. Integrational and functional analysis 
revealed two significantly upregulated target genes, SNAI2 (a member of the Snail 
superfamily which can repress E-cadherin, plays a role in EMT and has an anti-
apoptotic activity) and FYN (a proto-oncogene tyrosine-protein kinase and a mem-
ber of the Src family of kinases) in all TamRs, with the downregulation of their 
regulatory miRNAs and a growth regulatory effect on TamRs. To corroborate the 
results, combination of miR-190b and miR-516a-5p expression (out of the 131 
dysregulated miRNAs in TamRs) exhibited a therapy predictive role in ER+ breast 
cancer patient cohort who underwent adjuvant tamoxifen treatment. Moreover, 
transfection of miR-101 in tamoxifen sensitive MCF-7 cells rendered them resistant 
to tamoxifen and enhanced their growth, independent of estrogen, via AKT activa-
tion and Magi-2 suppression [79].
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18.3.4  �Role of miRNAs in Targeted- and Immune-Therapy 
Response/Resistance

Trastuzumab (HER2 monoclonal antibody) resistance is correlated with poor prog-
nosis in HER2+ breast cancer patients [80]. Downregulation of tumor suppressor 
PTEN, a key regulator of apoptosis and cell invasion, is related to the up-regulation 
of miR-21. Treatment of breast cancer cells that are resistant to Trastuzumab ther-
apy with antisense oligonucleotides against miR-21 re-sensitized cells through 
prompting cell death and arresting cell cycle [81]. Moreover, overexpression of 
miR-125a and miR-125b in SKBR3 cell lines, which overexpress HER2 (ErbB2), 
efficiently decreased mRNA and protein levels of ErbB2 and ErbB3. It also sup-
pressed anchorage-dependent growth, migration and invasion, subsequently, sup-
pressing MAPK and PI3K/Akt pathways [82]. This is of importance since many 
studies have been working on the inhibition of PI3K/Akt/mTOR pathway in an 
effort to target ErbB2 overexpression for the treatment of HER2+ tumors [83]. 
Studies have also characterized the miRNAs profile specific to HER2 status in breast 
tumors represented by miR-520d, miR-181c, miR-302c, miR-376b, miR-30e as 
well as let-7f, let-7g, miR-107, mir-10b, miR-126, miR-154 and miR-195 [84, 85].

Interestingly, not only do miRNAs take part in drug resistance of different breast 
cancer types, but they can also help cancer cells escape immunosurveillance and 
acquire therapy resistance in aggressive breast tumors via regulating apoptosis and 
immune detection. Elevated levels of miR-519a-3p in breast cancer is correlated to 
poor survival and breast cancer resistance through regulating TRAIL-R2, FasL and 
granzyme B/perforin and enhancing apoptosis. By directly repressing TRAIL-R2 
and caspase-8 and indirectly repressing caspase-7, miR-519a-3p increases breast 
cancer cell resistance to therapy and hinders their responsiveness to apoptotic stim-
uli. As for its role in evading immunosurveillance, miR-519a-3p impairs the recog-
nition of tumor cells by natural killer (NK) cells by means of decreasing the 
expression of NKG2D ligands ULBP2 and MICA present on tumor cell surface, 
necessary for cancer cell recognition [86].

18.3.5  �Role of miRNAs in Radioresistance

miRNAs also play part in breast cancer radioresistance. For instance, miR-21 over-
expression plays a major role in radioresistance in breast cancer cells through induc-
ing DNA damage-G2 checkpoint upon irradiation, subsequently, aiding tumor cell 
survival [87]. A transient upregulation of miR-21 in radioresistant T47D breast can-
cer cells was reported upon 5 Gy irradiation compared to a downregulation in radio-
sensitive MDA-MB-361 cells. Inhibiting miR-21 pre-irradiation resulted in DNA 
damage-G2 checkpoint decrease and increase in apoptosis both in T47D cells 
(7–27%) and in MDA-MB-361 cells (18–30%). In a validation cohort of 86 invasive 
breast cancer patient samples and their normal adjacent tissues, miR-21 was 
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overexpressed in the cancerous tissues and associated with decreased metastases-
free survival. This proposed the potential of combining anti-miR-21 with radio-
therapy to avoid radioresistance. Moreover, downregulation of miR-302 correlated 
with radioresistance, because rescuing of its expression in breast cancer cells 
increased their radiosensitivity. miR-302 acts as a key player in sensitizing radiore-
sistant breast cancer cells to radiotherapy through downregulating key regulators in 
radioresistance, AKT1 and RAD52, both in vitro and in vivo [88].

Thus, studying the miRNome of breast cancer patients will help discover predic-
tive biomarkers to circumvent unnecessary toxic treatments, and using miRNAs in 
combination with conventional therapy may reverse subsequent drug resistance. 
Deciphering the roles miRNAs play in drug (chemo/hormonal/targeted/radio ther-
apy) resistance across different breast cancer types is of great importance.

18.4  �miRNAs and Metastasis in Breast Cancer

18.4.1  �Circulating miRNAs as Biomarkers for Metastasis 
in Breast Cancer

Breast cancer morbidity and mortality is generally consequent to distant metastasis 
rather than the primary tumor per se, constituting 90% of mortality in solid tumors 
[89, 90]. mBC usually manifests in the lungs, liver, brain or bones. Almost half of 
mBC patients suffer from distal metastasis to the bones, the most common site, fol-
lowed by lungs, liver and brain, respectively. Moreover, breast cancer relapse as a 
result of therapy failure results in metastasis, whereby around 22% of relapsed 
patients present with various metastatic sites. Different breast cancer molecular sub-
types metastasize into distinct sites. For instance, luminal A, B and HER2+ breast 
cancers metastasize mostly to the bones while basal breast cancers metastasize 
mainly to the lungs. While luminal tumors rarely metastasis to the brain, HER2+ can-
cers do [11].

Despite the significant drop in deaths from breast cancer in the last two decades, 
the majority of female cancer mortality is attributed to breast cancer, specifically 
mBC.  The continuous follow-up on patient’s prognosis, through predicting 
progression-free survival (PFS) and OS tailored to a patients’ unique profile is key 
for personalized medicine, which can increase patient’s overall quality of life. CTC 
are FDA-approved mBC prognostic markers. To date, clinicopathological charac-
teristics including patient’s age at diagnosis, size of the tumor, number and types of 
metastatic sites, receptor status, distant disease-free survival (DDFS), among others 
are used for metastasis and patient survival prediction. Circulating miRNAs are 
promising biomarkers for mBC.  For instance, elevated levels of miR-141, miR-
200a, miR-200b, miR-200c, miR-203, miR-375, miR-210 and miR-801 not only 
predicted mBC onset, but also correlated with CTC status and predicted PFS, OS 
and metastasis 2 years prior to onset [39]. Markou et al. [40] studied the expression 
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level of a panel of miRNAs (miR-21, miR-146a, miR-200c and miR-210) in 
primary breast tumors from formalin-fixed, paraffin-embedded tissues (89 FFPE 
samples) compared to normal breast tissues (30 samples) and in CTCs as well as in 
the plasma of mBC patients (55 donors) compared to healthy subjects (20 donors). 
CTCs, plasma and primary tumor tissues were studied concurrently from more than 
half [30] of the metastatic patients under study. Results revealed a differential 
expression in all metastatic miRNAs between the normal and mBC tissues and an 
upregulation of all metastatic miRNAs in CTC and matching plasma samples (espe-
cially miR-21  in CTCs). More so, overexpression of miR-21 and miR-146a and 
down-regulation in miR-200c and miR-210 were noted in tumor tissues, while miR-
21, miR-146a, and miR-210 were exclusively dysregulated in plasma of breast can-
cer patients, but not healthy subjects. Another study characterized the miRNome of 
40 mBC patients, confirmed it in another patient cohort and found a panel of 16 
prognostic miRNAs that correlated with overall survival, of which 11 related to 
progression-free survival [39]. Importantly, 6 miRNAs (miR-200a, miR-200b, miR-
200c, miR-210, miR-215 and miR-486-5p) were identified as early detection mark-
ers for metastasis, up to 2 years before its clinical manifestation. Thus, identifying 
miRNAs signature capable of predicting metastatic onset might offer prolonged 
median and relapse-free survival rates and might enhance prognosis in breast cancer 
and mBC patients.

18.4.2  �miRNAs as Active Players/Regulators of Breast Cancer 
Along the Metastatic Cascade

miRNAs, through regulating genes involved in breast tumorigenesis, have been 
reported to play crucial roles in the genetic and epigenetic alterations along the met-
astatic cascade. miRNAs can play a dichotomous role as metastasis promoters, like 
the scenario with miR-373, miR-151, miR-520, miR-143 or miR-10b or as metasta-
sis suppressors, as with miR-9, miR-139, miR-335, miR-125 or miR-206 [89]. Ma 
et  al. [91] correlated the increase in migration and invasion in mBC cells to the 
upregulation of miR-10b, which is transcriptionally controlled by TWIST, basic 
helix–loop–helix protein. Recent studies showed that restoration of tumor-suppressor 
miR-340 in metastatic MDA-MB-231 cells drastically suppressed migration, inva-
sion and metastasis through targeting the Wnt signaling pathway [38].

miRNAs contribute to metastasis first by priming cells to adopt an EMT pheno-
type, thus rendering them more motile and invasive. EMT regulatory miRNAs are 
miR-7, miR-124, miR-145, miR-200 family, miR-205, miR-375 and miR-448 [92]. 
EMT is characterized by the loss of cells to their epithelial features like apical-basal 
polarity and tight cell-cell adhesion and the subsequent acquisition of mesenchymal 
ones via development of extensions, loosened cell-cell adhesion and actin cytoskel-
etal reorientation. Key players in EMT are Snail (SNAI1), Slug, ZEB (ZEB1 and 
ZEB2/SIP1) and TWIST1 and E47, all of which act towards the suppression of 
E-cadherin. miRNAs not only control the initial step of metastasis, EMT, but they 
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also contribute to intravasation of cancer cells into the circulation and the successive 
extravasation and survival in the metastatic sites. For instance, in SUM149 breast 
cancer cells, miR-9 was shown to regulate E-cadherin coding gene, CDH1, thus 
increased EMT, cell motility and invasiveness [93]. In ER- breast cancer cells, miR-
520/373 family repressed invasion and intravasation in vitro and in vivo, respec-
tively. Moreover, in patients with ER- breast tumors, miR-520c suppression was 
indicative of lymph node metastasis. After cancer cells undergo EMT, intravasation, 
extravasation and manage to survive and disseminate to the appropriate distal organ, 
the final step towards metastasis is the cells’ proper colonization at the metastatic 
site. This is defined as the well-known seed-and-soil hypothesis, implying that can-
cer cells or “seed” grow in fertile or appropriate tumor microenvironment, the “soil” 
[9]. For instance, miR-200 through directly regulating the metastasis suppressor 
Sec23a contributes to breast tumor cells colonization [94].

McGuire et al. [11] summarized different miRNAs implicated in invasion (miR-
199a, miR-214, miR-200a/b/c, miR-141, miR-429), dissemination (miR-31), 
extravasation (miR-10b, miR-373, miR-20a, miR-214, miR-31) and proliferation 
(miR-10b, miR-34a, miR-155, miR-200a/b/c, miR-141, miR-429). Moreover, 
antagonistic effects of miRNAs were studied for miR-214 and miR-148b that act as 
pro-metastatic and anti-metastatic miRNAs in mBC dissemination through dictat-
ing the interactions between tumor and endothelial cells. Metastatic dissemination 
was blocked through dual alteration; downregulating miR-214 and upregulating 
miR-148b, resulted in downregulation of cell adhesion genes ITGA5 and ALCAM, 
subsequently blocked tumor escape through blood endothelial vessels in vitro, in 
vivo and in primary breast cancer patient samples [95].

miR-22/SIRT1 (Sirtuin1) axis was linked to breast cancer growth and metastatic 
suppression and proposed it as a potential therapeutic target against mBC [96]. 
Notably, miR-22 directly suppresses SIRT1 in MCF-7 breast cancer cells. The sup-
pression of miR-22 and significant upregulation of SIRT1 was revealed in breast 
cancer tissues as compared to normal tissues and in stage III-IV breast tumors as 
compared to stage I-II breast tumors. Thus, miR-22 downregulation was indicative 
of poor differentiation, metastasis and progressive breast cancer stages. On the con-
trary, overexpression of miR-22 attenuated proliferation, migration and invasion in 
MCF-7 cells, while overexpressing SIRT1 reversed the tumor-suppressive and 
metastasis-suppressive role of up-regulated miR-22 in the cells. Moreover, Li et al. 
[97] related breast cancer metastatic initiation to the downregulation of miR-452 
and the resulting upregulation in RAB11A, both in breast cancer tissues and cell 
lines. miR-452 acts a tumor suppressor through downregulating RAB11A and is 
responsible for suppressing migration and invasion in breast cancer. In addition, by 
upregulating the pro-metastatic gene RhoA, miR-155 promoted EMT, cell migra-
tion and invasion [98], while miR-31 blocked metastasis by inhibiting RhoA and 
disabling cancer cells from exiting the primary tumor site, disseminating and/or 
surviving in distal sites [99, 100]. miR-31 targets also include Frizzled3 (Fzd3), 
integrin α-5 (ITGA5), myosin phosphatase-Rho interacting protein (M-RIP), matrix 
metallopeptidase 16 (MMP16), radixin (RDX), as well as PKCε, which deregu-
lates NF-κB signaling pathway, increase apoptosis and enhances MCF-10A and 
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MDA-MB-231 cells radiosensitivity [101, 102]. In MCF-7 cells, upregulation of 
miR-17-5P increased invasiveness and migration via targeting HBP1/β-catenin 
pathway [103]. In addition, miR-145, through regulating c-Myc and mucin and 
downregulating c-Myc downstream targets like cyclin D1 and elF4E plays a role in 
cancer cell motility and cell cycle progression [79].

Moreover, miRNAs not only control metastasis, but they also regulate angiogen-
esis. Lu et al. [104] investigated the role of the tumor suppressive miR-140-5p in 
breast cancer in regulating invasion and angiogenesis. Their results showed that 
miR-140-5p regulates the vascular endothelial growth factor VEGF-A in vitro and 
in vivo. Similarly, miR-378 and miR-27a have been shown to enhance angiogenesis 
and tumor cell survival in breast cancer [105, 106]. Moreover, downregulation of 
miR-140-5p was observed in breast cancer and mBC tissues as compared to their 
normal counterparts, and thus, might serve as a novel anti-metastatic and anti-
angiogenic agent in breast cancer.

18.4.3  �Examples of miRNAs Implicated in Common Sites 
of Breast Metastases

miRNAs can play a role in breast cancer metastasis to distal regions such as brain, 
bone and lung. Li et al. [37] discussed the importance of deciphering the role miR-
NAs play in diagnosing and, possibly, treating breast cancers with brain metastasis. 
This is since (10–30%) of patients with advanced breast cancer suffer from brain 
metastasis with poor prognosis. The universal gene expression signatures of patients 
with primary in situ breast carcinoma and patients with brain metastasis were inves-
tigated in a pursuit to identify the differential expression patterns in miRNAs, their 
corresponding mRNA targets and the underlying signaling pathways that might 
serve as early detection markers for brain metastasis. Results showed a strong cor-
relation between miR-17-5p and miR-16-5p and BCL2, SMAD3 and SOCS1 and 
subsequent oncogenic pathways like ones concerned with EMT, cell cycle control, 
adherence junctions and extracellular matrix-receptor communication. A compari-
son of patient samples to matched breast cancer patients from The Cancer Genome 
Atlas (TCGA) revealed similar expression levels in 11 miRNAs, wherein miR-
17-5p was upregulated in TNBC tissues extracted from the database, with opposing 
patterns between miR-17-5p levels and overall survival and PTEN and BCL2 levels. 
Thus, devising a systems-gene expression patterns can better guide clinicians into 
predicting optimal treatment options specific for patients with breast cancer brain 
metastasis.

Soria-Valles et al. [107] linked downregulation of miR-21 to matrix metallopro-
teinase, collagenase-2 (MMP-8), which exhibited a tumor suppressive role and lung 
metastasis blockage in MDA-MB-231 breast cancer cells. The authors validated the 
results in vitro and in vivo and related the protective role of MMP-8 to decorin 
cleavage and inhibition in TGF-β signaling, which in turn downregulates miR-21. 
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This eventually induces tumor suppressors such as programmed cell death 4. An 
example of miRNAs effect on bone metastasis was discussed in a study on the 
stimulatory role of TWIST1 on breast cancer intravasation and dissemination to the 
bones using human osteotropic MDA-MB-231/B02 breast cancer cells and immu-
nodeficient mice [108]. TWIST1 stable transfection in vitro showed enhancement in 
tumor cell invasion, but not tumor growth, and resulted in upregulation in the pro-
invasive miR-10b level. In vivo, TWIST1 transfection caused higher osteolytic 
lesions, reduced bone volume and caused doubling of the tumor burden. Upon treat-
ment with DOX, TWIST1 was suppressed, and hence, bone metastasis was blocked 
in vivo. Blocking miR-10b in the mice caused drastic reduction in TWIST1-
expressing breast cancer cells found in the bone marrow. Therefore, miR-10b takes 
part in regulating TWIST1-induced breast cancer bone metastasis.

Bishopric et al. [109] inoculated MDA-MB-231 and MDA-MB-436 breast can-
cer xenografts into immunedeficient mice mammary fat pads to produce primary 
tumors and corresponding lymph node, liver, lung and diaphragm metastases. By 
comparing the miRNAs profiles of the primary and the metastatic tumors, the 
authors found miR-203 levels, which acts as a tumor suppressor, to be significantly 
associated with the size of the primary tumor at all metastatic sites. miR-203 acted 
by directly targeting TWF1 and APBB2. Although miR-203 was shown to be neces-
sary for metastasis growth, its over-expression inhibited metastasis, thus implicat-
ing opposing function and a dynamic, context-dependent function of miR-203 along 
the metastatic cascade.

18.5  �miRNAs Role in the Interplay Between Drug Resistance 
and Metastasis in Breast Cancer

Despite the booming reports on miRNAs that act on drug resistance or metastasis, 
the quest on whether some miRNAs are capable of regulating both simultaneously 
is fundamental, yet understudied. The rationale behind this is that the likelihood of 
recurrence and subsequent distant metastasis in tumor cells increases due to drug 
resistance. For instance, miR-644a acts pleiotropically through increasing cell death 
and inhibiting EMT, thus sensitizing various breast cancer subtypes to both 
hormonal-and-targeted therapeutic agents (like tamoxifen and gefitinib) and block-
ing metastasis [26]. EMT inhibition was thus proposed as the common underlying 
mechanism towards drug sensitization and metastasis blockade. Moreover, miR-
644a was shown to directly downregulate transcriptional co-repressor C-Terminal 
Binding Protein 1 (CTBP1), which in turn upregulates wild type-or mutant-p53. 
The downregulation of CTBP1 retarded growth, metastasis and drug resistance and 
was validated in miR-644a CRISPR-Cas9 knockouts. Of note, only patients with 
mutant-p53 and upregulation in CTBP1 exhibited shorter survival, priming CTBP1 
to serve as a prognostic marker for p53-mutant patients. This suggested a therapy-
sensitizing and metastasis blocking potential through reactivation of miR-644a/
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CTBP1/p53 axis in breast cancer along with its potential as progression and therapy 
predictive biomarker. Another study suggested NSC95397, a small molecule capa-
ble of obstructing transcriptional repression brought by CTBP1, as an easier drug 
target than miR-644a [110].

Other examples of the role miRNAs play in regulating EMT in breast cancer, 
leading to endocrine (hormone) therapy resistance is how breast cancer cells 
acquired a mesenchymal phenotype due to the upregulation of miR-9 that resulted 
in E-cadherin repression and vimentin overexpression [77, 93]. Moreover, miRNAs 
can initiate drug resistance and metastasis concomitant with cancer stem cell (CSC) 
characteristics. Although CSCs only constitute part of the tumor burden, they are 
known to initiate growth, metastasis and drug resistance in tumors [89]. While some 
miRNAs have been reported to control the interplay between cancer stemness and 
drug resistance, others reported how miRNAs control stem cell and metastatic char-
acteristics of cancer cells via EMT regulation. For instance, compared to non-CSCs 
extracted from advanced mBC cells, CD24−/CD44+/ESA+ CSC population was 
capable of driving metastasis. When these CSC metastasize to the bones and brain, 
downregulation in miR-7 was noted; however, blockade of brain metastasis was 
possible through re-expressing miR-7 in breast CSCs, which in turn repressed stem-
ness regulatory gene, KLF4 [111]. In addition, miRNAs can play a role in breast 
cancer drug resistance and metastasis through epigenetics [112]. Thus, studies are 
investigating the effect of differentially methylated regions (DMRs) of miRNAs loci 
in invasive breast cancers. For instance, analysis of DMRs and methylation patterns 
in miR-31, miR-135b and miR-138-1 were correlated with patterns seen in early 
and late postpartum breast cancer patients [113]. Moreover, a correlation was shown 
between aggressiveness and advanced breast cancer disease and the methylation of 
tumor suppressive and DNMT3b targets which are miR-124a-1, miR-124a-2 and 
miR-124a-3 [114]. However, while aberrant DNA methylation, in part, controls the 
expression of miRNAs and subsequent downstream pathways, miRNAs can also 
control some DNA methylators.

In addition, miRNAs can play a role in chemoresistance in aggressive TNBC, 
which does not respond to any targeted therapies. Niu et  al. [115] showed that 
TNBC cells exhibited higher survival and metastatic potential as a result of 
miR-181a upregulation upon genotoxic DOX treatment. These results were also 
noticed in TNBC patients with high levels of miR-181a post-DOX treatment who 
had poor disease free survival and overall survival. Moreover, chemoresistance was 
attributed to apoptosis evasion and enhanced invasion in DOX-treated TNBC cells 
to the direct suppression of BAX by miR-181a. Thus, blocking miR-181a could 
potentially rescue DOX sensitivity in TNBC cells and alleviate metastasis. A similar 
pattern was observed in HER2+ breast cancer patients, with noted upregulation in 
miR-181a, whereby blocking miR-181a re-sensitized breast cancer cells to 
Trastuzumab and inhibited metastasis. Thus, inhibiting miR-181a could reverse 
both chemo-and-targeted therapy resistance and block metastasis in TNBC and 
HER2+ breast tumors, respectively. Moreover, Bai et al. [116] showed increase in 
EMT and TGF-β signaling with a downregulation of miR-200c in highly invasive, 
tumorigenic, Trastuzumab-resistant HER2+ breast cancer cells. Re-expression of 
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miR-200c targeted both a TGF-β transcriptional activator ZNF217 and a key player 
in the TGF-β signaling pathway, ZEB1, thus rescuing Trastuzumab sensitivity and 
blocking invasion concomitantly. Alternatively, silencing of ZEB1 or ZNF217 or 
inhibiting TGF-β signaling exhibited same response as restoration of miR-200c in 
resistant cells, suggesting a miR-200c/ZEB1 and miR-200c/ZNF217/TGF-β/
ZEB1regulatory circuits in Trastuzumab resistance and distal metastasis.

Therefore, it is vital to focus on miRNAs that act both as therapy sensitizers and 
metastasis blockers, for an optimal understanding of their regulatory role, and for 
widening their potential use as biomarkers and therapeutic tools against breast can-
cer. One successful promising example is oncomiR, miR-21, which is almost upreg-
ulated in most breast cancers and has been reported to drive both drug resistance and 
metastasis. Mei et al. [75] potentiated the simultaneous delivery of miR-21 inhibitor 
and paclitaxel through G5-PAMAM dendrimer, in order to impede both tumor 
growth and invasiveness in breast cancer. Thus, complimenting conventional thera-
pies with miRNAs inhibitors/mimics holds hope in combating drug-resistance and 
circumventing metastasis in breast cancer [20].

18.6  �Conclusions and Future Directions

We have highlighted thus far the novelty of utilizing miRNAs to serve not only as 
biomarkers for breast cancer progression, invasiveness, drug resistance and metas-
tasis, but also as potential key players in re-sensitizing breast cancer cells to chemo/
targeted/hormonal therapies and/or potentially blocking metastasis. All the men-
tioned miRNAs from the literature, pooled according to their regulatory role, their 
biomarker capability, dysregulation pattern, target protein/pathway, sample source, 
breast cancer type and mode of action are presented in Tables 18.1, 18.2, 18.3, and 
18.4. Moreover, QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN 
Redwood City, www.qiagen.com/ingenuity), IPA, has a comprehensive, manually 
curated content of the Ingenuity Knowledge Base as well as has powerful algo-
rithms that identify regulators, relationships, mechanisms, functions, and pathways 
relevant to changes observed in an analyzed dataset. A powerful feature of IPA is 
the MicroRNA Target Filter that finds validated and predicted miRNA-mRNA tar-
get pairings based on Ingenuity Expert Finding, Ingenuity ExpertAssist Findings, 
TargetScan, TarBase and miRecords and allows filtration according to diseases, 
cell/tissue type, location, molecule type, species, or biological pathways. Thus, 
through MicroRNA Target Filter, we linked the miRNAs discussed here to validated 
mRNAs that are part of IPA networks or canonical pathways of interest (i.e., drug 
resistance, breast cancer, metastasis, EMT). The validated mRNA targets were fil-
tered according to validated databases: Human, Tarbase, miRecords, Ingenuity 
Expert Findings and Ingenuity ExpertAssist Findings as well as according to mam-
mary cell/tissue type. The predicted and validated targets are tabulated (if any) in 
Tables 18.2, 18.3, and 18.4.
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miRNA sample source (cell line vs 
patient samples)

breast cancer 
type Function Ref.

miR-10b, miR-34a, miR-155, 
miR-17, miR-122

patient samples mBC
distinguishehs mBC from non-mBC 

patients
[45, 52]

miR-10b, miR-373, miR-20a, 
miR-214 

patient samples 
lymph node+ 

BC
upregulated in patients with lymph node 

positive breast cancer 
[46–47]

miR-10b patient samples mBC mBC biomarker to the brain and bones [48, 49]
miR-141, miR-200a, miR-200b, 
miR-200c, miR-203, miR-210, 

miR-375, miR-801
patient samples BC

significantly elevated in patients with 
circulating tumor cells

[50]

miR-105 patient samples early onset BC predicted metastasis in early onset BC [51]

miR-34a, miR-155 patient samples (serum) mBC metastasis as a result of primary BC [48]

miR-17-5p TNBC tissues TNBC 
opposing patterns between miR-17-5p 

levels and overall survival (OS)
[37]

266 miRs in TIF TIF and serum from BC patients BC prognostic and diagnostic biomarkers [56]
miR-222, miR-29a, miR-140, FFPE tissues BC correlated with poor prognosis [59]
miR-210, miR-328, miR-484, 

miR-874
patient samples BC predicting prognosis or risk of recurrence [11]

miR-106b serum and tissues BC predicted high recurrence & shorter OS [54]
miR-18b, miR-103, miR-107, 

miR-652
patient samples TNBC 

predicted recurrence and decreased OS 
in TNBC

[55]
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Table 18.1  Summary of miRNAs that exhibit biomarker role in BC and their dysregulation 
pattern versus their target protein/pathway, sample source, breast cancer type and function

Within each cluster, upregulated miRNAs are highlighted in yellow, downregulated miRNAs in 
dark blue and dysregulated miRNAs (meaning miRNAs with conflicting dysregulation patterns 
between studies or dysregulation pattens not indicated in the study) in purple
ND Not Determined, BC Breast Cancer, mBC Metastatic Breast Cancer, OS overall survival, DFS 
disease-free survival, PFS progression-free survival, TNBC triple negative breast cancer, DCIS 
ductal carcinoma in situ, CTCs circulating tumor cells

However, a few caveats are common in most of the mentioned studies, and must 
be addressed. Markou et  al. [40] pointed out the pitfalls underlying the lack of 
reproducibility across studies performed by different groups on similar patients and 
cancer profiles. For instance, when comparing the databases of 15 studies character-
izing circulating miRNAs profiles of breast cancer patients, very little overlap was 
detected. The authors attributed the lack of reproducibility to variations in sample 
origins (plasma, serum, whole blood), variability in cohort population and inconsis-
tencies in sample collection protocols/timings and sample processing. As for the 
discrepancies in miRNAs profiles reported from the same tumor, it might be partly 
attributed to the lack of an established endogenous miRNA for normalization [117]. 
Pichler and Calin [118] addressed few solutions, like the importance of designing 
larger prospective clinical trials that encompass the published work on candidate 
diagnostic or prognostic miRNAs and comparing them to the gold standard tech-
niques in a blinded fashion. Most of the current findings were done retrospectively, 
were prone to error-and-selection bias and lacked long-term follow-up. Cortez et al. 
[44] stressed on the importance of characterizing specific panels of differentially 
expressed miRNAs rather than single miRNAs as exclusive biomarker panels to a 
certain type of cancer, stage (early vs advanced), therapy response, patient outcome, 
recurrence or metastatic output, which will also account for intra-tumoral and inter-
cellular heterogeneity.
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miRNA
target 

protein/pathway  
validated targets from IPA

sample source (cell line vs 
patient samples)

breast cancer type Function Ref.

miR-21 ND
miR-144 ND

miR-27a
FADD, FOXO1, GRB2, IGF1, MMP13, 

NOTCH1, PDPK1, PXN, SMAD3, SMAD4

 miR-130 
 PTEN, MDR, 

PI3K/Akt pathway
NOTCH, SMAD3, SMAD4, SMAD5 tumor tissues  and MCF-7/ADR BC 

Increased drug resistance and proliferation 
and decreased apoptotic levels 

[43]

miR-21 PTEN ND HER2+ BC patient samples HER2+ BC
predicted Trastuzumab resistance and poor 

prognosis
[73, 74]

miR-101 AKT, Magi-2 ND MCF-7 cells benign BC
resistance to tamoxifen and increased ER-

independent growth
[79]

miR-125b Bak1 TP53 paclitaxel-resistant BC cells BC increased paclitaxel resistance [76]

miR-519a-3p 
TRAIL, FasL, 

granzyme B/perforin
ND BC cells aggressive BC

poor survival and resistance to apoptosis and 
therapy 

[86]

miR-519a-3p 
 NKG2D, ULBP2, 

MICA  
ND BC cells aggressive BC

escaping immunosurveillance and recognition 
by NK cells 

[73]

miR-21 PDCD4, PTEN ND
 Trastuzumab-resistant (BC cells 
and in vivo xenografts models)

Trastuzumab-resiatnt 
BC

chemoresisatnce [73, 74]

miR-21 G2 checkpoint ND
radioresistant T47D cells, 

radiosensitive MDA-MB-361 cells,  
BC patients 

radioressiatnt and 
invasive breast 

cancer 

increase in DNA damage-G2 checkpoint and 
increased cell survival 

[87]

miR-221 FOXO3, PIK3R1, PTEN
miR-222 FOXO3, PIK3R1, PTEN

miR-449a/b ND
miR-449a ND
miR-449b ND

miR-451 ND ABCB1
doxorubicin-resistant (MCF-

7/DOX) BC cells 
BC 

increased MDR1 levels and  doxorubicin 
resistance

[67]

miR-326 MRP-1 SMO
VP-16-resistant MDR (MCF-
7/VP)  & advanced BC tissues

advanced BC
preventative and MDR-reversing role of miR-

326 in MRP-1 mediated MDR BC
[67]

miR-302 AKT1 and RAD52 ND in vitro  and in vivo
radioresistant breast 

cancer cells 
downregulation causes radioresisatnce, and re-

expression radiosensitivity
[88]

miR-205 PTEN
miR-200c, miR-302 ND

miR-222 FOXO3, PIK3R1, PTEN
miR-29a PIK3R1, PTEN
miR-34a MAP2K1, TP53
miR-140 HDAC4, SMAD3, VEGFA

miR-3178, miR-574, 
miR-6780b, miR-744, 

miR-423
ND

miR-21, miR-155 ND
miR-125b TP53
miR-451 ABCB1

miR-190b, miR-516a-
5p

ND ND patient cohort 
ER+  BC patients 

with adjuvant 
tamoxifen treatment

therapy predictive role [79]

ND urinary miRNAs 
breast and ovarian 

cancer
distinguishing patients with BC and miR-125b 

predicted resistance to chemotherapy
[60]
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ND ND BC associated with radio resistance [12]

ND ND BC associated with radio resistance [12]

ND FFPE tissues BC associated with drug resistances [59]

[70]

ND frozen BC tissues BC 
inverse correlation with BC grade and  

tamoxifin resistance 
[71]

p27(Kip1) in vitro BC biomarkers for Tamoxifen resistance

Table 18.2  Summary of miRNAs implicated in drug resistance in BC and their dysregulation 
pattern, their target protein/pathway, validated targets from IPA, sample source, breast cancer type 
and function

Within each cluster, upregulated miRNAs are highlighted in yellow, downregulated miRNAs in 
dark blue and dysregulated miRNAs (meaning miRNAs with conflicting dysregulation patterns 
between studies or dysregulation pattens not indicated in the study) in purple. The validated path-
ways selected in IPA only included cancer and drug resistance pathways
ND Not Determined, BC Breast Cancer, mBC Metastatic Breast Cancer, OS overall survival, DFS 
disease-free survival, PFS progression-free survival, TNBC triple negative breast cancer, DCIS 
ductal carcinoma in situ, CTCs circulating tumor cells

One major area that requires development in miRNA-based therapies is the estab-
lishment of stable and effective delivery systems with minimal off-target and adverse 
effects. As exosomes house miRNAs, they have proven to be efficient in miRNAs 
delivery to breast cancer cells expressing EGFR. Ohno et al. [119] described how 
engineering protocols were capable of expressing transmembrane domain of plate-
let-derived growth factor receptor (PDGF) merged to GE11 peptide, a less mito-
genic EGFR binding partner, on donor cells. These exosomes where then able to 
successfully deliver let-7a miRNA, intravenously, in RAG2−/−mice breast cancer 
xenografts that exhibited EGFR. Some successful nucleic acid therapies made it to 
human clinical trials, the first of which was miraversen (www.clinicaltrials.gov, 
study no. NCT01200420), which was designed to capture miR-122 to inhibit the 
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miRNA
target 

protein/pathway  
from the literature

validated targets from IPA
sample source (cell line vs 

patient samples)
breast cancer 

type
Function Ref.

miR-141 CTNNB1, MAP2K4, PTPRD, STAT5B, TGFB2, ZEB1, ZEB2
miR-200a/b/c PLCG1, PTEN, PTPN12, PTPN13, PTPRD, ZEB1, ZEB2

miR-203 ABL1, SOCS3
miR-375, miR-210, miR-

801
ND

miR-10b TWIST ND mBC cells mBC increase in migration and invasion [38, 89]

miR-17-5P HBP1/β-catenin
BCL2, BMPR2, CCND1, CDKN1A, CREB1, JAK1, 

MAP3K12, MMP3, PTEN, STAT3, TGFBR2, TNF, VEGFA, 
VIM

MCF-7 cells BC increased invasiveness and migration [37]

miR-203 TWF1, APBB2 ABL1, SOCS3
MDA-MB-231 and MDA-

MB-436 breast cancer 
xenografts 

lymph node, liver, 
lung and 

diaphragm 
metastases

opposing function and a dynamic, 
context-dependent function of miR-203 
in metastasis (enhancer and suppressor)

miR-181a 
STAT3,NF-κB, IL-

6 
BCL2, CDKN1B, KRAS, MMP14, NOTCH4, TIMP3

TNBC patients with Dox 
treatment

TNBC 
higher metastatic potential, and poor 

DFS & OS
[115]

miR-340 Wnt pathway ND metastatic MDA-MB-231 cells invasive BC
migration, invasion & metastasis 

suppression
[38]

miR-17-5p
BCL2, BMPR2, CCND1, CDKN1A, CREB1, JAK1, 

MAP3K12, MMP3, PTEN, STAT3, TGFBR2, TNF, VEGFA, 
VIM

miR-16-5p 

ANLN, BCL2, CCND1, CDC14B, CDC25A, CFL2, EGFR, 
EIF4E, FGF2, FGF7, FGFR1, GRB2, H3F3A/H3F3B, 

HSP90B1, IGF1, IGF1R, IGF2R, ITGA2, JUN, MAP2K1, 
MAP2K4, MAPK3, MCL1, PHKB, PPP2R5C, PTGS2, RAF1, 

RECK, RHOT1, VEGFA, WIPF1, WNT3A, ZYX

miR-452 RAB11A ND BC tissues and cell lines BC 
MBC initiation (when upregulated, acts 

as tumor supressor)
[97]

miR-520c ND
ARHGEF3, CCND1, CDKN1A, CFL2, PRKACB, RECK, 

RELA, VEGFA
ER-ve BC patients ER-ve BC indicative of lymph node metastasis [94]

miR-155 RhoA

ARFIP2, CCND1, CEBPB, CTNNB1, ETS1, FADD, FGF7, 
GNA13, IKBKE, INPP5D, MET, MYD88, PDE3A, PRKCI, 

PTPRJ, RAB5C, RHEB, RHOA, RIPK1, SMAD2, TAB2, 
TCF7L2

ND BC
promoted EMT, cell migration and 

invasion 
[98]

miR-21 
MMP-8, decorin, 

PCD4, TGF-β
ND MDA-MB-231 BC

tumor suppressor and lung metastasis 
blockage 

[107]

miR-146a
CD40, CDKN3, CHUK, FADD, IL1R1, IL36B, IL36G, IRAK1, 

MMP16, STAT1, TLR10, TLR4, TLR9, TRAF6
miR-200c, miR-210 , 

miR-21
ND

miR-373, miR-151, miR-
10b

ND

miR-520
ARHGEF3, CCND1, CDKN1A, CFL2, PRKACB, RECK, 

RELA, VEGFA
miR-143 BCL2, KRAS, MAPK12, MDM2

miR-9 ND
miR-139   FOXO1, IGF1R, SHC1
miR-335 PTPN11, PXN

miR-125
BMPR1B, CDC25A, ELAVL1, H3F3A/H3F3B, ID2, IL1RN, 

IL1RN, MAP2K7, MYD88, SMO, TP53

miR-206
ARF3, ARF4, ARHGEF18, BCL2, EGFR, H3F3A/H3F3B, 

IGF1, INPP5F, ITGB4, LRP1, MET, NOTCH3, NRP1, PTPRF, 
TIMP3, TSPAN4, YWHAQ

miR-520/373 family ND
ARHGEF3, CCND1, CDKN1A, CFL2, PRKACB, RECK, 

RELA, VEGFA
in vitro and in vivo ER-ve BC cells repressed invasion and intravasation [94]

miR-200  Sec23a ND BC cells BC contributes to BC colonization [94]

miR-22/SIRT1 (Sirtuin1) 
axis 

 SIRT1 ND
MCF-7  cells and (stage III-

IV) BC tissues  
mBC

BC growth and metastatic suppression 
and a potential therapeutic target against 

MBC
[96]

miR-10b TWIST ND mBC cells mBC increase in migration and invasion [108]
miR-199a ETS1, HIF1A

miR-214, miR-141 ND
miR-200a/b/c PLCG1, PTEN, PTPN12, PTPN13, PTPRD, ZEB1, ZEB2

miR-429 PLCG1, PTEN, PTPN12, PTPN13, PTPRD, ZEB1, ZEB2
miR-31, miR-10b, miR-

373, miR-214
ND

 miR-20a
BCL2, BMPR2, CCND1, CDKN1A, CREB1, JAK1, 

MAP3K12, MMP3, PTEN, STAT3, TGFBR2, TNF, VEGFA, 
VIM

miR-10b,  miR-34a, miR-
155, miR-141

ND

miR-200a/b/c,  miR-429 PLCG1, PTEN, PTPN12, PTPN13, PTPRD, ZEB1, ZEB2
miR-214 ATF4, FGF16, PTEN

miR-148b ND
miR-378 ND

miR-27a 
FADD, FOXO1, GRB2, IGF1, MMP13, NOTCH1, PDPK1, 

PXN, SMAD3, SMAD4

miR-31

RhoA, 
Fzd3,ITGA5, M-

RIP, MMP16, 
RDX, PKCε, NF-

κB

ND
MCF-10A and MDA-MB-

231 
BC

blocked metastasis, increase apoptosis 
and enhances radiosensistivity

[99, 100]

miR-9 CDH1 ND SUM149 breast cancer cells BC elevated cell motility and invasiveness [93]

miR-145
c-Myc and mucin, 
cyclin-D1, elF4E 

CLINT1, DDR1, EIF4E, IGF1R, IRS1, MDM2, MMP1, 
PPP3CA, RTKN

ND BC
regulates cancer cell motility and cell 

cycle progression 
[79]

miR-140-5p VEGF-A SMAD3, VEGFA  in vitro and in vivo BC and MBC
tumor suppressor, and  possible novel 

anti-metastatic and anti-angiogenic agent 
[104]

ND ND mBC implicated in prolifiration [11]

ND ND BC enhance angiogenesis & tumor survival [105, 106]

ITGA5 and 
ALCAM

in vitro, in vivo, in primary BC 
patients

mBC
miR-214 downregulation &miR-148b 
upregulation blocked dissemination

[95]
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ND Circulating miRNA Breast Cancer
predicted MBC onset, correlated with 
CTC status and predicted PFS and OS

ND ND mBC implicated in invasion [11]

ND ND mBC implicated in extravasation [11]

ND ND BC metastasis promoters [89]

ND ND BC metastasis suppressors [89]

ND ND ND

[39]

BCL2, SMAD3, 
SOCS1, EMT

patient samples and TCGA 
database

patients with 
DCIS or 

brain metastasis 

devising a systems-gene expression 
patterns to predict cancer metastasis

[37]

Table 18.3  Summary of miRNAs implicated in metastasis in BC and their dysregulation pattern, 
their target protein/pathway, validated targets from IPA, sample source, breast cancer type and function

Within each cluster, upregulated miRNAs are highlighted in yellow, downregulated miRNAs in 
dark blue and dysregulated miRNAs (meaning miRNAs with conflicting dysregulation patterns 
between studies or dysregulation pattens not indicated in the study) in purple. The validated path-
ways selected in IPA included metastasis, NF-κB signalling, VEGF signalling and VEGF family 
ligands, inhibition of MMPs, JAK/STAT signalling, Pi3K/AKT signalling, Integrin signalling, epi-
thelial adherens, remodelling of the epithelium and EMT pathways
ND Not Determined, BC Breast Cancer, mBC Metastatic Breast Cancer, OS overall survival, DFS 
disease-free survival, PFS progression-free survival, TNBC triple negative breast cancer, DCIS 
ductal carcinoma in situ, CTCs circulating tumor cells
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replication of hepatitis C virus, after it was proven effective in chimpanzees [65]. 
More than dozens of clinical trials are underway, testing the prognostic, metastatic 
and therapy predictive potential possessed by some candidate miRNAs, or alterna-
tively, players in the biogenesis pathway of miRNAs (www.clinicaltrials.gov). 
Adams et al. [8] predicted the potential of using miR-34a for treatment of TNBC 
based on clinical studies investigating MRX34, an amphoteric liposome coupled 
with a synthetic miR-34a mimic, for its efficacy against hepatocellular carcinoma in 
phase I clinical trial. The rationale behind their prediction is that miR-34a was capa-
ble of sensitizing TNBC to dasatinib treatment by targeting c-SRC, and thus, admin-
istering miR-34a and dasatinib might be worth investigating in aggressive TNBC.

Finally, focus for BC understanding should be on the original molecular triggers 
for cellular transformation prior to cancer progression, drug resistance and metasta-
sis. In other terms, it is essential to focus research on the basic molecular mecha-
nisms that trigger cancer. Besides understanding the regulatory role of miRNAs in 
breast cancer, recent studies are focusing on circular RNAs (circRNAs) and their 
roles in “sponging” microRNAs. circRNAs are a large class of endogenous RNAs 

R
ol

e

miRNA
target 

protein/pathway  
validated targets from IPA

sample source 
(cell line vs 

patient samples)

breast cancer 
type

Function Ref.

miR-644a CTBP1, p53, Noxa ND BC cell lines
various BC 

subtypes 
sensitizes cells to targeted/chemotherapy and 

blocks metastasis
[26, 110]

miR-9 E-cadherin , vimentin ND BC cell lines BC regulates EMT leading to endocrine resistance [77, 93]

miR-21 G5-PAMAM ND BC cell lines BC drive drug resistance and metastasis [75]
miR-7 KLF4 ND breast CSCs breast CSCs CSC metastasize to the bone and brain [111]
miR-7 ND

miR-124 ARAF

miR-145
CLINT1, DDR1, EIF4E, IGF1R, 
IRS1, MDM2, MMP1, PPP3CA, 

RTKN

miR-200 family PLCG1, PTEN, PTPN12, PTPN13, 
PTPRD, ZEB1, ZEB2

miR-205 ERBB3, INPPL1, MED1, PRKCE, 
PTEN, VEGFA

miR-375, miR-448 ND
miR-31 ND

miR-135b APC
miR-138-1 RHOC, ROCK2

miR-124a-1/2/3 DNMT3b

ARAF, ARHGEF1, CDK2, CDK4, 
CDK6, CTGF, CTNND1, DRAM1, 
DVL2, E2F5, ELF4, ELK3, GNAI3, 
ITGB1, MAPK14, PRKD1, RARG, 
RELA, RHOG, SMAD5, SNAI2, 

SOX9, SP1, TLN1, TRIM29, TUBB6

ND advanced BC
correlates aggressiveness and advanced BC 

with methylation patterns
[114]

[113]
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EMT BC cell lines BC
EMT regulatory miRs that might lead to drug 

resistance
[92]

ND
early/late 

postpartum BC 
patients

BC
correlation with differentially methylated 

regions 

Table 18.4  Summary of miRNAs implicated in both drug resistance and metastasis in BC and 
their dysregulation pattern, their target protein/pathway, validated targets from IPA, sample source, 
breast cancer type and function

Within each cluster, upregulated miRNAs are highlighted in yellow, downregulated miRNAs in 
dark blue and dysregulated miRNAs (meaning miRNAs with conflicting dysregulation patterns 
between studies or dysregulation pattens not indicated in the study) in purple. The validated path-
ways selected in IPA included cancer, drug resistance, metastasis, NF-κB signalling, VEGF signal-
ling and VEGF family ligands, inhibition of MMPs, JAK/STAT signalling, Pi3K/AKT signalling, 
Integrin signalling, epithelial adherens, remodelling of the epithelium and EMT pathways
ND Not Determined, BC Breast Cancer, mBC Metastatic Breast Cancer, OS overall survival, DFS 
disease-free survival, PFS progression-free survival, TNBC triple negative breast cancer, DCIS 
ductal carcinoma in situ, CTCs circulating tumor cells
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that originate from cellular splicing and play regulatory roles in mammalian cells. 
Sequencing analysis has also shown circRNAs to be dysregulated in cancers (cell 
lines, patient tissues, plasma and serum) and are characterized by their stability, 
conserved sequences and presence in the circulation. Thus, sequencing circRNAs 
along with their downstream miRNAs targets will add one more layer to better 
understand the drivers of cancer initiation, progression, drug resistance and metas-
tasis and will bring us a step closer towards devising better breast cancer biomarkers 
[120]. Moreover, the commonly used integrative analysis approach for predicting 
miRNAs gene and protein targets and networks, known as the systems biology 
approach, is continuously being updated and developed to accommodate for better 
prediction of efficacy and activity of candidate miRNAs on a universal scale [89]. 
Improving the already available breast cancer miRNAs databases to elucidate details 
on sample sources, miRNAs expression profiles, extraction protocols, their 
diagnostic, prognostic, therapy predictive, therapeutic and metastatic potential, 
would lay grounds for better, more reproducible and more tumor-specific miRNAs 
studies [12]. This, of course, calls for a more integrative understanding of the 
miRNA–gene and miRNA-protein interaction networks through the development of 
multi-disciplinary systems biology approaches assimilating genomics, genetics, 
proteomics and bioinformatics, to better understand and combat cancer initiation, 
development, progression and recurrence.
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