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Abstract Over the past decade, microRNAs (miRNAs) have
become a new paradigm of gene regulation. miRNAs are
involved in a wide array of carcinogenic processes. Indeed,
increasing evidence has shown the importance of miRNAs in
cancer, suggesting their possible use as diagnostic, predictive
and prognostic biomarkers, leading to miRNA-based anti-
cancer therapies, either alone or in combination with current
targeted therapies, with the goal of improving cancer treat-
ment responses and increasing cure rates. The advantage of
using a miRNA approach is based on the ability to concur-
rently target multiple effectors of pathways involved in cell
proliferation, migration and survival. This review sheds new
light on miRNA regulation of genes that play critical roles in
the process of malignant transformation and tumour metasta-
sis, the dysregulation of miRNA expression in cancer devel-
opment and the development of miRNA-based diagnostics
and therapeutics.
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Introduction

Breast cancer is the most frequently diagnosed cancer and is
the leading cause of cancer death for women worldwide, with
232,340 new cases annually [1]. Although improvements in
early detection and treatment have decreased breast cancer
mortality rates in recent years, breast cancer prevention and

therapy remain to be a major public health concern.
Conventional wisdom in the field of oncology indicates that
malignant tumour progression involves multiple genetic
changes, each of which could result in the dysregulation of
important pathways involved in complex cellular processes,
such as growth, invasion, and apoptosis. The accumulation of
these genetic alterations confers a malignant phenotype.
Recently, microRNAs (miRNAs) have received wide atten-
tion as crucial regulators of gene expression.

miRNAs are a class of endogenous, small, non-coding
RNAs (~22 nt) that negatively regulate protein-coding mes-
senger RNAs (mRNAs) at the posttranscriptional level. Most
miRNA genes are derived from primary miRNA transcripts
containing a cap and a poly(A) tail and are produced by RNA
polymerase II from miRNA genes. The primary miRNAs are
further cleaved into 22-nt mature miRNAs by the consecutive
function of RNAse III Drosha–DGCR8 and Dicer, present in
the nucleus and cytoplasm, respectively. These single-
stranded molecules have a length of 19–23 nucleotides and
regulate gene expression at the posttranscriptional level, thus
controlling crucial physiological processes through three
mechanisms: binding to complementary sequences on target
messenger RNA transcripts, repressingmRNA translation and
cleaving target mRNA. Recently, a study by Mukherji et al.
[2] showed that miRNA target genes have an mRNA expres-
sion threshold, below which, the gene is efficiently repressed,
and above which, it can overwhelm the available miRNA. The
threshold level is determined by the available miRNA con-
centration, whereas the steepness of the transition is deter-
mined by the strength and number of miRNA binding sites in
the target. However, Dvinge et al. observed that miRNAs act
as modulators of mRNA–mRNA interactions rather than as
on–off molecular switches in the biology of copy-number
aberration (CNA devoid) in breast cancer [3] (Fig. 1).

miRNA expression is altered in cancer cells, with some
miRNAs functioning as tumour oncogenes (oncomiRs) and
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others acting as suppressors, depending on which genes or
pathways they regulate. miRNAs are also known to be in-
volved in various biological processes, including cellular pro-
liferation, tumorigenesis and migration, which is indicative of
their importance in cellular function [3-5]. This review focus-
es on recent progress in the understanding of breast cancer
regulation bymiRNAs. These findings confirm and extend the
importance of miRNAs in pathophysiological process and
illustrate the value of analysing neoplastic cells for new leads
that may improve breast cancer outcomes (Table 1).

ApoptomiRs and microRNA regulation of proliferation

Recent studies have demonstrated that microRNAs can impair
cell proliferation or induce apoptosis through oncogene/
tumour suppressor targeting. miR-497, a tumour suppressor,
can specifically regulate cell growth by targeting cyclin E1 in
MDA-MB-231 cells. Furthermore, its overexpression causes a
G1 cell cycle arrest [6]. Cui et al. demonstrated that miR-133a,
which may act as a tumour suppressor in breast cancer, regu-
lates cell cycle and proliferation in carcinogenesis by targeting
epidermal growth factor receptor (EGFR) through the down-
stream signal molecule Akt [7]. Oestrogen-dependent high
levels of miR-191/425 induce proliferation in estrogen recep-
tor alpha (ERα)-positive cells by repressing a strong tumour
suppressor gene, such as early growth response protein 1
(EGR1). However, low levels of the miR-191/425 cluster
are essential for the high expression of important modulators,

such as FSCN1, CCND2 and SATB1, which confer a prolif-
erative advantage to aggressive breast cancer cells [8].
Leivonen et al. reported that miR-342-5p specifically inhibits
the growth of human epidermal growth factor receptor 2
(HER2)-positive cells in vitro [9]. Research by Nassirpour
et al. demonstrated that miR-221 is specifically overexpressed
in triple-negative breast cancer cells and that miR-221 knock-
down induces G1 arrest and apoptosis and inhibits cell prolif-
eration and tumour growth, most likely by altering expression
levels of p27kip [10]. Interestingly, miR-30c overexpression
suppresses the proliferation of hereditary breast cancer cells
through inhibition of KARS signalling [11].

Apoptosis is a crucial cellular process that normally serves
to maintain cell proliferative homeostasis and prevent unre-
stricted cell division. A recent report revealed that miR-31
directly targets PRKCE and thereby suppresses nuclear factor
kappa B (NF-κB) activity and induces apoptosis and sensitiv-
ity to anti-cancer treatment via the downregulation of BCL2
expression in MCF10A breast epithelial and MDA-MB-231
triple-negative breast cancer cells [12]. Anaya-Ruiz et al.
found that silencing of miR-153 significantly induces apopto-
sis in the MDA-MB-231 breast cancer cell line [13]. More
recently, miR-26a was shown to be downregulated in breast
cancer cells, and its modulation regulated cell proliferation
and apoptosis. Myeloid cell leukaemia protein 1 (MCL-1), an
anti-apoptotic member of the Bcl-2 family, novel targets of
miR-26a, was found to inversely correlate with an ectopic
expression of miR-26a, and MCL-1 knockdown phenocopied
the effect of miR-26a in breast cancer cell lines [14].

Fig. 1 Schematic biogenesis of miRNA. Alterations in the miRNA biogenesis pathway have been shown to contribute to miRNA dysregulation that can
occur through a number of mechanisms, including alteration of expression of key processing enzymes or mutations in these proteins
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Table 1 Summary of the microRNAs involved in breast cancer

miRNA Expression SNPs Function Clinical significance Target genes References

miR-342-5p Up Inhibits the growth of
HER2-positive cells

Prognosis Leivonen et al. [9]

miR-191/425 Induces proliferation EGR1 Di Leva et al. [8]

miR-126 Down/up Induces vascular formation
Inhibit tumour proliferation

Diagnosis/prognosis VEGF-A/
PIK3R2

Tavazoie et al. [17], Zhu et al. [28],
Hoppe et al. [57]

miR-30c Up Inhibits proliferation KRAS Tanic et al. [11]

miR-31 Induces apoptosis PRKCE Körner et al. [12]

miR-26a Down Regulates proliferation and
apoptosis

MCL-1 Gao et al. [14]

miR-497 Down Inhibits growth Prediction, prognosis Cyclin E1 Luo et al. [6], Wang et al. [54]

miR-133a Down Inhibits cell cycle and
proliferation

Diagnosis EGFR Cui et al. [7], Chan et al. [47]

miR-7 Down Blocks brain metastasis KLF4 Okuda et al. [25]

miR-222 Up promotes the EMT Prognosis ADIPOR1 Hwang et al. [15], Falkenberg et al. [55]

miR-221 Up Promotes tumorigenesis Prognosis P27kip1 Nassirpour et al. [10], Falkenberg et al.
[55]

miR-374a Up Promote metastasis and
EMT

Poor prognosis WIF1/PTEN/
WNT5A

Cai et al. [21]

miR-335 Inhibits metastamir Tavazoie et al. [17]

miR-181a Up Inhibition of anoikis
Stimulate breast cancer
metastasis

BIM Taylor et al. [22]

miR-30a Inhibits invasion and
metastasis

Diagnosis MTDH Zhang et al. [18], Zeng et al. [51]

miR-200a Promoted anoikis resistance YAP1 Yu et al. [23]

miR-720 Down Inhibit invasion and
metastasis

TWIST1 Li et al. [19]

miR-182 Promote invasion and
metastasis

MIM Lei et al. [24]

miR-506 Up Inhibit TGFβ-induced EMT SNAI2/VIM/
CD151

Arora et al. [16]

miR-98 Inhibits blood vessel
expansion

MMP11, ALK4 Siragam et al. [29]

miR-145 Suppresses tumour
angiogenesis

Diagnosis N-RAS,
VEGF-A

Zou et al. [30], ng et al. [52]

miR-155 Up Promotes angiogenesis VHL Kong et al. [31]

miR-542-3p Represses angiogenesis Angiopoietin-2 He et al. [33]

miR-19a-3p Down Inhibits progression and
metastasis

FRA-1 Yang et al. [20]

Pre-miR-27a Yes Yang et al. [34], Zhong et al. [35]

Has-miR-146a Yes Lian et al. [36], Wang et al. [38]

miR-499 Yes Fan et al. [37], Wang et al. [40]

miR-196a2 Yes Wang et al. [39]

hsa-let-7 Yes RAD52 Jiang et al. [44]

Let-7b Prognosis BSG 58

miR-515-5p Down Yes IGF-1R Gilam et al. [43]

miR-561 Yes TYMS Guan et al. [42]

miR-106b/
miR-579

Yes DGCR8 Jiang et al. [45]

miR-1258 Down Diagnosis/prognosis HPSE Tang et al. [56]

miR-10a Up Diagnosis/prognosis Hoppe et al. [57]

miR-92a Down Diagnosis Si et al. [46]

miR-205 Up Overall survival Markou et al. [53]

miR-21/146a Up Diagnosis Kumar et al. [50]
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miRNA regulation of metastasis and invasiveness

Metastasis is a multistep process that begins as primary tu-
mour cells invade surrounding tissues and enter the blood and
lymphatic vessels. The cells travel through the vasculature,
extravagate into distant tissues and finally establish secondary
tumours. Substantial direct evidence has demonstrated the
links between miRNAs and metastasis. Epithelial–mesenchy-
mal transition (EMT), a key step of metastasis, is an evolu-
tionarily conserved process in which epithelial cells are con-
verted to mesenchymal cells. Adiponectin receptor 1
(ADIPOR1), a direct target of miR-221/222, negatively regu-
lates EMT in breast cancer and provides an additional mode
by which miR-221/222 induces EMT [15]. Arora et al. [16]
observed that NF-κB binds to the upstream promoter region of
miR-506 to suppress transcription. Moreover, miR-506 over-
expression inhibits TGFβ-induced EMT signalling in breast
cancer cell lines. Certain miRNAs negatively regulate the
metastatic potential of cancer cells. For example, Tavazoie
et al. [17] reported that restoring the expression of miRNAs in
malignant cells, whose expression is specifically lost as hu-
man breast cancer cells develop metastatic potential, sup-
presses lung and bone metastasis in metastatic breast cancer.
miR-126 restoration reduced overall tumour proliferation,
whereas miR-335 suppressed metastasis. An elegant study
by Zhang et al. [18] demonstrated the role of miR-30a in
repressing breast cancer migration and invasion, as mediated
by metadherin (MTDH), an effective oncogene in metastasis.
In addition, miR-30a expression is inversely associated with
lymph node or lung metastasis in breast cancer patients,
supporting the notion that a loss of miR-30a results in in-
creased expression of the oncogene MTDH, which in turn
promotes breast cancer metastasis. Li et al. [19] observed that
miR-720 expression is significantly downregulated in primary
breast cancer, with greater downregulation in metastatic tu-
mours. Moreover, re-expression of miR-720 in breast cancer
cells remarkably suppressed cell invasiveness and migration
in vitro and in vivo via direct targeting of Twist-related protein
1 (TWIST1), a highly conserved basic helix-loop-helix tran-
scription factor. It was found that miR-19a-3p, which regu-
lates tumour-associated macrophages (TAMs) in the breast
tumour microenvironment, regulates the TAM phenotype by
targeting the Fra-1 gene. The downregulation of miR-19a-3p
expression in TAMs was likely due to TEM induction, which
promotes transformation of M1 to M2 and results in enhanced
migration and invasion of breast cancer cells [20].
Additionally, miRNAs are also involved in positively regulat-
ing EMT and tumour metastasis. In breast cancer cell lines,
EMTand metastasis were promoted by an ectopic overexpres-
sion of miR-374a both in vitro and in vivo. Furthermore, miR-
374a directly targeted and suppressed multiple negative regu-
lators of the Wnt/β-catenin signalling cascade, including Wnt
inhibitory factor 1 (WIF1), phosphatase and tensin homologue

(PTEN) andWNT5A [21]. Taylor et al. [22] demonstrated that
aberrantly high miR-181a expression enhanced the ability of
TGFβ to stimulate breast cancer metastasis via inducing EMT
programmes and by promoting resistance to anoikis by down-
regulating the expression of the pro-apoptotic factor Bim.
Moreover, miR-181a expression was highly associated with
the development of metastatic disease in triple-negative breast
cancers (TNBCs). It has been reported that miR-200a, func-
tioning as an anoikis suppressor, promotes anoikis resistance
by targeting Yes-associated protein 1 (YAP1), subsequently
leading to distant metastasis in breast cancer [23]. miR-182
promotes tumour cell invasion and metastasis by inhibiting
missing in metastasis (MIM) in breast cancer. In addition,
MIM represses stress fibre formation and invasion of cancer
cells through inactivation of the cytoskeleton regulator
RhoA [24]. Moreover, recent reports on the role of
miRNAs in breast cancer with brain metastasis have
attracted increasing attention. A study by Okuda et al. [25]
showed that miR-7 expression significantly suppresses the
ability of cancer stem-like cells (CSCs) to metastasise to the
brain in an animal model. The authors also found that miR-7
and Kruppel-like factor 4 (KLF4) are significantly down- or
upregulated, respectively, in brain-metastatic lesions.
Furthermore, the results of experiments in vitro indicate that
miR-7 attenuates CSC invasion and self-renewal by modu-
lating KLF4 expression.

Indeed, it is also important to understand the interplay
between miRNAs and mRNAs leading to breast cancer.
Recently, several studies found that mRNAs regulate tu-
mour progression through targeting miRNAs. For exam-
ple, Hu et al. [26] reported that elevated BMP-6 expres-
sion inhibits G1/S cell cycle progression in MDA-MB-
231 cells, resulting in impaired tumorigenesis in a nude
mouse xenograft model via the downregulation of miR-
192. They also found that the cell cycle regulator, RB1, is
a major target of BMP-6/miR-192 signalling in the regu-
lation of MDA-MB-231 cell proliferation. Recently, Chou
et al. [27] found that GATA3 promoted differentiation,
suppressed metastasis and altered the tumour microenvi-
ronment in breast cancer by inducing microRNA-29b
expression. Accordingly, loss of miR-29b, even in
GATA3-expressing cells, increases metastasis and pro-
motes a mesenchymal phenotype.

miRNA regulation of angiogenesis

Tumour angiogenesis is a crucial process resulting in new
blood vessel formation, which plays an important role in
tumour growth, invasion and metastasis. Generally, solid tu-
mours growing beyond 1–2 mm3 in diameter require the
formation of new vessels to remove metabolic waste and
transport nutrients and oxygen, a critical process that allows
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small developing neoplasias to enter a state of uncontrolled
proliferation. Pathways that control the complex processes
have been the focus of efforts to use novel therapeutics that
inhibit this process. Many of the previously described
miRNAs have been found to be vital regulators of
angiogenesis.

Zhu et al. [28] revealed that endothelial-specific miR-126 is
excised from EGFL7 pre-mRNA without affecting splicing
and expression of its host gene. In addition, downregulation of
miR-126 in tumours may increase the activity of the
VEGF/PI3K/AKT signalling pathway and induce vascular
formation. Preliminary work by Siragam et al. [29] investigat-
ed the involvement of miR-98 in regulating angiogenesis
using a highly aggressive breast cancer model in vitro and
in vivo. The authors found that miR-98 functions as a tumour
suppressor by inhibiting blood vessel expansion, primarily by
targeting matrix metalloproteinase 11 (MMP11) and activin
receptor-like kinase 4 (ALK4). Zou et al. [30] showed that
miR-145 suppresses tumour angiogenesis through the post-
transcriptional regulation of the novel targets N-RAS and
VEGF-A in vitro and in vivo. Kong et al. [31] provided
in vitro and vivo evidence that miR-155 upregulation pro-
motes breast cancer angiogenesis primarily via targeting Von
Hippel–Lindau (VHL). The overexpression of either miR-
148a or miR-152 in breast cancer cells is sufficient to inhibit
tumour angiogenesis through targeting insulin-like growth
factor 1 receptor (IGF1R) and IRS1 and suppressing their
downstream AKT and mitogen-activated protein kinase
(MAPK)/ERK signalling pathways [32]. It is well known that
angiopoietin-2 plays a critical role in angiogenesis. A recent
study showed that miR-542-3p represses tumour angiogenesis
by targeting angiopoietin-2, a key angiogenesis-promoting
protein [33].

miRNA polymorphisms associated with breast cancer

Breast cancer is a consequence of multiple factors,
including genetic predisposition. Specific variations in
DNA sequence [single nucleotide polymorphisms
(SNPs)] of coding genes as well as of non-coding
miRNAs have been linked to breast cancer susceptibil-
ity. These polymorphisms exist not only in the mature
miRNA sequence but also in the pre- and pri-forms of
the miRNA, potentially altering the processing of the
mature sequence and their binding sites in target genes.

Polymorphisms within miRNAs

Recent years have witnessed an explosion of reports of SNPs
within miRNAs. For instance, the pre-mir-27a rs895819 poly-
morphismwas shown to have a protective effect against breast
cancer, mainly in those younger than age 50 [34]. However, a

further meta-analysis showed that this polymorphism might
have some relation to breast cancer susceptibility or cancer
development in Caucasians [35]. Lian et al. found that the has-
miR-146a rs2910164 polymorphism is associated with in-
creased breast cancer risk among Europeans in a homozygote
comparison (CC vs. GG: odds ratio (OR)=1.29, 95 % confi-
dence interval (CI)=1.02−1.63) [36]. Fan et al. reported that
the miR-499 rs3746444 T>C polymorphism is associated
with breast cancer, and the C allele could increase cancer
susceptibility in Asians [37]. However, these results have been
disputed by additional studies that found no significant asso-
ciation between rs2910164 in miR-146a (or rs3746444 in
miR-499) and breast cancer susceptibility. A recent meta-
analysis demonstrated that the rs11614913 CC genotype of
miR-196a2 was revealed to be associated with an increased
breast cancer susceptibility compared with the TT+CT geno-
types [38-40].

In a case–control study of 1,064 breast cancer cases and
1,073 cancer-free controls, Chen et al. revealed that rs462480
and rs1053872 in the flank regions of pre-miR-101-2 are
significantly associated with an increased risk of breast cancer
(rs462480 AC/CC vs. AA: adjusted OR=1.182, 95 % CI=
1.030–1.357, p=0.017; rs1053872CG/GG vs. CC: adjusted
OR=1.179, 95 % CI=1.040–1.337, p=0.010) [41].

Polymorphisms within miRNA target binding sites

miRNAs have been identified as translational factors of
protein-coding genes through binding target sites in the 3′
UTRs of mRNAs. Several lines of evidence indicate that
genetic variants in the sequence of target sites may affect
the miRNA regulation of target gene expression and con-
sequently influence cancer development. For instance, in
a hospital-based, case–control study of sporadic breast
cancer, the variant rs16430 0 bp at the miRNA binding
site in thymidylate synthase (TYMS) gene was associated
with a significantly increased risk of breast cancer in non-
Hispanic white women aged ≤55 years [42]. The variant
rs2867428 in the miR-515-5p binding site may modify
breast cancer risk among BRCA1 carriers by regulating
the expression of IGF-1R. miR-515-5p was downregulat-
ed in tumour tissue compared with non-neoplastic, sur-
rounding tissue, while IGF-1R levels were elevated. This
IGF-1R SNP was found to be significantly associated
with age at diagnosis of breast cancer in BRCA1 mutation
carriers [43]. In a two-stage case–control study, Jiang
et al. reported that the variant rs7963551 in the hsa-let-7
binding site may modify breast cancer risk through regu-
lating RAD52 expression [44]. In a study from China,
researchers found that DGCR8 rs417309G>A may in-
crease the risk of breast cancer through interrupting
miRNA-106b or miRNA-579 binding affinity [45].
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MicroRNAs as diagnostic biomarkers

Because miRNAs have been shown to be stable molecules in
body fluids such as blood and cerebrospinal fluids, they are
potential biomarkers for non-invasive early detection of breast
cancer. Si et al. reported that decreased levels of miR-92a in
serum samples of BC are associated with tumour size and a
positive lymph node status (p<0.001) [46]. By comparing
miRNA profiles between tumour and serum samples, miR-1,
miR-92a, miR-133a andmiR-133bwere identified as the most
important diagnostic markers, and the receiver operating char-
acteristic curves derived from combinations of these miRNAs
exhibited areas under the curves of 0.90 to 0.91 [47]. Cuk et al.
[48] found that miR-127-3p, miR-148b, miR-376a, miR-
376c, miR-409-3p, miR-652 and miR-801 levels are elevated
in the plasma of breast cancer patients. These miRNAs could
differentiate even women with benign tumours, stage I or II
breast cancer from healthy controls. In addition, a panel of
these seven circulating miRNAs had a substantial diagnostic
potential with an AUC of 0.81 for the detection of benign and
malignant breast tumours, which further increased to 0.86 in
younger women (up to 50 years of age). Using the product of
miR-10b and miR-373 as a combined biomarker, Chen et al.
observed that their levels could distinguish breast cancer
patients with lymph node metastasis from non-metastatic pa-
tients [49]. Kumar et al. showed that circulating levels of miR-
21 and miR-146a are significantly higher in plasma samples
of breast cancer patients compared with those of healthy
controls (p<0.0004 and p<0.005, respectively) [50]. Zeng
et al. [51] observed that the status of ER and triple-negative
breast cancer is significantly associated with miRNA-30a
levels (p=0.007 and p=0.005, respectively). Moreover,
ROC analysis showed the sensitivity and specificity of
miRNA-30a for breast cancer diagnosis at 74.0 and 65.6 %,
respectively, suggesting that miRNA-30a has great potential
for use as a novel biomarker for breast cancer diagnosis. One
study reported that the combination of miR-145 and miR-451
could discriminate breast cancer from healthy controls and all
other types of cancers; testing with these markers reached a
sensitivity and specificity of >90 % for breast cancer predic-
tion, the positive predictive value was approximately 90 %,
and the negative predictive value was approximately 92 %
[52].

MicroRNAs as prognostic and predictive biomarkers

Identification of patients with a worse prognosis may improve
the clinical care of those patients by optimising therapy. The
association between miRNA expression signature and predic-
tion of prognosis and survival has recently been evaluated in
several studies. Markou et al. [53] revealed that both miR-21
and miR-205 are significantly associated with disease-free

interval and only miR-205 with overall survival. Moreover,
miR-205 and miR-21 are independent factors associated with
early disease relapse, whereas only miR-205 overexpression
is associated with overall survival (OS). Leivonen et al. dem-
onstrated that a higher expression of miR-342-5p, a tumour
suppressor, is associated with better survival in both breast
cancer patient cohorts [9]. A study by Wang et al. [54] found
that low miR-497 expression closely correlates with higher
differentiation grade, positive HER2 expression, higher inci-
dence of lymph node metastasis and advanced clinical stage.
Furthermore, low miR-497 expression correlates with shorter
OS and disease-free survival (DFS) in breast cancer. miR-221
was considered to be a highly significant prognostic marker
for distinguishing prognostic subgroups particularly in ad-
vanced (lymph node+, HER2+) breast cancers, and miR-222
was of prognostic significance in the lymph node-negative
tumours and therefore may be of high impact in differentiating
between different LN-negative prognostic groups [55]. Tang
et al. revealed that reduced miR-1258 expression is associated
with a short overall survival and a short relapse-free survival,
lymph node status, and late clinical stage by regulating HPSE
[56]. Hoppe et al. demonstrated that a higher expression of
miR-126 and miR-10a in early breast cancer patients treated
with tamoxifen is associated with longer relapse-free time
(log-rank p=0.037 and p<0.0001, respectively) [57]. A recent
study showed that let-7b expression in breast cancer patients is
inversely associated with tumour lymph node metastasis (p=
0.001), patient overall survival (p=0.027), relapse-free sur-
vival (p=0.016) and basigin (BSG) protein expression (p=
0.001). Furthermore, breast cancer patients with low let-7b
expression have poor prognoses, indicating that let-7b might
act as cancer suppressor gene in BC development and pro-
gression by inhibiting BSG expression [58]. Recently, several
investigations have emphasised the integrated analysis of
miRNAs and mRNAs in clinical outcomes. For example,
Volinia et al. [59] performed survival analysis on 466 breast
cancer patients by integrating mRNA, miRNA and DNA
methylation data from TCGA. The authors found 7 miRNAs
and 30 mRNAs that formed an integrated miRNA/mRNA
signature with the highest prognostic value in stages 1 and 2
breast cancers. The prognostic RNAs included PIK3CA, one
of the two most frequently mutated genes in IDC, and
miRNAs such as has-miR-328, has-miR-484 and has-miR-
874.

MicroRNAs as therapeutic targets

miRNA regulation of multiple cancer-related pathways pro-
vides numerous opportunities for therapeutic intervention.
Targeting one miRNA might affect simultaneously a number
of vital signalling pathways in the tumour cell. Therefore, it
may be expected that miRNA targeting may be less prone to
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resistance than signal pathway-specific agents. Here, we pres-
ent some miRNAs that might be useful in breast cancer
therapy (Table 2).

Chemotherapy

miRNA-30c, a human breast tumour prognostic marker, is
transcriptionally regulated by GATA3 in breast tumours
Moreover, miR-30c regulated breast cancer chemoresistance
and EMT by direct targeting of the cytoskeleton gene TWF1
as well as by indirect targeting of the cytokine IL-11 [60].
Fang et al. [61] showed that miR-30c restoration sensitises
MCF-7/ADR to doxorubicin treatment in vivo and in vitro.
Furthermore, the authors document miR-30c as a potential
tumour suppressor of the progression to doxorubicin resis-
tance in breast cancer through its ability to target YWHAZ and
the p38 MAPK signalling pathway. One study showed that
crosstalk between Bmi1 and miR-200c, mediated by p53, and
Bmi1 interference would improve chemotherapy response to
5-fluorouracil in breast cancer via susceptive apoptosis induc-
tion and cancer stem cell enrichment inhibition [62]. In addi-
tion, Chen et al. [63] reported that miRNA-200c increased the
drug sensitivity of breast cancer cells to doxorubicin by
inactivating the Akt pathway through the E-cadherin-
mediated upregulation of PTEN. Zhong et al. identified two
miRNAs (miR-222 and miR-29a) involved in acquiring resis-
tance to adriamycin and docetaxel, at least in part via targeting
PTEN in breast cancer MCF-7 cells [64]. By using microarray
analysis, Jiao et al. [65] found differential expression patterns

of miRNAs that targeted breast cancer resistance protein
(BCRP) between the parental MCF-7 and its derivative
BCRP-overexpressing MCF-7/MX cells. miR-181a is the
most significantly downregulated miRNA in MX-resistant
MCF-7/MX cells. Importantly, the study revealed that miR-
181a, functioning as a BCRP suppressor, reversed BCRP-
mediated drug resistance in vitro and in vivo. A study by Hu
et al. found that the demethylation of miR-663 promoter
mediated miR-663 expression, and miR-663 targeted heparan
sulfate proteoglycan 2 (HSPG2) to induce the chemothera-
peutic resistance of breast cancer cells [66].

Endocrine therapies

Endocrine therapy has become a significant treatment option
for women with ERα-positive breast cancer, with up to 70 %
of primary breast cancers expressing ERα. Shibahara et al.
found that aromatase inhibitors (AIs) may exert tumour-
suppressing effects upon breast cancer cells by repressing
aromatase gene expression via restoration of let-7f [67]. Re-
expression of microRNA-375 not only sensitises cells to
tamoxifen but also reverses EMT-like properties in a
tamoxifen-resistant breast cancer model. Moreover, it modu-
lates invasive potential by the direct regulation of the MTDH
oncogene [68]. He et al. found that miR-342 expression
positively correlates with the expression of ERα mRNA in
human breast cancer tissues and that the introduction of miR-
342 into oestrogen-dependent breast cancer cells enhances
tamoxifen sensitivity [69].

Table 2 miRNAs involved in modulation of response to therapy in breast cancer

miRNA Drug Drug sensitivity/resistance Target(s) Cell lines References

MiR-30c Doxorubicin Inhibit chemotherapy resistance TWF1/IL-11/
YWHAZ

MCF-7/ADR, MDA-MB-231/ADR Bockhorn et al. [60],
Fang et al. [61]

miR-200c 5-Fluorouracil Improve chemotherapy response; BMI1 MCF-7, MCF-7/5-FU
MDA-MB-231 MDA-MB-453

Yin et al. [62]

miR-200c Doxorubicin Increase the drug sensitivity PTEN MCF-7, MCF-7/ADR Chen et al. [63]

miR-200c Enhance radiosensitivity TBK1 MDA-MB-231 Lin et al. [70]

miR-200c Trastuzumab Restored trastuzumab sensitivity ZEF217 Bai et al. [73]

miR-222/29a Adriamycin
Docetaxel

Involve in acquiring resistance PTEN MCF-7, MCF-7/DOC, MCF-7/ ADR Zhong et al. [64]

miR-181a Increase drug sensitivity BCRP/ABCG2 MCF-7 (xenograft), MtCF-7/MX Jiao et al. [65]

miR-663 Docetaxel
Cyclophosphamide

Induce chemotherapy resistance HSPG2 MDA-MB-231/ADM
MDA-MB-231

Hu et al. [66]

Lef-7f CYP19A1 MCF-7, SKBR-3 Shibahara et al. [67]

miR-375 Tamoxifen Increase drug sensitivity MTDH TamR cells, wild-type MCF-7 ward et al. [68]

miR-342 Tamoxifen Increase drug sensitivity MCF-7 He et al. [69]

miR-21 Trastuzumab Trastuzumab resistance PTEN HER2+BT474, SKBR3, MDA-MB-453 Gong et al. [72]

miR-221 Trastuzumab Trastuzumab resistance PTEN Ye et al. [74]

MiR-210 Trastuzumab Trastuzumab resistance Wild-type BT474 Jung et al. [75]
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Radiotherapy

miR-200c overexpression may enhance radiosensitivity by
inhibiting cell proliferation and by increasing apoptosis and
DNA double-strand breaks in breast cancer cells, especially in
MDA-MB-231 cells. Additionally, one study revealed that an
overexpression of Tank-binding kinase 1 (TBK1), a newmiR-
200c target, partially rescued miR-200c-mediated apoptosis
induced by ionising radiation [70]. miR-34a was upregulated
after X-ray irradiation in p53-positive normal and breast can-
cer cell lines. Moreover, miR-34a might be involved in breast
cell responses to low-dose X-ray DNA damage [71].

Targeted therapy

However, in addition to the above therapies, miRNAs can also
impact responsiveness to targeted therapies. miR-21 has al-
ready been implicated in resistance to trastuzumab (targeting
the ERBB2 oncogene) through the downregulation of its
protein target PTEN [72]. miR-200c, which is the most sig-
nificantly downregulated miRNA in trastuzumab-resistant
cells, and miR-21 restored trastuzumab sensitivity of breast
cancer cells by targeting ZNF217, a transcriptional activator
of TGFβ. It has also been observed that ZNF217 exerts a
feedback suppression of miR-200c via TGFβ/ZEB1 signal-
ling. Restoration of miR-200c, silencing of ZNF217 or block-
ade of TGFβ signalling increased trastuzumab sensitivity of
breast cancer cells [73]. In addition, miR-221 promotes
trastuzumab resistance in HER2-positive breast cancers by
regulating PTEN [74]. Moreover, miR-210 appears to be
increased in trastuzumab-resistant cell lines and patients
[75]. Recently, Ye et al. observed that epigenetic silencing of
miR-375 upregulated IGF-1R, which at least partially under-
lies trastuzumab resistance of HER2-positive breast cancer
[76].

Indeed, a profound understanding of miRNAs’ role in
oncology is warranted to allow their clinical investigations.

Conclusions

The past decade has witnessed an explosion of research on
microRNAs and their functionality. Researchers have identi-
fied many miRNA signatures that are clearly associated with
diagnosis, prognosis and therapeutic response. Many studies
are also illuminating the connections between miRNAs and
the progression of carcinogenesis and the basic biological
roles that they play in tumour cell survival, invasion and
metastasis. There are many issues that need to be addressed,
however, before miRNAs can be effectively integrated into
the field of clinical oncology. For instance, further evaluation
of miRNAs as non-invasive serum markers is required before

they can improve upon current methods for cancer diagnosis,
such as target validation, the accurate prevention of unwanted
off-target effects and the development of efficient methods of
a specific drug delivery. Nevertheless, the results obtained to
date show great promise.
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