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Abstract Breast cancer is the leading cause of cancer death in women worldwide.
Gene expression studies have been used over the last decades to define the signature
of different breast cancer subtypes and to predict outcome and response to thera-
pies. Recently, microRNAs (miRNAs) have been linked to several human diseases,
including cancer. An aberrant miRNA expression in breast cancer was first reported
in 2005. Now, an increasing body of experimental evidences supports the role of
these small molecules in the tumorigenic process and their potential use as cancer
specific biomarkers. Indeed, miRNAs are detectable as circulating molecules in the
blood. In this chapter, we summarize our knowledge about the involvement of
miRNAs in breast cancer and their potential as diagnostic, prognostic and therapeutic
tools.
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1 Introduction

Breast cancer is one of the most frequent cancers worldwide and the most frequent
affecting women. In 2012, 227,000 new cases of breast cancer were counted and
39,500 people died from this neoplasm in United States (Siegel et al. 2012). Breast
cancer is a heterogeneous disease, that comprehends several histotypes, character-
ized by different biological and phenotypic features and that presents different
prognostic and therapeutic procedures. The currently used factors for breast cancer
diagnosis, classification and treatment include patient age, gender, menopausal status,
lymph node status, tumor size, histological features (grade and type, peritumoral
vascular invasion), hormone receptor status [Estrogen receptor (ER) and progesterone
receptor (PR) expression], proliferation index (Mib1) and HER2 over-expression/
amplification, as provided by St. Gallen criteria (Goldhirsch et al. 2009), Nottingham
Prognostic Index (Galea et al. 1992) and Adjuvant Online (www.adjuvantonline.
com). The definition of these guidelines for patient risk stratification, together with
the improvement of chemotherapeutic regimens, enhanced breast cancer survival
rate. However, these rules do not consider the individual molecular complexity of
each neoplasm and for this reason some tumors belonging to a risk group do not
behave in the expected way or do not respond to the chosen therapeutic strategy.
The right prediction of aggressiveness and metastatic potential of a lesion are key
factors in breast cancer patient management. The recent development of technologies
(i.e. microarray, deep sequencing) helped in overcoming this problem. These methods
are able to evaluate the global genomic and transcriptomic profile of tissues and
tumors. Indeed, specific genome-wide profiles created for each kind of breast tumor
subtype, improved histotype classification and prognosis definition (Perou et al. 2000;
Koboldt et al. 2012; Curtis et al. 2012).

MicroRNAs (miRNAs) are a class of regulatory, non-coding small RNA that
mainly post-transcriptionally regulate gene expression. The evaluation of cancer-
specific miRNA profiles revealed to be useful in stratifying breast tumors. Breast
cancer was among the first tumor types for which the evaluation of miRNA profile
was performed. The miRNA microarray analysis has initially showed a panel of 29
miRNAs that were deregulated in breast cancer, if compared to healthy breast tissue
(Torio et al. 2005). Interestingly, further studies on other human cancers found that
several of the 29 miRNAs were deregulated in other neoplasms, indicating that this
first set of miRNAs could affect pathogenetic mechanisms potentially shared among
tumors and suggesting the important role of miRNA in tumor development.
Nowadays, the involvement of miRNAs in each step of cancerogenesis, from
transformation to metastatic spreading, is well known and universally recognized.

MiRNA profiling has allowed for the identification of signatures associated with
the diagnosis, staging, progression, prognosis, and response to treatment of human
tumors (Dvinge et al. 2013). The miRNA-based classifier is much better than the
mRNA classifier at establishing the correct diagnosis for metastatic cancer of
unknown primary site and for metastases coming from or retrieved inside breast
tissue (Ferracin et al. 2011). The maintenance of a strong nucleus of tissue-specific
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miRNAs after the spreading of cancer cells to distant sites is probably the reason
why miRNA profiling is more effective in the diagnosis of cancers of unknown
primary site. In this chapter we review the role of miRNAs in breast cancer transfor-
mation, progression and their possible application in breast cancer diagnosis, prog-
nosis and therapy.

2 Deregulation of MicroRNAs in Breast Cancer

Several miRNAs were demonstrated to play important roles in breast cancer develop-
ment (Le Quesne and Caldas 2010; Yu et al. 2010a). Like protein-coding genes,
miRNAs could be classified as oncogenes (oncomiRs) or tumor suppressor genes,
according to their expression levels in cancer and the cellular functions of miRNAs
and their targets. In breast cancer, miR-145, miR-125, let-7 family and miR-200
family are the most known tumor suppressor miRNAs, while among the oncomiRs
we can remind miR-21 and miR-155 (Fig. 14.1).

TRANSCRIPTIONAL PROFILE
miR-21
miR-155
miR-145
miR-125
let-7
miR-200

GENOMIC ALTERATIONS
hsa-mir-125a
hsa-mir-146a
hsa-mir-196a-2
hsa-mir-499
hsa-mir-27a

0 miR-409-3p miR-126
miR-145  miR-215 miR-411 miR-335
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. miR-155 miR-30a  miR-768-3p
miR-191 mR-34a  miR-801
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Fig. 14.1 MicroRNAs involved in specific processes linked to breast cancer, such as cancer pre-
disposition (genomic alterations), cancer phenotype (transcriptional profile), cancer progression
(metastatic miRNAs) and their release as circulating miRNAs in the blood of cancer patients (cir-
culating miRNAs) (Figure modified from Elsevier (Ferracin and Calin 2011))
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MiR-125 is considered as a tumor suppressor in breast cancer, since it was found
down-regulated in cancer, compared to normal mammary tissue (Iorio et al. 2005).
Its tumor suppressor function was confirmed by the finding that many miR-125
targets, among which ERBB2, ERBB3 and MUC1, are frequently over-expressed in
breast cancers, contributing to aggressiveness of the pathology (Scott et al. 2007).

Let-7 is a tumor suppressor miRNA and it was found to be down-regulated in
several human neoplasms including breast cancer. It was demonstrated that let-7 is
a negative regulator of several stemness properties and is reduced in breast tumor-
initiating cells (BT-ICs). Indeed, its forced up-regulation decreased proliferation,
self-renewal and metastasizing capability of cells (Yu et al. 2007). Known targets of
let-7 are ESR1 (Bhat-Nakshatri et al. 2009) and RAS (Johnson et al. 2005), two
known oncogenes, supporting its tumor suppressive function.

The well-known oncogenic miR-17-92 cluster plays a controversial role in breast
cancer. Li and colleagues demonstrated that the over-expression of miR-17-5p pro-
motes invasion of breast cancer cell lines (Li et al. 2011). In contrast, Yu and col-
leagues found a reduced expression of this cluster in breast tumors, if compared to
normal tissue, and they proved that the cluster was able to inhibit cell proliferation
and metastasizing capability by targeting cyclin D1 and IL-8 (Yu et al. 2008, 2010b),
suggesting a potential tumor suppressive role for these miRNAs. Further studies
will be necessary to better elucidate the role of this cluster in breast cancer. However,
these results indicate that the classification of a miRNA, as tumor suppressor
miRNA or oncomiR, is sometime difficult, since miRNAs are complex players in
the molecular pathways of the cell and it is possible that they cooperate both in
inducing and inhibiting oncogenic pathways.

3 MicroRNA Profile of Breast Cancer Subtypes

Some miRNA expression studies have been performed in order to find molecular
profiles able to distinguish among different breast cancer subtypes and clinical-
pathological features (Blenkiron et al. 2007). The expression of specific miRNAs
has been associated to the activity of ER, PR and epidermal growth factor 2 receptor
(HER?2). These three receptors are key elements for breast cancer patient manage-
ment. Indeed, their expression is routinely evaluated and contributes to define breast
cancer diagnosis, prognosis and therapeutic regimen. In particular, triple-negative
breast cancers (ER-/PR-/HER?2-) are usually more aggressive and associated with
poor prognosis, while neoplasms over-expressing at least one of the three receptors
are characterized by better prognosis (because drugs targeting these molecules are
available and effective in treating positive cancers).

It has been demonstrated that specific miRNAs can regulate the expression of
estrogen, progesterone and epidermal growth factor 2 receptors. Several groups per-
formed microarray miRNA profiling of breast cancers characterized by different
ER, PR and HER?2 status, in order to identify miRNAs associated with these fea-
tures (Iorio et al. 2005; Mattie et al. 2006; Lowery et al. 2009). We discuss here
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some results that emerged from these and other studies, in order to highlight the
miRNAs that influence receptors expression in breast cancer.

Among the miRNAs targeting ER, we remind miR-22 (Pandey and Picard 2009;
Xiong et al. 2010) and miR-145 (Spizzo et al. 2010). On the other hand, some miRNAs
are regulated by ERa itself (miR-21, miR-181, miR-26) (Bhat-Nakshatri et al. 2009;
Maillot et al. 2009; Wickramasinghe et al. 2009), establishing an interesting regulatory
loop. Finally, there are some miRNAs including let-7 (Zhao et al. 2011; Bhat-
Nakshatri et al. 2009), miR-17-92 cluster, miR-106a/363 (Castellano et al. 2009),
miR-221/222 (Zhao et al. 2008; Di Leva et al. 2010) and miR-206 that are both
regulated and regulating, suggesting the presence of feedback loops acting on ER path-
way. Just to give an example, miR-206 (a miRNA found up-regulated in ER- tumors)
targets ERod mRNA and its expression is impaired by ER agonists (Adams et al. 2007;
Kondo et al. 2008). Moreover, this miRNA seems to play a role in the repression of
estrogenic response mediated by epidermal growth factor (EGF) in MCF-7 that is
responsible for the switch from luminal-A to basal-like phenotype (Adams et al. 2009).

To what concern the other two receptors, miR-26 and miR-181, two miRNAs
down-regulated by estrogen treatment in MCF-7 cells, are able to modulate PR
(Maillot et al. 2009). HER?2 is a direct target of miR-125 (Scott et al. 2007) and its
expression is indirectly reduced by miR-205, a miRNA that targets HER3, belong-
ing to the same family of HER2 (Iorio et al. 2009). All these findings highlight the
important contribution of miRNAs in defining the molecular subtypes and the
clinical-pathological features of breast neoplasms and could represent important
molecular targets in breast cancer management.

4 Role of MicroRNAs in Epithelial-Mesenchymal
Transition and Metastasis

Important features of tumor aggressiveness are epithelial-mesenchymal transition
(EMT) and metastatic capability. EMT is a process where epithelial cells lose their
epithelial features, cell polarity and cell adhesion, and become mesenchymal cells,
gaining migratory capability, invasive potential and, finally, metastasize. Breast
cancers presenting an invasive phenotype or metastasis at diagnosis are character-
ized by poor prognosis. Several miRNAs play important role in regulating EMT and
metastasis in breast cancer (Fig. 14.1).

MiR-10b was found highly expressed in breast cancer metastases and it was dem-
onstrated that its expression is under the control of Twist, a transcription factor impli-
cated in EMT process. MiR-10b up-regulation inhibits HOXD10 protein translation
and induces RHOC expression, leading to an invasive and metastatic behavior of tumor
cells (Ma et al. 2007). Furthermore, antagomiR-10b administration in a mouse-model
of breast cancer induced a reduction in tumor proliferation and metastasis formation,
introducing the promising role of miRNAs as therapeutic targets (Ma et al. 2010).

Other metastasis-promoting miRNAs are miR-373 and miR-520c (Huang et al.
2008). It was demonstrated that they are able to promote migration and invasion
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capability of MCF-7 breast cancer cell lines, by directly suppressing of CD44, a
cell-surface glycoprotein involved in cell-cell interactions. Supporting this thesis,
increased levels of miR-373 and CD44 reduction were found together in human
metastatic breast cancers.

The well-known oncomiR-21 was extensively studied for its involvement in
breast cancer development, because it is a master regulator of cell proliferation and
survival. In addition, it is mightily implicated in metastasis, since it targets TPMI,
a component of cytoskeleton (Zhu et al. 2008), maspin and PDCD4 (Lu et al. 2008;
Qi et al. 2009) that are inhibitors of the pro-metastatic factor UPAR, and PTEN and
TIMP3 (Qi et al. 2009), inhibitors of matrix metalloproteinases.

Other important pro-metastatic miRNAs belong to miR-103/107 family, whose
high levels are associated with metastasis and poor outcome in breast cancer.
Martello and colleagues proved that injection of miR-103/107 antagomiR in a breast
cancer xenograft in mouse induced a reduction of number of metastatic foci in the
animal. They also demonstrated that down-regulation of Dicer, a molecular target of
miR-103/107, and the consequent global down-regulation of miRNAs biosynthesis,
played an important role in metastatic effects induced by these miRNAs. Further,
miR-103/107 promoted epithelial-to-mesenchymal transition by down-regulating
miR-200 levels (Martello et al. 2010).

MiR-200 and miR-205 are frequently down-regulated in breast cancer, compared
to healthy mammary tissue. It was demonstrated that they are able to protect cells
from EMT by targeting ZEB 1 and ZEB2, two strong activators of epithelial to mesen-
chymal transition (Gregory et al. 2008; Korpal et al. 2008; Park et al. 2008). Indeed,
down-regulation of miR-200 family was associated with metastasis development in
breast cancer, while miR-205 induction was responsible for a reduced invasion capa-
bility of breast cancer cell lines and in vivo metastasis formation (Gregory et al. 2008)
and it has an important role in triple negative breast cancers (Piovan et al. 2012).

MiR-335 and miR-126 were found to be anti-metastatic miRNAs through the
comparison of metastatic nodules versus primary tumors. Indeed, the two miRNAs
showed reduced levels in metastasis and their normal expression in primary tumors
correlated with increasing metastasis-free time. They were able to counteract metas-
tasis development by blocking expression of SOX4 and TNC (Tavazoie et al. 2008).
Similarly, miR-17-92 clusters seemed to play an anti-metastatic role in breast can-
cer, as previously discussed.

Altogether, these findings suggest that miRNAs play very crucial roles in inva-
sion capability and metastatic development of cancer and for this reason they could
be considered interesting targets for anti-cancer-tailored therapies.

5 Circulating MicroRNAs as Novel Diagnostic Markers

One of the major challenges in molecular oncology is the employment of miRNAs
as biomarkers for early diagnosis of cancer. Until now, only few proteins have been
used in the clinic as blood cancer biomarkers. MiRNAs are released in the blood
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from cancer cells, and they have a good potential of being employed for this
purpose, since it was demonstrated that they are stable in human serum and plasma
(Mitchell et al. 2008). Furthermore, it has been found that they are differentially
represented in cancer patients compared to healthy controls. Concerning breast
cancer, blood levels of several miRNAs were found differentially released in cancer
patients compared to healthy controls (Chan et al. 2013; Cuk et al. 2013). Figure 14.1
summarizes the miRNAs that are deregulated in breast cancer and released into the
circulation. As can be noticed, the circulating miRNA profile does not match the
expression profile of solid tumors (Cookson et al. 2012).

Detection of miRNAs in serum or plasma for the early diagnosis of cancer is a
very promising tool. However many issues should be solved before this tool could
enter into the clinic. First of all, different technologies (RT-qPCR, digital PCR,
microarray, next-generation sequencing) are now available for the evaluation of
miRNA expression in the blood, but it was recently demonstrated that results of the
same pathological condition achieved with different technologies and different
preparation methods are very different. This is due to the fact that technical issues
can dramatically influence the results of analysis. For this reason, the optimization
of many preanalytical and analytical variables is necessary. As a consequence of the
lack of optimized protocols, the majority of published studies do not reciprocally
confirm their findings (Chan et al. 2013; Madhavan et al. 2013).

6 MicroRNAs as Prognostic Tools in Cancer

Several studies have demonstrated the potential of using miRNA to predict progno-
sis of human cancers. Some miRNAs have been negatively or positively associated with
prognostic endpoints. MiR-21 is one of the most studied oncomiRs and its expression
was linked to poor prognosis in several human cancers (Krichevsky and Gabriely 2009).
In breast cancer, miR-21 over-expression correlates with negative hormone receptor
status, advanced tumor stage, high grade, lymph node metastasis and poor survival
(Yan et al. 2008; Qian et al. 2009). These findings clearly suggest that miR-21 over-
expression is a negative prognostic factor. A similar function is suspected for miR-210,
a miRNA whose transcription is induced by HIF-1 in hypoxic conditions
(Kulshreshtha et al. 2007). A higher expression of this miRNA was associated with
a shorter disease-free time, overall-survival (Camps et al. 2008) and time-to-metastasis
in lymph node negative patients (Foekens et al. 2008). An opposite role has been
described for miR-30c, whose expression was found to be an independent predictor of
progression-free survival in a large cohort of advanced ER+ breast cancer patients
treated with tamoxifen (Rodriguez-Gonzalez et al. 2011). Despite these promising
findings, the use of miRNA expression as prognostic tool is not yet in clinical practice.

Being better than individual miRNAs, miRNA profiles (i.e. a panel of miRNAs)
could constitute more effective prognostic factors. Gene expression profiling has
been used since 2000 to study breast cancer biology and to find gene signatures able
to distinguish between different subtypes. Perou et al. (2000) performed the first
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microarray analysis of 65 breast cancer samples allowing the identification of five
different “intrinsic” subtypes, characterized by different gene expression profiles:
luminal A, luminal B, basal-like, HER2-enriched and normal-like. These profiles,
confirmed also by subsequent studies, were able to depict different kinds of breast
cancer, associated with different prognosis and clinical course. Later, also Blenkiron
and colleagues performed gene-expression and miRNA analysis using microarray
technology on 51 breast cancer samples. Starting from gene-expression results, he
classified the samples according to Perou’s profile and compared miRNA expres-
sion analysis in samples belonging to different subtypes, allowing the identification
of several subtypes-related miRNAs (Blenkiron et al. 2007). This discovery sug-
gested that Perou’s classification could be improved adding miRNA expression
results to gene expression profiles.

Besides predicting prognosis of breast cancer, miRNA profiling was demon-
strated to be a good tool also to predict therapeutic response. The identification of
neoplasms that will respond to a given chemotherapeutic drug is extremely impor-
tant to reduce breast cancer morbidity and mortality. Using the gene-expression data
from NCI-60 panel of cell lines tested for sensitivity to several drugs, Salter and
colleagues developed mRNA and miRNA profiles associated with resistance to che-
motherapeutic agents and validated their results in a cohort of 133 breast cancer
patients treated with TFAC (paclitaxel, S-fluorouracil, adriamycin, and cyclophos-
phamide) regimen. Profiles-derived predictions were compared with predictions
based on traditional criteria (ER, PR, HER2 and Topoisomerase IIA expression
levels), suggesting the importance of integrating classical prediction methods with
new molecular tests and concluding that molecular profiling could represent a ratio-
nal strategy to identify alternative therapeutic opportunities (Salter et al. 2008). In
another study, miRNA expression profile of doxorubicine-resistant versus sensitive
MCEF-7 breast cancer cell line was performed and it was found that resistant cells
over-express miR-106, miR-21, miR-206 and miR-28, while they down-regulate
miR-127, miR-200c, miR-34a, miR-27b and let-7. Moreover, they demonstrated
that miR-451, whose expression was lost in resistant cells, targets multidrug resis-
tance 1 gene (mdr1/ABCB1) (Kovalchuk et al. 2008).

With similar approaches, two studies found miRNAs involved in tamoxifen and
cisplatin resistance: Miller and colleagues studied miRNAs related to tamoxifen
sensitivity, finding miR-221, miR-222 and miR-181 among the up-regulated miR-
NAs in resistant cells and miR-21, miR-342 and miR-489 among the down-regulated
ones (Miller et al. 2008). Pogribny et al. (2010) performed miRNA profiling of cis-
platin-resistant and sensitive MCF-7 cell lines and identified a large panel of miR-
NAs between the two phenotypes. In another study, aimed at identifying miRNAs
associated with chemotherapy response in ovarian cancers, let-7i down-regulation
emerged to be associated to cisplatin resistance both in ovarian and breast tumors
(Yang et al. 2008). Other miRNAs related to chemoresistance are miR-125b, that was
able to reduce taxol sensitivity (Zhou et al. 2010), and miR-155 that targets the proapop-
totic gene FOXO3 and was able to induce doxorubicine resistance (Kong et al. 2010).
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Many of the above mentioned studies were performed only in cellular models of
breast cancer. A further validation in clinical samples is therefore necessary to
identify miRNAs that could really influence therapeutic decisions. Indeed, these
findings clearly highlight the complexity of the scenario where several miRNA
concur in determining sensitivity or resistance to chemotherapeutics. However,
the potential of miRNAs expression profile as a tool to predict prognosis seems to
be achievable very soon and constitutes a real tool to improve clinical patient
management.

7 MicroRNAs as Therapeutic Targets or Therapeutic Agents

Since their first discovery, miRNAs were considered of special interest as cancer
therapeutics. Indeed, the modulation (induction or inhibition) of a single miRNA is
able to change the expression of hundreds of target genes in the cell. Moreover, their
small size, high stability and endogenous nature, indicate they have suitable features
to be used as therapeutic molecules. MiRNAS represent interesting targets in cancer
treatment with two possible approaches: silencing of an over-expressed miRNA or
introduction of a down-regulated miRNA.

To inhibit miRNA activity, different molecules have been tested and demon-
strated their efficacy in in vitro and/or in in vivo models: anti-miRs (AMO),
antagomiRs, locked-nucleic acid (LNA), sponge vectors; they have different molec-
ular structures, but they are all able to block their target miRNA by directly linking
mature miRNA sequences via complementarity. For example, the administration of
antagomiR-10b in breast tumor-bearing mice was demonstrated to reduce metasta-
sis formation (Ma et al. 2010).

The restoration of a down-regulated miRNA in tumor cells could be achieved in
different ways. In cellular models, the simple transfection of pre-miR precursors is
effective, while for in vivo delivery different kind of miRNA-expressing vectors
have been studied. It was demonstrated that miR-145 transfection in different kind
of breast cancer cell lines induced a significant block of cancer cell proliferation and
enhanced apoptosis (Spizzo et al. 2010). In another study adeno-associated virus
(AAV) expressing miR-26a was proved to be effective in reducing liver-tumor
growth in mice, without relevant toxicity (Kota et al. 2009). Another interesting
possibility for cancer therapy is the use of miRNA-dependent oncolytic vectors, that
take advantage of our knowledge on cancer-specific miRNAs to control the viral
infection (Callegari et al. 2013).

Even if some issues have yet to be extensively considered, like target delivery
and systemic toxicity, several studies involving miRNAs as cancer therapeutics
have been performed (Tong and Nemunaitis 2008) and some clinical trials have
been approved (www.clinicaltrials.gov), highlighting the promising role of miR-
NAs in tumor treatment in the future.
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8 Conclusions

MiRNA global expression profiling could be used for the classification of breast
cancers, establishing specific diagnoses and offering prognostic values. Recent
studies have demonstrated that circulating miRNAs could serve as biomarkers for
the early diagnosis of tumors. Moreover, they represent interesting targets for a
new-generation of targeted therapies. For all these reasons, miRNAs appear to be a
very promising tool in each step of breast cancer management.
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