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A small heterogeneous population of breast cancer cells acts as seeds to induce new tumor growth. These
seeds or breast cancer stem cells (BCSCs) exhibit great phenotypical plasticity which allows them to
undergo ‘‘epithelial to mesenchymal transition’’ (EMT) at the site of primary tumor and a future reverse
transition. Apart from metastasis they are also responsible for maintaining the tumor and conferring it
with drug and radiation resistance and a tendency for post-treatment relapse. Many of the signaling
pathways involved in induction of EMT are involved in CSC generation and regulation. Here we are briefly
reviewing the mechanism of TGF-b, Wnt, Notch, TNF-a, NF-jB, RTK signalling pathways which are
involved in EMT as well as BCSCs maintenance. Therapeutic targeting or inhibition of the key/accessory
players of these pathways could control growth of BCSCs and hence malignant cancer. Additionally sev-
eral miRNAs are dysregulated in cancer stem cells indicating their roles as oncogenes or tumor suppres-
sors. This review also lists the miRNA interactions identified in BCSCs and discusses on some newly
identified targets in the BCSC regulatory pathways like SHIP2, nicastrin, Pin 1, IGF-1R, pro-inflammatory
cytokines and syndecan which can be targeted for therapeutic achievements.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Breast cancer (BC) is one of the leading cause of cancer-related
deaths in women worldwide [1]. It has now been established that a
heterogeneous population of cancer stem cells (CSCs) is responsi-
ble for tumor initiation and maintenance [2]. These CSCs are
responsible for metastatic growth in breast cancer which contrib-
utes to majority of the breast cancer related morbidity and
mortality. Breast CSCs (BCSC) cause treatment relapse as they have
higher chemo resistance and migratory potential than differenti-
ated, non-tumorigenic, breast cancer cells [3]. Human epithelial
mammary cells give rise to BCSCs by an Epithelial to Mesenchymal
transition (EMT) induced Ras-MAPK pathway activation [2]. EMT is
a process by which epithelial cells attain a mesenchymal pheno-
type, allowing them to break free from the primary tumor site
and metastasize at distant sites. EMT signaling is involved in
development and maintenance of BCSCs. Therefore for targeted
therapeutic achievement of BCSCs we need to have more under-
standing of EMT signaling and also identify targets within these
pathways [4].
2. Developmental states of BSCSs characterized by expression of
distinct CSC markers

BCSCs exist in two distinct development states and transit
between them reversibly due to their property of cell plasticity
[5]. The first state is the mesenchymal-like (epithelial–mesenchy-
mal transition [EMT]) state in which BCSCs express cell surface
marker profile CD24� CD44+. They are mainly quiescent and are
localized at the tumor-invasive edge adjacent to the tumor stroma
[6]. The second state is the epithelial-like (mesenchymal–epithelial
transition [MET]) state in which they express the de-toxifying
enzyme, aldehyde dehydrogenase (ALDH). These BCSCs are prolif-
erative, and more centrally located [6]. BCSCs possessing both
the CSC markers (CD24� CD44+ and ALDH+) show the greatest
tumor-initiating capacity [6].

3. Key signaling pathways involved in induction of EMT and
further development of breast CSCs

EMT induction in cancer involves an intricate network of multi-
ple signalling pathways (Fig. 1), including TGF-b, Wnt, Notch, NF-
jB and ERK/MAPK pathways [7].

� Wnt signaling pathway: Wnt signaling activates and stabilizes
the downstream signaling molecule b-catenin leading to its
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accumulation and translocation into the nucleus to regulate the
transcription of Wnt target genes [8]. This leads to subsequent
Snail accumulation and E-cadherin down-regulation causing
development of EMT. In human breast cancer cells, canonical
Wnt signaling induces the expression of intracellular protein
Axin 2 to stabilize the Snail, thereby inducing EMT [9]. In the
non-canonical Wnt/b-catenin pathway, Wnt signaling activates
the ERK1/2 pathway which activates b-catenin via RTK-PI3K/
Akt pathway [8].
� TNF-a/NF-jB signalling pathway: Tumour necrosis factor-a

(TNF-a), a pro-inflammatory cytokine involved in inflamma-
tion, immunity, cellular homeostasis and tumour progression
is involved in all the steps of tumorigenesis in many cancers
[8]. It activates NF-jB which induces transcription of factors
associated with EMT, such as Snail, Slug, Twist, ZEB1 and
ZEB2 [10]. In the classical TNF-a/NF-jB activation pathway,
TNF-a stabilizes Snail [11] and also increases its transcription
by binding to its promoter.
� Notch signaling pathway: The Notch signaling pathway maintains

a balance between cell proliferation, differentiation and apopto-
sis & plays an important role in determining cell fate and main-
taining progenitor cell population. Notch signaling requires
coordination with other signals to promote EMT. TGF-b increases
Notch activity through Smad3, subsequently promoting Slug
expression which suppresses E-cadherin [12]. Slug-induced
EMT is accompanied by activation of b-catenin and anoikis-resis-
tance. Wnt and Notch pathways also show cross-linking wherein
Wnt1-transformed cells show increased Notch signaling which is
also needed for the tumorigenic phenotype [8,13].
� Transforming growth factor-b (TGF-b) signaling: In early stages of

tumor growth, TGF-b suppresses tumors while during tumor
progression, the EMT response is retained or even increased
while a decline in the growth inhibitory response to TGF-b is
seen [8]. Reduction of TGF-b signaling in tumor cells is accom-
panied by increased secretion of the TGF-b ligand which func-
tions independently to increase tumorigenesis and metastasis
[14]. TGF-b and its receptors regulate transcription of various
EMT regulators, including Snail, Slug and Twist [8]. Cross-talk
of TGF-b with other signaling pathways like Notch, Wnt/b-cate-
nin, nuclear factor (NF)-jB and receptor tyrosine kinases (RTKs)
is involved in induction of EMT which further helps in maintain-
ing the mesenchymal phenotype of metastatic tumor cells [8].
Fig. 1. Signalling pathways involved in induction of EMT and generation of BCSCs. The fi
represents cells with a mesenchymal phenotype. TGF-b and its receptors regulate transcri
other signaling pathways like Notch, Wnt/b-catenin, nuclear factor (NF)-jB and recep
effector Ras activates the MAPK/PI3K cascade and promotes the breast tumour cell EMT
stabilization which promotes EMT. Activation of Notch signalling activates promotes
activation of b-catenin which induces resistance to anoikis and contributes to breast cance
associated transcription factors. Cross talk in these pathways leads to induction of EMT
� Receptor Tyrosine kinase signalling pathway (RTK): The RTKs
have been shown to contribute to EMT and tumor cell invasion
[8]. The activation of RTKs and their downstream signalling
effectors such as MAPK or PI3K is crucial for an increased rate
of cell proliferation in epithelial cells. Signalling via either MAPK
or PI3K along with TGF-b is also necessary and sufficient to reg-
ulate EMT [15]. RTK activated pathway also crosstalk with Wnt
and EGFR pathways [8].

In the mammary glands, signalling pathways such as Hedgehog
(Hh), Wnt/b-catenin, and Notch play important role in embryogen-
esis, organogenesis and maintenance of tissues in adults by regu-
lating the balance between self-renewal and differentiation of
stem cells [16]. CSCs hijack these mechanisms to induce tumor for-
mation. Specific targeting of those cells which have the potential to
metastasize will be an important aspect in BCSC research, as this
causes majority of the cancer fatalities.

4. Therapeutic targets

These pathways in BCSCs have highlighted a list of the thera-
peutic targets that regulate EMT and stem cell characteristics.
Although a detailed discussion on all the targets is not possible
within the limits of this review, but a few of these have been dis-
cussed below.

� IGF-1R: Insulin-like growth factor-1 receptor (IGF-1R) can acti-
vate the PI3K/Akt/mTOR pathway upon stimulation by insu-
lin-like growth factor-1 (IGF-1). Expression of phosphorylated
IGF-1R is greater in BCSCs than in non-BCSCs from xenografts
of human breast cancer [17]. IGF-1R-expressing cells display
features of cancer stem/progenitors such as mammosphere for-
mation in vitro and tumorigenicity in vivo, both of which are
suppressed by IGF-1R knockdown. Picropodophyllin (inhibitor
of IGF-1R) suppresses phospho-AktSer473 and preferentially
decreases ALDH+ BCSC populations of human breast cancer cells
[17]. Furthermore, picropodophyllin inhibits the capacity of
CD24� CD44+ BCSCs to undergo the epithelial–mesenchymal
transition process with downregulation of mesenchymal mark-
ers (vimentin, twist and N-cadherin) [17]. Inhibitors of signal
molecules downstream of IGF-1R including PI3K/Akt/mTOR also
reduce the ALDH+ population of breast cancer cells. Therefore
gure on left represents cells with an epithelial phenotype while the figure on right
ption of various EMT regulators, including Snail, Slug and Twist. They cross-talk with
tor tyrosine kinases (RTKs) to induce EMT. Activation of RTK and its downstream

in association with TGF-b signalling. The Wnt pathway works Snail and b-catenin
SLUG expression and induces EMT. SLUG induced EMT is also accompanied with
r metastasis. TNF-a activates NF-jB which promotes the expression of several EMT-

.



Table 1
Upregulated miRNAs in regulation of Breast cancer stem cells.

miRNA Mechanism of action Reference

miR-101 Suppresses expression of guanylate kinase
inverted 2 and reduces the activity of PTEN

[36]

miR-18a Decreases levels of homeobox A9 (HOXA9) [35]
miR-495 Suppresses E-cadherin expression and inhibits

REDD1 expression
[37]

miR-181 Targets ATM [38]
miR-21 Targets PTEN, downregulates PDCD4 gene [36]
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studies establish IGF-1R as a marker of stemness, and IGF-1R
and its downstream PI3K/Akt/mTOR pathway provide attractive
therapeutic targets against BCSCs.
� Pin1: Propyl-isomerase Pin1 is a pivotal regulator which acts

downstream of miR-200c and promotes BCSC expansion, inva-
siveness and tumorigenicity. Pin1 silencing in primary breast
cancer cells isolated from clinical samples inhibited the expan-
sion, self-renewal activity and tumorigenesis of BCSCs in vitro
and in vivo [18]. It is a key target of miR-200c which is a critical
regulator of breast cancer stem-like cells. Pin1 overexpression
increases the growth and tumorigenicity of BCSCs, triggers
EMT while its inhibition reduces the abundance and self
renewal activity of BCSC [18]. Moderate overexpression of
miR-200c-resistant Pin1 rescued the BCSC defect in miR-200c
expressing cells [19]. Hence, Pin1 is a suggestive therapeutic
target to control BCSC growth.
� Nicastrin: c-Secretase (GS) is multiprotein enzyme complex,

composed of presenilin 1 (PS1), nicastrin (NCT), anterior phar-
ynx-defective phenotype 1 (APH-1), and the PS enhancer 2
(PEN-2) [20]. GS is responsible for the intramembranous cleav-
age and activation of various type-I membrane proteins such
as Notch, CD44, HER4, etc., [21]. Unusual activation of these
substrates has been implicated in tumorigenesis, metastasis,
and development of resistance to existing treatment regimens
in oncology [21]. Nicastrin (NCT) is a vital component of the c-
secretase (GS) enzyme. Nicastrin overexpression in breast can-
cer (BC) confers reduced survival in invasive, ERa negative
patients [22]. Overexpression of nicastrin is also linked to
induction of EMT regulators [23]. Using the c-secretase inhibi-
tion, Notch1/4 siRNA, and Akt inhibition, it has been shown
that nicastrin regulates breast cancer stem cells partly through
Notch1 and the Akt pathway [21]. Knockdown of nicastrin in
HCC1806 breast cancer cells reduced cell invasiveness and
conferred a morphological change to a rounded cell phenotype
and down-regulation of vimentin, Snail, Twist, MMP2, and
MMP9 [21]. A threefold and twofold reduction in pool of
CD44+/CD24� and ALDH1 high breast cancer stem cells,
respectively, was also seen in stable nicastrin knockdowns in
HCC1806 breast cancer cells [21].
� SHIP2: The percentage of SH2-containing-50-inositol phospha-

tase-2 (SHIP2+) cells is positively correlated with that of
CD24� CD44+ cells in breast cancer specimens and with distant
metastasis [24]. Estrogen receptor negative(ER)� samples from
20 patients showed higher SHIP2 expression in CD24� CD44+

subpopulation than the remaining subpopulation [24].
Patient-derived mouse xenograft studies showed that SHIP2
protein and its tyrosine 1135 phosphorylation are significantly
higher in BCSCs, than in non-BCSCs [24]. SHIP2 silencing or
inhibitor of SHIP2 phosphatase reduced not only mammo-
sphere-forming efficiency, but also ALDH+(Aldehyde dehydro-
genase) subpopulation in vitro and tumorigenicity of BCSCs
in vivo. Overexpression of SHIP2 enhances the expression of epi-
thelial–mesenchymal transition markers including vimentin
(VIM), in ER-negative breast cancer cells with higher level in
mammospheres than in monolayer cultures [24]. Removal of
c-Jun N-terminal kinase 1, JNK2 or VIM reduces the increased
ALDH+ population and tumorigenicity induced by SHIP2 overex-
pression [24]. BCSCs display greater expression of phospho-JNK
than non-BCSCs and silencing of JNK suppresses SHIP2-medi-
ated upregulation of VIM [24]. SHIP2 overexpression enhances
Akt activation, but Akt inhibition does not effect SHIP2-induced
phospho-JNK/VIM upregulation. SHIP2 plays a key role in BCSCs
of ER-negative breast cancers through activation of Akt and JNK
with VIM upregulation, and can be exploited as a target against
BCSCs.
� Pro-inflammatory cytokines: Inactivation of tumor suppressors,
p53 and phosphatase and tensin homolog (PTEN) is strongly
associated with triple negative breast cancer [25,26]. These
tumor suppressors also have important roles in regulating
self-renewal in normal and malignant stem cells. Knockdown
of p53 and PTEN synergized activation of pro-inflammatory
Interleukin-6 (IL6)/Stat3/NFjB signaling in human mammary
cells and in non-transformed MCF10A cells resulting in genera-
tion of EMT and cancer stem cells leading to metastatic tumors
whose gene expression profile mimicked to that found in basal/
claudin-low molecular subtype within the triple negative breast
tumors [27]. Activation of IL6 inflammatory loop in transformed
cells was dependent on proteolytic degradation of suppressor of
cytokine signaling 3 (SOCS3) resulting in low levels of this pro-
tein in basal/claudin-low cell lines and primary tumors [27]. In
transformed cells, enforced expression of SOCS3 or interfering
with IL6 pathway via IL6R blockade inhibited tumor growth
and metastasis in mouse xenograft models [27]. Blocking pro-
inflammatory cytokines might be an effective strategy to target
triple negative breast tumors, which currently lack molecularly
targeted therapies [27].
� Syndecan 1: Heparan sulfate proteoglycan Syndecan-1 (also a

molecular marker associated with EMT) modulates many signal
transduction pathways in breast cancer stem cells including the
Wnt and IL-6/JAK2/STAT3 pathway involved in tumor progres-
sion [28–30]. It is a co-receptor for growth factors, angiogenic
factors, morphogens and chemokines. Both syndecan 1 and
Wnt modulate the growth and differentiation of the mammary
progenitor population [31]. Knockdown of syndecan 1 signifi-
cantly reduced the CD44+ CD24� cell population and increased
the CD44+/CD24+ phenotype in the human triple negative MDA-
MB-231 cells along with a reduced ALDH1-positive cell pool
[32]. IL-6, its receptor sIL-6R, and the chemokine CCL20,
involved in regulating stemness-associated pathways, were
down-regulated in syndecan1 silenced cells [33] with reduced
activation of STAT-3 and NF-jB transcription factors and
expression of LRP-6 (co-receptor for Wnt signalling) were
observed [33]. Syndecan-1 is a promising target for therapeutic
approaches as it modulates the cancer stem cell phenotype via
regulation of the Wnt and IL-6/STAT3 signaling pathway [33].
5. miRNAs in breast cancer

The biology of tumor cell plasticity is tightly linked to functions
of non-coding RNAs (ncRNAs), especially microRNAs (miRNAs) and
long non-coding RNAs (lncRNAs) [34]. miRNAs are commonly
deregulated in human malignancies acting as regulatory mole-
cules, oncogenes or tumor suppressors. It has been experimentally
shown that increased matrix stiffness modulates microRNA
expression to drive tumor progression through integrin activation
of b-catenin and MYC [35]. Tables 1 and 2 provide a brief view of
some of the miRNAs which are either upregulated or downregu-



Table 2
Downregulated miRNAs in regulation of Breast cancer stem cells.

miRNA Mechanism of action Reference

miR-205 Post-transcriptional inhibition of HER3
expression

[39]

miR-200
family

Targeting ZEB1, ZEB2,SLUG, ZNF217,BMI1 and
SUZ12

[40,41]

miR-200c TrkB and Bmi1 [42]
miR-17/20a Inhibiting the expression of MHC class I (H2D) [43]
miR-30 Targets Ubc9, ITGB3 and AVEN [44]
let-7 family Targets RAS and HMGA2 [45–48]
miR-34c Targets Notch4 [49]
miR-128 Targets Bmi-1 and ABCC5 [50,51]
miR-16 Targets Wip1 [52]
miR-34a Inhibits AXL expression [53]
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lated in BCSCs, and play an integral role in the induction of breast
cancer.

Thus, BCSCs can also be targeted at the transcriptional level by
targeting the participating miRNA [50]. Researches have made pos-
sible not only to identify target biomolecules of the BCSC/EMT
pathway but also many clusters of mi-RNAs which are upregulated
or downregulated in BCSCs [54]. This approach towards cancer
treatment by targeting BCSCs, the very seed of tumors has a lot
of potential and is very promising.
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