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ABSTRACT

Accumulating evidence has shown that cancer stem cells (CSCs), the cancer cells that have long-term
proliferative potential and the ability to regenerate tumors with phenotypically heterogeneous cell
types, are important mediators of tumor metastasis and cancer relapse. In breast cancer, these cells
often possess attributes of cells that have undergone an epithelial-mesenchymal transition (EMT).
Signaling networks mediated by microRNAs and EMT-inducing transcription factors connect the
EMT program with the core stem cell regulatory machineries. These signaling networks are also reg-
ulated by extrinsic niche signals that induce and maintain CSCs, contributing to metastatic coloniza-
tion and promoting the reactivation of dormant tumor cells. Targeting these CSC pathways is likely to
improve the efficacy of conventional chemo- and radiotherapies. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:942–948

INTRODUCTION

It has long been recognized that tumors form
organ-like structures composedofmalignant can-
cer cells and stromal cells [1]. Various stromal cell
types are recruited to tumors to establish com-
plex tumor microenvironments that promote tu-
mor growth and spread [2]. In addition, tumor
cells themselves are also highly heterogeneous,
in that not all tumor cells have identical abilities
to propagate tumor growth, seed metastases,
and resist cancer therapies [3–6]. This intratumor
heterogeneity has been explainedby twononmu-
tually exclusivemodels. The first is the clonal evo-
lution model, which postulates that during the
course of tumor evolution, subclones of cancer
cells randomly acquire different somatic muta-
tions or epigenetic changes that confer distinct
molecular characteristics and biological proper-
ties to the cells. The second is the hierarchical
model (or cancer stemcellmodel),whichproposes
that cancer cells are organized in a cellular hierar-
chy similar to that in normal tissues. Residing at
the topof thehierarchy arehighly tumorigenic tu-
mor cells called cancer stem cells (CSCs). These
CSCs have both the ability to self-renew to gener-
ate additional CSCs and the ability to produce dif-
ferentiated progeny cells that are poorly
tumorigenic or nontumorigenic, that is, differen-
tiated cancer cells. Inmany tumors, differentiated
cancer cells comprise the bulk of tumor mass,
whereas CSCs are a minor cell population [3–6].

Although the concept of the CSC model is
based on parallels between the hierarchical

organizations of normal tissues and tumors, this
model does not stipulate that tumors have to
originate from normal tissue-specific stem cells.
In fact, evidence has shown that progenitors, or
even mature cell types, can give rise to malignan-
cies [7–10]. In addition, CSCs may not have the
same characteristics as normal stem cells, such
as multilineage differentiation potentials. The
term “cancer stem cell” is used to operationally
define two central characteristics of these cells:
(a) the ability to self-renew and (b) the ability to
regeneratephenotypically heterogeneous tumors.
Here, I will discuss recent findings regarding the
characteristics of breast cancer stem cells
(BCSCs), the intrinsic and extrinsic signals regulat-
ing BCSCs, and the role of BCSCs in tumor metas-
tasis and therapeutic resistance.

MAMMARY EPITHELIAL LINEAGES AND ORIGIN
OF CSCS

Understanding the normal cell precursors of CSCs
and how these cells are transformed into CSCs is
of great importance for elucidating the mecha-
nisms regulating CSC survival, self-renewal, and
differentiation. During mammary gland develop-
ment, multipotent mammary stem cells (MaSCs)
produce luminal- or basal-specific progenitor
cells, which in turn differentiate intomature lumi-
nal or basal cells [11, 12]. Although thesemultipo-
tent MaSCs are required for the long-term
maintenance ofmammary gland homeostasis, re-
cent studies show that in postnatal glands, lumi-
nal and basal unipotent progenitor cells can
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independently sustain luminal and basal lineages, respectively,
for an extended period of time [13–15]. This finding suggests that
multiple mammary cell types have long-term self-renewal abili-
ties and that BCSCs may originate from various precursors. In-
deed, comparisons of the global gene expression profiles of
tumor samples and specific mammary cell types suggest that dif-
ferent breast cancer subtypes may originate from distinct mam-
mary cell types [8, 10]. For example, basal-like breast cancer is
likely to originate from luminal progenitor cells, whereasmultipo-
tentMaSCs are likely the precursor of the claudin-low subtype [7,
10]. However, the gene expression profile of tumor bulk may not
precisely reflect those of the cell of origin. Therefore, future stud-
ies using lineage-tracing strategies or introducing oncogenic
mutations into specific cell types are needed to determine the ex-
act cellular precursors of CSCs.

IDENTIFYING BCSCS: MARKERS AND FUNCTIONAL ASSAYS

The development of stem cell markers has been instrumental for
studying normal and cancer stem cells. Clarke and colleagues [16]
identified the first set of markers that can serve to highly enrich
human BCSCs; they found that as few as 100 CD44+/CD242/low

cancer cells were able to form tumorswhen transplanted into im-
munodeficient mice, whereas tens of thousands of other cancer
cells failed to do so. Non-cell-surface markers have also been
identified for BCSCs. These markers include elevated aldehyde
dehydrogenase (ALDH) activity, which allows cells to be labeled
by an ALDH-activated fluorescence probe [17], and the tendency
to proliferate more slowly than the rest of the cancer cells, which
allows CSCs to retain a PKH26 label [18]. In addition, certain CSCs
can be identified as the so-called side population because of their
ability to exclude Hoechst dye [19]. The combination of some of
these markers, such as CD44+/CD242/low and ALDHhigh, has been
shown to further enrich BCSCs when compared with individual
markers [17].

Genetically engineered mouse models (GEMMs) provide
highly tractable in vivo systems for studying tumor biology. Dis-
tinct CSC markers have been found for various breast cancer
GEMMs as well. In a p53-null tumor model, CSCs are enriched
in the Lin2CD29highCD24high population [20], whereas in the
MMTV-Wnt1 model, CSCs are CD61high or Thy1+CD24+ [21, 22].
Interestingly, these markers do not enrich CSCs from MMTV-
ErbB2 tumors [21]. This raises the possibility that CSCs from dif-
ferent subtypes of breast cancer may express distinct markers.
Thus, understanding the subtype-specific properties of CSCs is im-
portant for developing therapeutic strategies to target these
cells.

Because current CSC markers are not directly connected to
the intrinsic properties of CSCs and their expression can fluctuate
widely in different tumors, CSC markers must be combined with
functional assays to convincingly identify CSCs. In addition to
measuring CSC activity with in vivo tumor transplantation assays,
BCSCs are also identified by sphere assays. Both normal MaSCs
and BCSCs can grow in anchorage-independent suspension cul-
ture as spheroid structures (so called mammospheres or tumor
spheres) [23]. Although the ability to form spheres in vitro is cor-
related with in vivo tumorigenicity in some cancers [24], discor-
dance between sphere-forming and tumorigenic abilities have
also been reported in certain tumors [25]. Therefore, careful eval-
uation of the tumor-initiating ability of sphere-forming cells is
needed for individual tumormodels. It is important to distinguish

the spheroid structures formedby clonal expansion versus cell ag-
gregation. This may be achieved by seeding cells at low density
and addingmethylcellulose to prevent aggregation [26]. Interest-
ingly, supplementing Matrigel (BD Biosciences, San Diego, CA,
http://www.bdbiosciences.com) in sphere cultures facilitates
the specific expansion of bona fide MaSCs [27, 28]. This new ap-
proach may also improve the reliability of sphere cultures for
expanding BCSCs.

INTRACELLULAR REGULATORY NETWORKS OF BCSCS

Multiple signalingpathwayshavebeen found toplaya role inCSCs
(Fig. 1). Interestingly, someof these pathways are associatedwith
a developmental program called the epithelial-mesenchymal
transition (EMT) and regulate the stemcell properties ofbothnor-
mal and cancer stem cells in the breast.

EMT and Acquisition of Normal and Cancer Stem
Cell Properties

EMTwas initially identifiedasadevelopmentalprogramthatenables
polarized epithelial cells to acquire amotilemesenchymal pheno-
type. This allows stationary epithelial cells to gain the ability to
migrate and invade during embryonic morphogenesis. In addi-
tion, EMT and its reverse process, the mesenchymal-epithelial
transition, are integral steps of cell fate specification during gas-
trulation and organogenesis [29]. In carcinoma progression, reac-
tivation of the EMT program promotes tumor metastasis by
driving tumor cell invasion and enhancing tumor cell survival dur-
ing the metastatic cascade [30].

Figure 1. Regulation of BCSCs. Stromal cells in the tumor microen-
vironment secrete various signaling molecules and deposit extracel-
lular matrices. These molecules activate multiple stem cell-related
signaling pathways, which lead to induction/activation of key stem
cellnuclear factors, suchasepithelial-mesenchymal transition-inducing
transcription factors, Sox factors, and chromatin modifiers. Abbrevi-
ations: BMP, bone morphogenetic protein; BCSC, breast cancer stem
cell; EP2/4, prostaglandin E receptors 2and4; IL, interleukin; LIFR, leu-
kemia inhibitory factor receptor; MSC, mesenchymal stem cell;
PDGFR, platelet-derived growth factor receptor; PGE2, prostaglandin
E2; PKCa, protein kinase Ca; TGF-b, transforming growth factor b.
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In addition to its effect on promoting tumor cell dissemina-
tion, recent studies have shown that EMT confers stem-like prop-
erties on differentiated cells [26, 31]. The activation of EMT by
multiple means, including transforming growth factor b (TGF-
b) treatment and the expression of various EMT-inducing tran-
scription factors, generates cells that express BCSCmarkers, such
as CD44highCD24low, and form mammospheres [26, 31]. These
cells also have greatly increased tumor-initiating ability, one of
the defining characteristics of CSCs [26]. Studies in murine mam-
mary glands have revealed that normal MaSCs similarly express
mesenchymal traits [26, 27]. In particular, they highly express
a key EMT transcription factor, Slug (also called Snail2), and Slug
overexpression greatly increases stem cell activity, as demon-
stratedbyan in vivo gland reconstitution assay [27]. These studies
suggest amechanistic link between normal and cancer stem cells.

In fact, Slug is a key target of several tumor and metastasis
suppressors. For example, the loss of the tumor suppressor
BRCA1 is linked to the formation of aggressive basal-like breast
cancer and promotes mammary stem/progenitor cell expansion
[10, 32]. Interestingly, BRCA1 has been shown to decrease Slug
protein stability [33], whereas Slug, conversely, represses BRCA1
expression by recruiting a histone demethylase to its promoter
[34]. These molecules form a reciprocal negative-feedback loop
that maintains cells in either a stem or a differentiated cellular
state. Such reciprocal negative feedback loops appear to be
a common strategy in maintaining cells in metastable EMT and
stem cell states, as further described below. Other suppressors
of tumor progression and metastasis, such as Elf5, Simgleminded-
2s, and miRNA-34, also repress Slug expression [35–37].

Cellular changes induced by EMT have direct impacts on stem
cell signalingpathways. A cardinal featureof EMT is thedisruption
of adherens junctions and epithelial polarity mediated by
E-cadherin and other cell-cell adhesion molecules. In addition
to freeing cells from being restrained in the epithelial layer, this
has a significant impact on several key signaling pathways. First,
the loss of E-cadherin releasesb-catenin from plasmamembrane
sequestration and facilitates its nuclear translocation to activate
canonicalWnt signaling [38],which is a central pathway in normal
and cancer stem cells [39, 40]. Second, the disruption of epithelial
polarity leads to activation of the Hippo pathway effectors YAP/
TAZ, which are involved in the regulation of organ size and tissue
homeostasis [41]. In breast cancer, the activation of YAP/TAZ
increases the in vitro mammosphere-forming ability, in vivo tu-
morigenicity, and metastatic capacity of cancer cells [42, 43].

MicroRNAs and BCSCs

MicroRNAs have emerged as a class of key regulators of CSCs and
EMT [44]. Among them, the miR-200 family plays a particularly
interesting role in integrating the EMTprogramand core stemcell
pathways [45]. The miR-200 family includes five microRNAs shar-
ing homologous seed sequences:miR-200a,miR-200b,miR-200c,
miR-141, and miR-429. These microRNAs form a reciprocal nega-
tive feedback loop with EMT-inducing transcription factors ZEB1
and ZEB2. miR-200 binds to multiple recognition sites in the
39-untranslatedregionsofZEB1andZEB2mRNAs, therebysuppress-
ing their expression [46–51]. Conversely, ZEB1 and ZEB2 inhibit the
expression of miR-200s by binding to their promoters [52]. There-
fore, in epithelial cells, high levels of miR-200s suppress the accu-
mulation of EMT transcription factors and maintain the cells in
the epithelial state. Upon activation of the EMT program, the

upregulation of ZEB1 and ZEB2 represses miR200 expression and
relieves ZEB inhibition, therebydriving the cells into a stablemesen-
chymal state.

Consistent with their mesenchymal attributes, MaSCs and
BCSCs show downregulated miR-200 levels compared with their
differentiated progeny [53]. The overexpression of miR-200 sup-
presses the clonogenicity of BCSCs and the ability ofMaSCs to re-
generate mammary ductal trees [53]. Conversely, the inhibition
ofmiR-200 increases the number of CSCs in breast and pancreatic
cancers [52, 54].Mechanistically,miR-200 targetsmany stemcell-
associated genes, including members of polycomb-repressive
complexes, such as Bmi1 and Suz12 [52–54], both of which are
key players in CSCs [54, 55], and pluripotent factors such as
Sox2 and Klf4 [52]. Interestingly, the upregulation of Suz12 by
miR-200 inhibition leads to the repression of the E-cadherin gene
[54]. Additionally, miR-200 members inhibit components of the
Notch pathway, a key stem cell signaling pathway [56]. Thus,
themiR-200 family integrates EMT-inducing transcription factors
and core stem cell pathways to form a regulatory circuitry that
sustains the stem cell and mesenchymal states.

CSC-inhibitingmicroRNAs are also importantmediators of tu-
mor suppressor functions. Loss of p53 decreases the miR-200c
level and induces EMT and EMT-associated stem cell properties
[57]. In fact, p53 induces the expression of multiple microRNAs
that suppress EMT. For example, the activation of p53 downregu-
lates Snail and other EMT-inducing transcription factors through
the upregulation of themiR-34 family [37, 58]. Interestingly, Snail
and ZEB1, conversely, repressmiR-34 expression, forming yet an-
other reciprocal negative feedback loop for regulating EMT. As
such, loss of p53 tilts the balance of these feedback loops toward
the accumulation of EMT transcription factors, hence promoting
EMT.

Sox Family Transcription Factors

The Sox family includes 20 different transcription factors inmam-
mals that share homologous high-mobility-group DNA-binding
domains. Sox proteins play prominent roles in cell fate regulation
during development, including the specification of embryonic
and somatic stem and progenitor cells [59]. Several Sox family
members have been found to play a role in the mammary gland
and breast cancer.

In the normal mouse mammary gland, the coexpression of
Sox9 and Slug can confer gland-reconstituting stem cell proper-
ties on mature luminal cells; conversely, the inhibition of Sox9
or Slug blocks stem cell activity [27]. Consistent with its role in
stem cell self-renewal, Sox9 promotes the tumorigenicity and
metastatic colonization of breast cancer cells. Interestingly, in-
stead of inducing EMT, Sox9 activates a distinct program that acts
synergistically with the EMT program to induce stem cells [27].
This suggests that the mammary stem cell state is controlled co-
operatively by EMT and additional signaling pathways; thus, the
mere acquisition of a mesenchymal state is not sufficient to en-
dow full stem-cell potential on differentiated cells.

The pluripotency factor Sox2 is also frequently expressed in
breast cancer, along with the activation of embryonic stem cell-
like gene expression signatures; furthermore, the overexpression
of Sox2 increases tumor sphere-forming efficiency [60, 61]. Sox4
is another Sox factor that is involved in breast cancer progression.
Distinct from Sox9 and Sox2, Sox4 plays a direct role in activating
EMT [62, 63]. It is required for TGF-b-induced EMT in breast
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cancer cells and is important for tumor growth and metastasis.
Mechanistically, Sox4 upregulates Ezh2 expression, which intro-
duces histone methylation on key EMT genes [62]. Ezh2 also pro-
motes BCSC expansion through the activation of Raf1-b-catenin
signaling [64].

CANCER STEM CELL NICHE SIGNALS

The stem cell niche, a specified tissuemicroenvironment inwhich
stemcells reside, is critical for stemcell self-renewal, survival, and
function [65]. Similar to normal stem cells, CSCs also rely on spe-
cific tumor microenvironments that provide paracrine and juxta-
crine signals for maintaining CSC properties.

Developmental Signaling Pathways

Multiple developmental signaling pathways have been impli-
cated in regulating BCSCs, including TGF-b, Wnt, and Notch.
TGF-b is a potent EMT inducer that is secreted by multiple cell
types in tumors [66]. Treating certain nonmalignant mammary
epithelial cells or breast cancer cells with TGF-b efficiently acti-
vates EMT programs that are accompanied by the expression
of BCSCmarkers, such as CD44highCD24low, and the increased abil-
ity to form mammospheres [26, 67, 68]. However, in normal hu-
man mammary epithelial cells, efficient activation of EMT
requires the cooperation of the TGF-b and Wnt signaling path-
ways [67]. Interestingly, such cooperation is reminiscent of an
early developmental program in which the TGF-b andWnt inter-
action is critical for the induction of the Spemann organizer, in
which EMT initially occurs during gastrulation [69]. The role of
Wnt signaling in stem cells has been well documented [39, 40].
In adult mammary glands, MaSCs exhibit elevated Wnt signaling
[15], and the overexpression of Wnt proteins or activation of ca-
nonical Wnt by Axin2 mutation or MMP3 overexpression pro-
motes the expansion of MaSCs [70–72].

In contrast toWnt, Notch induces the commitment of MaSCs
to luminal-specific progenitors [73, 74]. Interestingly, certain ag-
gressive breast cancers, including basal-like breast cancer, are
likely to originate from luminal progenitor cells [7, 10]. Therefore,
Notch may be particularly important for these breast cancer sub-
types [75]. Interestingly, recent studies have also shown breast
cancer subtype-specific effects for the TGF-b andWnt pathways.
Although TGF-b increases CSC numbers in claudinlow cancer cell
lines, it suppresses CSCs in certain basal-like and luminal cell lines
[68]. Similarly, Wnt-overexpressing fibroblasts promoted the
growth of one patient-derived xenograft (PDX) model but
inhibited another PDX [76]. Thus, future work is required to de-
termine the tumor subtypes and molecular pathways that influ-
ence the response to these stem/progenitor cell pathways to
properly target them for cancer therapy.

CSC-Associated Cytokine Networks

Stromal cells play a prominent role in tumor growth and progres-
sion and often interact with tumor cells through paracrine feed-
back loops [2]. For example, CSF-1 produced by carcinoma cells
recruits macrophages and these macrophages then secrete
epidermal growth factor, which promotes cancer cell invasion
and intravasation [77, 78]. Cancer cells also stimulate
carcinoma-associated fibroblasts to become myofibroblasts,
which then stimulate tumor growth by activating the SDF1/
CXCR4 pathway in cancer cells [79]. Furthermore, cancer cells

recruit mesenchymal stem cells and stimulate their cytokine pro-
duction, thereby promoting tumor growth andmetastasis [80–82].

Tumor recruitment of stromal cells is facilitated by chronic in-
flammation mediated by inflammatory cytokines, such as inter-
leukin 6 (IL-6), IL-8, and IL-1b [83, 84]. Interestingly, some of
these cytokines also directly promote BCSC self-renewal and sur-
vival [83]. The activation of STAT3 by IL-6 through the IL-6
receptor/GP130 complex has been shown to induce BCSC expan-
sion [85]. IL-6 also stimulates the recruitment of mesenchymal
stem cells, which produce CXCL7 to increase the number of BCSCs
in the tumor [82]. In addition, BCSCs express high levels of IL-8 re-
ceptor CXCR1, which prevents BCSC apoptosis [86]. Recent stud-
ies have also found RANK ligand (RANKL) to be an important stem
cell-stimulating cytokine in the breast [87, 88]. The activation of
the RANKL-RANK pathway induces EMT and increases the popu-
lation of CD44highCD24low CSCs [89]. In mouse tumor models,
RANKL accelerates tumor onset and promotes metastasis [90,
91]. In addition to cytokines, bioactive lipids such asprostaglandin
E2 (PGE2) are also important mediators of inflammation.Multiple
stromal cell types can produce PGE2, including carcinoma-
associated fibroblasts and mesenchymal stem cells [81, 92].
PGE2 increases the number of ALDHhigh CSCs through the activa-
tion of Wnt/b-catenin signaling [81].

CSC NICHE IN REGULATING METASTATIC COLONIZATION AND
TUMOR DORMANCY

Metastatic colonization, the outgrowth of disseminated cancer
cells into overt metastases, is a major rate-limiting step of the
metastatic cascade [93, 94]. Successful colonization requires
the survival and self-renewal of tumor-initiating cells at metastatic
sites. Clinical observations andmousemodel studies suggest that
disseminated cancer cells often remain dormant at metastatic
sites, even if they survive the foreignmicroenvironment, and only
some of themmay reactivate to produce metastasis [95]. Recent
studies have shown that establishing CSC niches at distant sites is
crucial for the survival of CSCs and is required for the activation of
their self-renewal ability for metastatic colonization [96].

Multiple cell-cell and cell-matrix interactions have been
shown to be important for the survival and maintenance of CSCs
at distant sites. The expression of VCAM-1 on cancer cells allows
them to interact with macrophages and monocytic osteoclast
progenitors via integrin a4b1. This interaction activates PI3K/
Akt-mediated survival signals in cancer cells and promotes their
osteolytic expansion [97, 98]. In addition, aggressive breast can-
cer cells contribute to their own CSC niche by secreting tenascin C
at metastatic sites; tenascin C enhances Wnt and Notch signaling
and promotes the survival and outgrowth of micrometastases
[99]. Cancer cells also co-opt stromal cells at metastatic sites to
establish a procolonization microenvironment [100]. For exam-
ple, they stimulate the expression of periostin by stromal fibro-
blasts, which is required for maintaining disseminated CSCs by
boosting Wnt signaling [101].

Unlike the active stroma in primary tumors, the distant tissue
wheredisseminated tumor cells (DTCs) arrive tends tohave amore
quiescent microenvironment and these quiescent signals may
force DTCs into dormancy. For example, abundant bone morpho-
genetic protein (BMP) ligands in the lung parenchyma inhibit CSC
self-renewal, thereby causing metastatic dormancy. Expression of
a BMP antagonist, Coco, promotes tumor-initiation ability and
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allows DTCs to reactivate and colonize [102]. Dormant DTCs were
also foundtoreside inmicrovasculatures, siteswherequiescenten-
dothelial cell-derived thrombospondin-1 induces tumordormancy.
Upon the induction of neoangiogenesis, the sprouting vasculatures
produce active TGF-b1 and periostin, two important CSC niche sig-
nals, to promote metastasis outgrowth [103]. Interestingly, BMPs
have been shown to antagonize TGF-b signaling in part by compet-
ing for co-Smad [104]. However, although TGF-b signaling reacti-
vates breast cancer cells from dormancy, TGF-b2 appears to
induce dormancy in head and neck squamous cell carcinoma
[105]. Future studies are needed to understand the contextual dif-
ferences that contribute to these seemingly paradoxical effects.

TOWARD CANCER STEM CELL-TARGETED THERAPIES

The most important clinical implication of the CSC model is that
any effective cancer therapy has to be able to target CSCs. Indeed,
evidence has shown that the current chemo- and radiotherapies
fail to eliminate CSCs and instead mainly deplete the differenti-
ated tumor cells comprising the tumor bulk. In culture, CSCs with
mesenchymal attributes are more resistant to genotoxic agents
than epithelial non-CSCs [106]. Similar findings were also ob-
served by comparing tumor samples before and after neoadju-
vant chemotherapy or endocrine therapy in patients. The
tumor cells that survived these conventional therapies showed
gene expression signatures similar to that of CD44highCD242/

low cells and mammospheres. These cells also express high levels
of mesenchymal markers that are associated with BCSCs [107].
Furthermore, mammary stem/progenitor and BCSCs have
a higher tolerance to radiation, which is mediated in part by
Wnt signaling [108]. The radioresistance of CSCs is likely also me-
diated by their ability to reduce reactive oxygen species (ROSs),
because ROSs are critical mediators of ionizing radiation-
induced cell killing [109].

The resistance of CSCs to conventional therapies requires us
to identify CSC-specific vulnerabilities. High-throughput screens
in an experimentally engineered CSC model have identified
a chemical compound, salinomycin, that selectively kills BCSCs
[106]. Interestingly, salinomycin inhibits Wnt signaling [110],
which is an important stem cell pathway in BCSCs, as discussed
above. BCSCs with mesenchymal attributes also rely on protein
kinase Ca (PKCa)-mediated signaling pathways, and inhibiting
PKCa specifically targets CSCs [111]. Consistent with the role of
TGF-b signaling in increasing CSCs [26, 67], TGF-b blockade

prevents triple-negative breast cancer xenograft relapse after
chemotherapy [112]. Furthermore, the radioresistance of CSCs
can also be overcome by hyperthermia treatment mediated by
optically activated gold nanoshells in vivo [113]. Understanding
the mechanism by which hyperthermia sensitizes CSCs to radia-
tion will allow for expansion of the usage of this new technology.

CONCLUSION

The studies of the past 10 years have led to a significant under-
standing of the biological properties and molecular pathways
of breast CSCs. These efforts have also begun to shed light on po-
tential CSC-targeted strategies that canbecombinedwith the cur-
rent standard of care for effective cancer treatment. However,
significant and important knowledge gaps remain. In particular,
current CSC studies mainly rely on tumor transplantation assays
for determining CSC activity. Thesemodels do not completely re-
capitulate the spontaneous tumors that originate and progress in
native tissue microenvironments. Indeed, the exact behaviors
and properties of CSCs in these spontaneous tumors are still
poorly understood. Approaches for labeling and manipulating
CSCs in native tumor microenvironments, such as lineage tracing
or genetic cell ablation, will help to yield novel insights into CSC
biology. In addition, because CSCs sharemany regulatorymachin-
erieswith normal SCs,wemust develop strategies that selectively
inhibit CSCs while sparing their normal counterparts.
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