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A B S T R A C T

Development of therapeutic resistance and metastasis is a major challenge with current breast cancer (BC)
therapy. Mounting evidence suggests that a subpopulation of cancer stem cells (CSCs) contribute to the cancer
therapeutic resistance and metastasis, leading to the recurrence and death in patients. Breast cancer stem cells
(BCSCs) are not only a consequence of mutations that overactivate the self-renewal ability of normal stem cells
or committed progenitors but also a result of the de-differentiation of cancer cells induced by somatic mutations
or microenvironmental components under treatment. Eradication of BCSCs may bring hope and relief to patients
whose lives are threatened by recurrent BCs. Therefore, a better understanding of the generation, regulatory
mechanisms, and identification of CSCs in BC therapeutic resistance and metastasis will be imperative for de-
veloping BCSC-targeted strategies. Here we summarize the latest studies about cell surface markers and sig-
nalling pathways that sustain the stemness of BCSC and discuss the associations of mechanisms behind these
traits with phenotype and behavior changes in BCSCs. More importantly, their implications for future study are
also evaluated and potential BCSC-targeted strategies are proposed to break through the limitation of current
therapies.

Introduction

Breast cancer (BC) is one of the most common cancers responsible
for approximately 30% of new female cancer cases and ranked as the
2nd cause of cancer-related deaths in annual statistics [1]. The treat-
ment options for BC, including breast-conserving surgery or mas-
tectomy, radiotherapy (RT), chemotherapy (CT), hormone therapy
(HT), and other novel therapies, are decided based on the individual
features of clinico-pathology. For instance, mastectomy and adjuvant
RT are utilized for many early BCs with curative intent. Conventional
anticancer drugs can be employed as a single agent or in combinations
to minimize the recurrence risk. For women with estrogen receptor
positive (ER+) or human epidermal growth receptor positive (HER2+)
tumors, tamoxifen or trastuzumab respectively contribute to the sub-
stantial improvements in long-term survival rate. These therapeutic
options are considered as a milestone in dealing with BC.

However, many BC patients still experienced relapse in a few years
and the long-term mortality remains high. The 15-year BC mortality
fluctuated between 41.3% and 49.5% regardless of post-mastectomy
radiation [2], indicating current therapies blend BC treatment with
high degrees of uncertainty in spite of widely applied neoadjuvant

therapies. BC is normally treated based on its intrinsic subtypes, which
can only partially explain the biology and response to treatment. The
failure of treatment to deal with intractable cancer cells has raised a
question of whether there is a special population of cells in tumor
heterogeneity which exhibit resistant phenotypes that favor the mi-
crometastasis and have the potential to cause recurrence.

For the past few years, cancer stem cell (CSC) model was proposed
and has received increasing interest. Collective work has revealed that
tumor regeneration could be initiated by these CSCs. They are capable
of self-renewal, recapitulating the heterogeneity of original tumors, and
differentiating into the whole bulk of a new tumor in im-
munocompromised mice. Fractional irradiation caused lower level of
reactive oxygen species (ROS) in breast cancer stem cells (BCSCs)
compared to highly differentiated tumor cells, suggestive of a radio-
resistant phenotype [3]. Treating BCSCs with a multidrug CT not only
increased the expressions of markers in pre-existing BCSCs but also
promoted CSC-dependent non-stem cancer cells-to-CSC conversion [4].
As a result, targeting BCSCs seems to be an efficient adjuvant way to
improve disease prognosis.

In this review, we summarize the latest studies about cell surface
markers and signaling pathways that sustain the stemness of BCSC and
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discuss the associations of mechanisms behind these traits with BCSC
generation, regulation, and transition. More importantly, their im-
plications for future study are evaluated and potential BCSC-targeted
strategies are proposed to break through the restriction of current
therapies. We believe that the further exploration in this field of re-
search will help researchers effectively identify and target BCSCs in
tumors and eventually help doctors and patients achieve an improved
response to BC therapy.

Is CSC the culprit of BC therapeutic failure?

The existence of CSCs was first evidenced by Bonnet and Dick [5] in
human acute myeloid leukemia. These cells were similar to normal
hematopoietic stem cells and can hierarchically differentiate into leu-
kemic clone. The hierarchy resembles the differentiation process of
hematopoietic progenitor cells and puts forward the necessity of tar-
geting CSCs in cancer treatment. Based on research findings, a con-
sensus definition of CSC was proposed by American Association for
Cancer Research in 2006, and that is ‘a cell within a tumor that possess
the capacity to self-renew and to cause the heterogeneous lineages of
cancer cells that comprise a tumor’ [6]. Newly presented evidence
suggested that BCSCs may be not only a consequence of mutations that
overactivate the self-renewal ability of normal mammary stem cells or
committed progenitors but also a result of the de-differentiation of
cancer cells induced by somatic mutations or microenvironmental
components under treatment (Fig. 1) [7]. The most relevant mutant
genes that may give rise to BCSCs are listed in Table 1. Under con-
ventional treatments that kill rapidly proliferative cancer cells, CSCs
remain self-renewal and contribute to the risk of tumor recurrence. Of
note, the model of colony evolution also suggests that CSCs may be not
the same as the initial tumorigenic cells. There might be some varia-
tions occurring in the stemness-related genetic features of CSCs during
disease progress, leading to the phenotypic and functional switches [6].
The so-called tumor-initiating feature of CSCs can therefore be only
used to refer to their ability to cause a tumor in xenografts but not to
address the cell-of-origin.

BCSCs were first identified and isolated by Al-Hajj [19] from a pa-
tient-derived xenograft (PDX) model in 2003. The tumorigenic sub-
population of cells displayed the surface marker of CD44+CD24−/low

and lack of lineage markers. In next few years, they were sequentially

detected in early disseminated or peripheral circulating BC cells from
patients’ bone marrow and thus considered to be associated with BC
recurrence and distant metastasis [20]. The presence of un-
differentiated CD44+CD24−/low tumor cells after CT was unfavorable
in patients with invasive ductal carcinoma, and the increased propor-
tion of CD44+CD24−/low cells in tumor mass was strongly associated
with lymphatic metastasis [21]. These studies provided clear evidence
for the existence of BCSCs and highlighted the critical role of CSCs in BC
relapse and metastasis. However, CD44+CD24−/low cells are not a
universal marker. In MDA-MB-231 and MDA-MB-361 cell lines, most
cells display CD44+CD24−/low phenotypes, but only 5% and 12% of
which have tumorigenic ability, respectively [22]. Also, the correlation
between the increased proportion of BCSCs in tumor tissues and poor
prognosis became more significant when aldehyde dehydrogenase 1
(ALDH1) was employed in combination [23]. Such phenomenon may
be due to the distribution disparity of CSC markers among different
tumor subtypes [24], and, as a result, more BCSC markers are required
to be found and used in combinations for a specific and efficient
identification of BCSCs from different cell lines, tumor tissues, or even
progression stages. The putative CSC phenotypes identified in BCs so far
and their sources are showed in Table 2. Their functional contributions
to BC therapeutic resistance and progression will be further discussed in
the next section.

In chemoresistant or radioresistant BC cell lines and human tissues,
the proportion of BCSCs was significantly increased [3]. CSCs are the
root of cancer development and characterized by the common features
of mammary stem cell, including quiescence, self-renewal, and differ-
entiation potential. The self-renewal ability gives BCSC a survival ad-
vantage by efficiently repairing the DNA damage, while the differ-
entiation potential confers BCSC a tumorigenic ability.
Microenvironmental components, including exosomes, chemokines,
and extracellular matrix, also play an essential role in maintaining the
phenotypes through interacting with BCSC surface markers [26,30,43].
The action closely links the changeable stem-like properties to the di-
verse tumor microenvironments via intracellular signaling. Compared
with non-CSCs, the overactivation of several transcriptional factors and
signaling pathways, such as SRY (sex determining region Y)-box 2
(SOX2), Sonic Hedgehog (Hh) pathway, Notch pathway, and Wnt/β-
catenin pathway, that are related to embryonic stem cell growth and
differentiation can explain the stemness of BCSCs [44–47].

Fig. 1. Generation of BCSCs. The oncogenic mutations on mammary stem cells and progenitors can give rise to BCSCs [7]. These cells differentiate into BC cells and
lead to the tumorigenesis which follows the hierarchical model. Furthermore, BC cells have the potential to de-differentiate into BCSCs due to the cellular genetic/
epigenetic mutations (colony evolution) or different microenvironmental components. These two factors along with hierarchical model also collectively contribute to
the breast tumor heterogeneity [8].
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Furthermore, the overactivation of antiapoptotic phosphoinositide 3-
kinase (PI3K) signaling pathway and antioxidant nuclear factor E2-re-
lated factor 2 (NRF2) signaling pathway also confers BCSCs a more
resistant phenotype than non-CSCs against cytotoxic drugs- or irradia-
tion beam-induced ROS attack and apoptosis [17,48]. An example is
that CSCs enjoyed hypoxic environment and highly expressed free-ra-
dical scavengers, whereby radiation caused less intracellular accumu-
lation of ROS [49], conferring themselves a radioresistant phenotype.
Additionally, some BCSCs were characterized by a dramatic over-
expression of cell surface pump, such as ATP-binding cassette sub-fa-
mily G member 2 (ABCG2), which impaired intracellular accumulation
of anticancer drugs [25]. Along with enhanced antioxidative and anti-
apoptotic signaling, these BCSCs displayed stronger resistance than
non-CSCs to chemotherapeutic drug-induced cytotoxicity [48]. The
putative mechanisms underlying BCSC therapeutic resistance are sum-
marized in Fig. 2.

On the other hand, some BCSCs develop the ability to escape im-
munosurveillance by innate immune cells or to induce im-
munosuppression. For example, Sultan [50] found that ALDH+ 4T1

cells had decreased expressions of antigen processing and presentation
genes (TAP1 and TAP2) and co-stimulatory molecule CD80 because of
promoter hypermethylation. The alteration reduced the sensitivity of
these BCSCs to T cell-mediated attack in immunocompetent mice [50].
In addition, CD44+CD24− and ALDH+ subpopulations in MCF-7, SK-
BR-3, and MDA-MB-231 cells were characterized by a CD73-over-
expressed phenotype [51]. Accordingly, the abnormally expressed
CD73 in these stubborn tumor cells implied that CSCs might be an
important part of immunosuppressive apparatus in the tumor bulk.
CD73+ BCSC-derived adenosine could be a previously neglected me-
chanism by which recurrent tumors evade the immune attack. This is
because the extracellular adenosine generated by CD73 can cause the
functional inhibition of T cells through direct effects on immune reg-
ulatory molecules, including regulatory T cells (Tregs), PD-ligand 1
(PDL1), indoleamine 2,3-dioxygenase (IDO), and anergy [52]. More-
over, adenosine can also activate A2A receptors expressed on natural
killer (NK) cells, accelerating the growth and lung metastasis of BC in
mice, whereas A2A receptor knockout promoted the maturation and
activity of NK cells and reduced BC metastasis [53].

Table 1
The most relevant mutant genes that may give rise to BCSCs.

Mutant genes Consequences Specimen sources Ref.

P53a P53 loss and CD44 up-regulation Human breast tumor [9,10]
BRCA1a Aberrant EpCAM+CD49f+ luminal progenitors Human basal-like breast tumor [11]
Wnt-1a Constitutive Wnt-1 signaling which induced aberrant CD61+ luminal progenitors The pre-neoplastic tissues of MMTV-Wnt-1 transgenic

mice
[12]

PTCH1b PTCH1 inactivation and constitutively active Gli Human primary breast tumor [13]
GSK3βa GSK3β inhibition and constitutively active β-catenin which induced aberrant progenitor

amplification
Mouse mammary glands [14]

KEAP1a KEAP1 inactivation and NRF2 overactivation Human breast tumor [15]
RTKa RTK activation and enhanced PI3K activity Human breast tumor [16]
PTENa PTEN inactivation and PI3K activation Human breast tumor [17]
PI3Ka Enhanced catalytic activity of PI3K Human breast tumor [18]

Abbreviations: PTCH1, patched 1; Gli, GLI family zinc finger; GSK3β, glycogen synthase kinase 3 beta; NRF2, nuclear factor E2-related factor 2; KEAP1, kelch-like
ECH associated protein 1; RTK, receptor trypsin kinase; PTEN, phosphatase and tensin homolog; PI3K, phosphoinositide 3-kinase.

a Nonsynonimous somatic mutation.
b Synonimous somatic mutation.

Table 2
The putatively effective BCSC phenotypes in principal literatures.

Phenotypes Specimen sources Ref.

ABCG2+ Human HCC1937 [25]
ANTXR1+ Mouse metastatic mammary tumor TMD231 cell line [26]
CD29+ Human MCF-7 cell line [27]
CD61+ Mouse mammary MMTV-Wnt-1 tumors [12]
CD133+ Human primary breast tumor; human MDA-MB-231, MCF-7 and ZR-75 cell lines; mouse BRCA1− mammary tumor [28–30]
CXCR4+ Human metastatic region of breast cancer and disseminating regions; human MCF-7 cell line; Mouse 4T1, 4T07, 168Farn, and 67NR

cell lines
[31]

PROCR+ Human MDA-MB-361 cell line; Mouse mammary fat pad-enhanced derivative of MDA-MB-231 [22,32]
CD24+CD29+ Mouse BRCA1-mutant primary mammary tumor; pre-neoplastic mammary tissue of virgin MMTV-Wnt1-transgenic mice [33,34]
CD24+CD49f+ Mouse BRCA1-mutant primary mammary tumor [33]
CD44+CD24−/low Human primary breast tumor and metastatic pleural effusions; human MCF-7, BT-549, MDA-MB-231, MDA-MB-361, MDA-MB-468,

T47D, ZR75, SK-BR-3, and HCC1937 cell lines; mouse BRCA1− primary mammary tumor
[19,21,22]

CD49fhiCD61hi Mouse HER2/neu transgenic model [35]
CD133+ALDH1+ Human invasive ductal breast tumor [36]
CD44+CD24−/lowABCG2+ Human MDA-MB-231 and MCF-7 cell lines [37]
CD44+CD24−/lowALDH1+ Human invasive ductal carcinoma; human; MDA-MB-231, MDA-MB-453, MDA-MB-468, SUM149, SUM159, SK-BR-3, ZR-75, and

HCC1954 cell lines
[22,23,38]

CD44+CD24−/lowEpCAM+ Human MCF-7, MDA-MB-231, SUM149, and SUM159 cell lines [19]
CD44+CD24−/lowSSEA-3+ Human MCF-7 and MDA-MB-231 cell lines [39]
CD44+CD49f+CD133/2+ Human primary ER− breast tumor and metastatic pleural effusions [40]
CD44+CD133+ALDH1+/hi Human MDA-MB-468 cell line [38]
CD133hiCXCR4hiALDH1hi Human invasive ducal breast tumor [41]
EpCAM+CD49f+ Human aberrant luminal progenitor cells from BRCA1-mutant mammary tissue [11]
EpCAMhiPROCRhiSSEA-3+ Human MCF-7 and MDA-MB-231 cell lines [39]
GD2+GD3+GD3Shi Human MDA-MB-231 and MDA-MB-468 cell lines [42]

Abbreviations: ABCG2, ATP-binding cassette sub-family G member 2; ANTXR, anthrax toxin receptor 1; CXCR4, CXC chemokine receptor type 4; PROCR, protein C
receptor; ALDH1, aldehyde dehydrogenase 1; EpCAM, epithelial cell adhesion molecule; SSEA-3, stage-specific embryonic antigen-3; GD3S, GD3 synthase.
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As conventional therapies are directed against the rapidly dividing
cells rather than BCSCs, a minority population of self-renewing, long-
lived, and tumorigenic BCSCs are still alive and become quiescent,
setting the stage for the therapeutic resistance, recurrence, and metas-
tasis of BC. Therefore, a more comprehensive understanding of the key
markers and networks involved in the stemness of BCSCs will be ne-
cessary and helpful for finding out novel therapeutic strategies against
BC.

BCSC surface markers: identification, function, and targeting

BCSC surface markers are initially used to identify and isolate CSCs
from BC via flow cytometry. However, outcomes from the latest studies
suggested that their activities may also determine the internal diversity
among BCSCs. More importantly, as most of BCSC surface markers are

membrane receptors, they are critical for the design of novel targeted
drugs that would be recognized by BCSCs of interest in order to achieve
a more positive response to anticancer treatment. Therefore, in this
part, we first discuss the surface markers for BCSC and their potential
roles in BCSC regulation.

CD44

CD44 was the first effective surface marker used to identify CSCs. As
a cell receptor, CD44 mediates the communication with micro-
environment through interacting with extracellular ligands, such as
hyaluronan (HA). The interaction of CD44 and HA can stimulate RhoA-
specific guanine nucleotide exchange factor-mediated RhoA/Grb2-as-
sociated binder-1 signaling or c-Src kinase/Twist/miR-10b/RhoA sig-
naling that are responsible for the activation of the PI3K/AKT signaling

Fig. 2. Major putative mechanisms underlying the therapeutic resistance of BCSCs. These features mainly include enhanced self-renewal ability (Notch, Wnt, and Hh
signaling), enhanced antiapoptotic ability (PI3K signaling), enhanced antioxidative ability (NRF2 signaling), increased efflux of anticancer drugs (ABCG2), hypoxic
status (HIF-1 signaling), and tumor microenvironment-sustaining effects (exosomes or chemokines). All factors work together, contributing to a therapy-resistant
phenotype of BCSC. Abbreviations: CAFs, cancer-associated fibroblasts; Hh, hedgehog; PTCH1, patched 1; SMO, smoothened, frizzled class receptor; Gli1/2, GLI
family zinc finger 1/2; LRP6, LDL receptor related protein 6; Dvl, dishevelled segment polarity protein 1 pseudogene 1; APC, adenomatous polyposis coli; GSK3β,
glycogen synthase kinase 3 beta; CK1, casein kinase 1; TCF, transcription factor; IL-6, interleukin 6; NICD, Notch intracellular domain; p300, E1A binding protein
p300; MAML1, mastermind like transcriptional coactivator 1; CSL, CBF-1, Suppressor of Hairless, and Lag-2; CXCR4, CXC chemokine receptor type 4; SDF-1, stromal
cell-derived factor 1; ANTXR, anthrax toxin receptor 1; PROCR, protein C receptor; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; STAT3,
signal transducer and activator of transcription 3; NRF2, nuclear factor E2-related factor 2; KEAP1, kelch-like ECH associated protein 1; p, phosphorylation; Maf,
MAF bZIP transcription factor; CYP, cytochrome P450; AKR, aldo-keto reductase; GST, glutathione transferase; UGT, UDP-glycosyltransferase; MRP, multidrug
resistance-associated protein; HO-1, heme oxygenase-1; NQO1, NAD(P)H quinone dehydrogenase 1; ABCG2, ATP-binding cassette sub-family G member 2; RTK,
receptor trypsin kinase; PTEN, phosphatase and tensin homolog; PI3K, phosphoinositide 3-kinase; MEK, mitogen-activated protein extracellular signal-regulated
kinase; ERK, extracellular signal-regulated kinase.
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pathway [54]. Interestingly, Ghatak [55] reported that HA can also
inhibit the PI3K/AKT pathway by activating PTEN in TA3/St cells,
shedding light on the “functional switch” of CD44 that is associated
with different phenotypes. Furthermore, ERM proteins (ezrin, radixin,
and moesin) and Merlin may compete for the binding sites of CD44 on
the cytoplasmic tail to either mediate actin cytoskeleton remodeling
and invasion or inhibit ERK- and PI3K-dependent growth and migration
in cancers [56]. These studies highlight the dual nature of CD44, and
thus the ligand signature of CD44 in tumors will help more accurately
determine the role of CD44 with distinction in the specific progress
stage.

Al-Hajj [19] found that as few as 100 cells with Ep-
CAM+CD44+CD24−/low phenotype were able to give rise to the bulk of
tumors containing phenotypically diverse non-tumorigenic cells in
NOD/SCID mice. The high expression of CD44 might be a result of p53
absence and is essential for the inherent resistance of BCSCs [9,10]. It
was reported that HA-CD44 interaction activated Nanog/miR-21 or
Nanog/signal transducer and activator of transcription protein 3
(STAT3) pathway and then enhanced antiapoptosis and increased the
expression of P-glucoprotein (P-gp) that mediates the efflux of doxor-
ubicin (DOX) and paclitaxel (PTX) in MCF-7 cells [57]. HA-decorated
nanoparticles loaded with salinomycin and paclitaxel were designed to
target CD44+ BCSCs and demonstrated a great potential for aug-
menting chemotherapeutic effects in vitro [58]. On the other hand,
CD44+ BCSCs were closely associated with metastasis. The proportion
of early disseminated tumor cells with CD44+CD24− phenotype in the
bone marrow of BC patients was approximately 72% [59]. These dis-
seminating BCSCs were thought to be associated with the colonization
during BC metastasis [60]. The spontaneous metastasis of CD44+

BCSCs from transplanted areas to lung and lymph node in mice was
observed via non-invasive imaging approaches [61]. However, an in-
teresting finding is that distant metastatic cells were enriched for dif-
ferentiated CD44−CD24+ cells [62]. To some extent, this could explain
why CD44+CD24− failed to predict poor clinical behavior in some
patients, though they have higher tendency to distantly metastasize.
The role of CD44 in BCSCs has sparked the clinical trial
(NCT02331212) to investigate the association of HA with BCSC growth
in the bone metastasis of patients. Using a 186-gene “invasiveness”
expression signature in CD44+CD24−/low cells, poor overall survival
and metastasis-free survival can be predicted in BC patients [63].

Integrins (CD29, CD49f, and CD61)

Similar to CD44, integrins are also major cell surface receptors for
extracellular ligands, such as fibronectin and laminin. They can het-
erodimerize with each other and mediate cell adhesion to the extra-
cellular matrix, undertaking bidirectional communications with mi-
croenvironment. CD29, CD49f, and CD61 which encode β1, α6, and α3
subunits of heterodimer integrin, respectively, are most frequently re-
ported in BCs and have been demonstrated to be effective BCSC mar-
kers. For example, the use of either CD29 or CD49f in combination with
CD24 was able to identify CSCs from BRCA1-mutant mouse primary
mammary tumor [33]. Furthermore, a subpopulation of cells separated
from MCF-7 BC cells were found to carry the CD29+ phenotype.
Compared to parental cells, these CD29+ cells showed enhanced tu-
morigenic ability and stronger resistance to pro-apoptosis, which may
be associated with the activation of CD29 on ERK-/AKT-associated
signaling pathways [27]. In BRCA1-mutant patients, basal-like BC
shared the similar genetic expression signature with EpCAM+CD49f+

luminal progenitor cells in normal mammary tissues. The Ep-
CAM+CD49f+ cells from these patients displayed aberrantly higher
clonogenic activity than those from non-mutant tissues [11], suggesting
luminal progenitors from BRCA1 mutation carriers may be involved in
early oncogenic events. Consistently, the presence of CD49f+ cells in
breast tumors was associated with metastatic tendency and shorter
survival time in patients [64]. Additionally, in the pre-neoplastic tissues

of MMTV-Wnt-1 mice, aberrant progenitors with CD61+ phenotype
were found in a committed luminal progenitor population. They had
strong potential to initiate mammary tumors in mice [12]. These
findings provided the evidence of mutation-orientated generation of
BCSCs from normal stem cells. In Her2+ mouse primary mammary
tumors, a subpopulation of tumor-initiating cells that showed expres-
sion signatures of TGF-β signaling and resistance to both PTX and DOX
were identified using CD49f and CD61 antibodies [35]. Consistent with
the role of CD61 as an epithelial-mesenchymal transition (EMT)
marker, CD61 knockdown abolished the activation of TGF-β signaling
by which the stemness was maintained in mouse primary mammary
tumor H6O5 cells [35]. Notably, some heterodimer integrins act as a
counterpart to above-mentioned integrins. For instance, the activation
of α2β1 integrins can limit BC metastasis, implying that these integrins
might regulate CSCs as anchors or drivers through the communication
with different microenvironments, conferring them a quiescent or ag-
gressive phenotype. Therefore, a more comprehensive and dynamic
profile of integrins in BC cells may be greatly helpful for locating and
targeting these CSCs.

CD133

CD133 (also known as Prominin-1) is a pentaspan and highly gly-
cosylated transmembrane protein that defines a broad population of
stem cells, including hematopoietic stem cells and endothelial pro-
genitor cells. Although the exact role of CD133 in BC remains unclear,
CD133+ BC cells assuredly display CSC-like properties. These cells
showed significant resistance to DNA-damaging agents and greater
capability to form tumors in NOD/SCID mice [28]. Liu [29] observed
that MDA-MB-231 cells with holoclone morphology exhibited CD133+

phenotype and had higher colony-forming efficiency, leading to the
vasculogenic mimicry [29]. Furthermore, CD133+ BCSCs were found to
be preferentially enriched in the tumors from patients with HT-resistant
BC, promoting the self-renewal of luminal metastasis in an ER-in-
dependent way [30]. The generation of the CD133+ cells was ascribed
to the compensatory activation of feed-forward interleukin 6 (IL6)-
Notch3 loop which restored the essential cellular oxidative phosphor-
ylation [30]. High expression of IL6 in tumor microenvironment also
favors the growth of cancer-associated fibroblasts (CAFs) in vivo. CAF-
derived exosomes can transfer miR-221 into breast tumor cells and
contribute to the up-regulation of Notch3 that is necessary for the ex-
pansion of CD133+ cells [43]. Such results suggest that the activated
Notch signaling pathway by IL6 might be the real target for CD133+

BCSCs, though CD133 was employed for the identification. Recently,
CD133-targeted polymeric nanoparticles loaded with anticancer drugs
were developed. These novel agents are structurally characterized by
conjugation with anti-CD133 antibody on their molecular surface that
helps these tumor-killing chemicals accumulate or internalize in
CD133+ cells. This drug delivery system was proved to efficiently de-
crease the population of BCSCs and reduce their tumorigenic ability in
mice [65]. Shigdar [66] have recently developed CD133-specific RNA
aptamers which specifically recognize the AC133 epitope and the
CD133 protein with high sensitivity in different cancer cell lines and
show superior tumor penetration and retention when compared to the
AC133 antibody in a 3-dimentional (3D) tumor sphere model [66].
These novel CD133 aptamers will be very helpful in future development
of BCSC-targeted therapeutics. However, it is worth mentioning that
CD133 is also recognized as an early marker for normal stem cells in
human beings. CD133-targeted therapeutics seemingly eliminates CSCs
within a tumor but might induce unpredicted myelosuppression as well,
at least theoretically. Thus, more evidence should be presented to ra-
tionalize the ‘targeting’ of CD133-targeted CSCs eradication. Un-
covering the role of CD133 in BCSCs may lead to a more accurate
evaluation of CD133+ tumor behavior pattern and more suitable tar-
geted therapies.
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ALDH1

ALDH1 is a NAD(P)+-dependent enzyme that mediates the oxida-
tion of intracellular aldehydes to carboxylic acids. Ginestier [67] found
ALDH1 was a shared maker in normal and malignant mammary stem
cells. Their study indicated that ALDH1 acted as an independent
prognostic factor strongly associated with lower survival rate in BC
patients [67]. In vitro study confirmed that CD44+CD24−ALDH1+

MDA-MB-231 and CD44+CD133−ALDH1+ MDA-MB-468 BCE cells
exhibited stronger tumorigenic and metastatic capacity compared to
ALDH1lowCD44low cancer cells [38]. Utilizing Aldefluor® assay to
identify and separate CSCs from malignant ZR-75 BC cells seemed to be
more efficient than detecting CXC chemokine receptor [22].

Recently, Marcato [68] indicated that the ALDH activity of BCSCs
was mostly dependent on ALDH1A3 but not ALDH1A1, further dee-
pening the knowledge about the specific target in BCSCs. The conclu-
sion is different from the observation found in prostate CSCs whereby
ALDH1A1 is more important. The explanation for the difference is that
mammary epithelium cells express a much lower basal level of
ALDH1A1 than ALDH1A3. The significant association between the high
expression of ALDH1A3 and BC metastasis in patients also highlighted
the importance of ALDH1A3 [68]. Normally, ALDH1A3, as well as 1A1,
1A2, and 1A7, regulates early differentiation of stem cells through
mediating the oxidation of retinol to retinoic acid (RA), which is vital
for maintaining the differentiated potential of tissue-specific stem cells
[67]. Interestingly, sphere formation assay showed ALDH blockade or
inhibiting retinoid signaling increased the proportion of CSCs in several
BC cell lines, including 184A1, SUM149, SUM159, and HCC1954, and
gene set enrichment analysis also indicated that the self-renewal-related
pathways were further activated in these cell lines [69]. However, the
reason why blocking ALDH enhanced the stemness of BC is still unclear.
Thus, these results suggest that although ALDH1 can be used to dis-
tinguish CSCs, more evidence needs to be displayed to prove the ra-
tionalization of ALDH1 as a potential therapeutic target for CSCs. A
transgenic animal model might be useful in explaining this observation
in the future study.

CXC chemokine receptor type 4 (CXCR4)

CXCR4 is a membrane chemokine receptor. Stromal cell derived
factor 1 (SDF-1, also known as CXCL12) is the only ligand for the ac-
tivation of CXCR4. The SDF-1/CXCR4 signaling inherits their role in
facilitating the migration of CXCR4+ BCSCs to the metastatic sites. Both
CXCR4 neutralization by antibody and knockout inhibited the growth
of orthotopically transplanted breast tumor and impaired their direc-
tional metastasis to lymph nodes and lung [70]. Mukherjee [31] found
that non-migratory BCSCs facilitated the conversion of non-stem cancer
cells to metastatic CXCR4+ BCSCs in human primary BC tissue. Their
findings not only indicated the potential of CXCR4+ as a BCSC marker
but also provided evidence for a CSC-mediated non-CSCs-to-CSCs con-
version. The converted cells showed decreased E-cadherin and in-
creased Vimentin, suggesting that they experienced EMT [31]. How-
ever, whether EMT causes the CXCR4 phenotype or is a consequence of
CXCR4 activation is unknown.

The overactivation of CXCR4 is closely associated with tumor mi-
croenvironmental changes. The secretion of SDF-1 can be induced by a
variety of insults from cytotoxic agents, irradiation, and hypoxia, im-
plying current therapies might be the trigger of metastasis of CXCR4+

cells. Furthermore, CAFs can also increase the SDF-1 level in tumor
microenvironments. CAFs-induced SDF-1/CXCR4 signaling supports
cancer cell stemness and metastatic phenotypes via the NF-κB signaling
in vivo [71]. As CAFs may come from mesenchymal stem cells (MSCs)
conversion induced by aberrant signaling, the contributions of MSCs to
the metastatic phenotypes of CXCR4+ BCSCs warrant further study.
CXCR7 is another receptor for SDF-1, which are predominantly ex-
pressed on another subpopulation of tumor cells. CXCR7+ cells can

alleviate the desensitization of CXCR4+ cells to the chronic exposure of
SDF-1 by scavenging microenvironmental SDF-1 in a feedback regula-
tion and maintain the constitutive activation of SDF-1/CXCR4 sig-
naling, promoting the proliferation and metastasis of CXCR4+ cells
[72]. In addition, CXCR4 expression can be also transcriptionally
regulated by FOX family, P53, TGF-β, or Hh signaling because the
binding sites in CXCR4 promoter or proximal enhancer regions were
detected via genomic analysis in several BC cell lines, such as Hs5787T,
T47D, MDA-MB-361, MDA-MB-231, MCF-7, and MDA-MB-468 [70]. A
recent study found that SDF-1/CXCR4 signaling activation can increase
the phosphorylation of 60 proteins associated with migration or inva-
sion in CD44+CD24− BCSCs that might be important mediators for
CXCR4-induced maintenance of BCSCs [73]. The evidence highlighted
CXCR4 as a therapeutic target to block microenvironment-induced
stemness and metastatic phenotypes and made it possible to abolish the
signals that are actively involved in the CXCR4 network in order to
eradicate CXCR4+ BCSCs.

ABCG2

ABCG2 (also known as breast cancer resistance protein) is highly
expressed in several chemoresistant BC cell lines. The trans-membrane
pump protects BC cells from damage by reducing the cellular dynamic
accumulation of cytotoxic drugs. The behavior is more significant in
BCSCs. Compared with non-stem cells, the CD44+CD24−/low cells from
MCF-7, MDA-MB-231, and SK-BR-3 BC cell lines showed higher ex-
pression of ABCG2 [37]. Similarly, the overexpression of several mul-
tidrug resistance-associated proteins and P-glycoprotein in these BCSCs
were also observed [74]. These findings are well supported by the
pharmacodynamic studies indicating that a wide range of chemother-
apeutic drugs within cells can be excreted by those transporters [15].

Because of the critical role of ABCG2 in BC chemoresistance, it was
employed to separate chemoresistant BCSCs (side population cells)
from tumors. The isolation can be achieved by detecting ABCG2-
mediated Hoechst 33,342 dye efflux via cytometer. Leccia [25] used
ABCG2 antigen to sort BCSCs from BRCA1-mutated HCC1937 BC cells
and found the method was more effective for CSC identification than
detecting CD44+CD24− [25]. ABCG2+ cells had enhanced potential
for tumorigenicity and metastasis, and their presence in tumors could
predict poor clinical response to CT, suggesting ABCG2 is a good in-
dependent marker for BCSC identification. However, since the intrinsic
chemoresistance of CSCs also lies in the enhanced ability of DNA repair
and antioxidation (the radioresistant phenotypes in BCSCs just mani-
fested this point) while normal cells depend on ABCG2 to excrete xe-
nobiotics, targeting ABCG2 may exert restricted effects on CSCs but
increase unexpected damage to important organs. Thus, the application
of ABCG2 inhibitors against BC should be re-considered and more in
vivo evidence should be displayed.

Anthrax toxin receptor 1 (ANTXR1)

ANTXR1 is a tumor-specific endothelial marker that mediates tumor
angiogenesis. The higher expression of ANTXR1 on CD44+CD24− and
ALDH1+ TMD231 BC cell surface was uncovered by Chen [26]. Their
work indicated that overexpression of ANTXR1 activated key genes in
cell proliferation, DNA replication, and Wnt signaling pathway, con-
ferring enhanced tumorigenic and metastatic potentials upon those BC
cells [26]. By detecting ANTXR1, a subpopulation of malignant BCSCs
could be sorted [26].

ANTXR1 partly mediates the extracellular matrix-induced stemness.
It is well known that collagen VI was concentrated in breast tumors,
generating a microenvironment that promotes cancer progression and
metastasis. The C5 peptide of collagen VI α3 chain is the natural ligand
for ANTXR1. The highly expressed ANTXR1 catered the abundant ex-
tracellular collagen VI and thus sustained the stem-like property of
BCSCs in vivo [26]. As ANTXR1 is selectively expressed on the surface of
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cancer cells that are dependent on ANTXR1 to accelerate angiogenesis
or maintain stemness, ANTXR1-targeted therapeutics may suppress
breast tumor growth and weaken BCSCs without excessive damage to
normal tissues. This has been demonstrated in an mouse model in
which the melanoma growth was disrupted by ANTXR1 knockout while
other tissues remained unaffected [75]. However, the related evidence
has not yet been reported in BC, with further study to warrant the
potential of ANTXR1 as a therapeutic target for BCSCs.

Epithelial cell adhesion molecule (EpCAM)

EpCAM (also known as CD326 or epithelial-specific antigen, ESA) is
considered as a marker for epithelial tumors and has been found to be
associated with invasive BCs. Based on its role in promoting or pre-
venting epithelial cell–cell adhesion, recent studies indicated that
EpCAM plays an important role in cancer cell migration and metastasis.
By detecting EpCAM+ cells, a population of circulating tumor cells
(CTCs) or disseminated tumor cells (DTCs) can be separated from per-
ipheral blood of BC patients. These EpCAM+ cells contained a sub-
population of metastasis-initiating BC cells that can initiate bone, lung
and liver metastasis in immunocompromised mice and be used to pre-
dict unfavorable metastatic behavior in BC patients [20]. Shigdar [76]
developed an EpCAM-specific-RNA aptamer. This 19-nt RNA aptamer
interacts specifically with a number of live human cancer cells derived
from breast, colorectal, and gastric cancers that express EpCAM, but not
with those not expressing EpCAM [76]. The EpCAM aptamer-mediated
survivin silencing can sensitize CSCs to doxorubicin in a BC animal
model, demonstrating that this strategy for in vivo CSC targeting is a
useful approach against BC chemoresistance [77]. However, the loss of
cell adhesion is, theoretically, a prerequisite for cancer cell migration.
This was evidenced by the loss of EpCAM expression of some CTCs and
DTCs after EMT in patients with metastatic BCs [78]. Also, it was re-
ported that there was a subpopulation of EpCAM− tumor cells in as-
sociation with BC metastatic potential and chemoresistance in patients
[64], suggesting that it might be insufficient to use single EpCAM as a
surface marker for the identification and isolation of CSCs from breast
tumors. Although EpCAM+ cells account for the majority of epithelial
tumor populations, the detecting methods primarily based on the
EpCAM expression may not only underestimate the number of CTCs but
also result in the off-target effect in eradicating solid BCSCs.

Protein C receptor (PROCR)

PROCR plays as a counterpart in maintaining the balance of tissue
factor-mediated procoagulant effects through binding to coagulation
proteases, such as protein C. It has been proved to be a specific CSC
marker for triple negative BC. Hwang-Verslues [22] reported that
PROCR+ MDA-MB-361 and MDA-MB-231 cells showed 2-fold and 9-
fold increase on colony-forming efficiency, respectively, compared with
PROCR− cells [22]. PROCR was demonstrated as a marker of a unique
population of mouse multipotent mammary stem cells with high ca-
pacity of regeneration and differentiation into all lineages of the
mammary epithelium [79]. Interestingly, these cells exhibited EMT
signatures, which proposes the possible origin of PROCR+ BCSCs.
PROCR inhibition by receptor blocking antibodies (αEPCR-1535)
markedly reduced the tumorigenic ability of PROCR+ MDA-MB-231
cells in the orthotropic model, indicating PROCR may be functionally
involved in the maintenance of BCSCs [32]. However, the underlying
mechanisms are poorly understood. PROCR could mediate initial BC
cell migration by activating protein C but may limit cancer progression
at an advanced stage through promoting tumor necrosis. Additionally,
since the coagulation factor ligands for PROCR can be synthesized and
regulated by tumor-associated macrophages, the stem-like properties of
PROCR+ cancer cells may have an unknown association with the mi-
croenvironment [32]. Thus, the correlation of PROCR-mediated coa-
gulation protease signaling with tumor microenvironment and the role

of PROCR in BCSCs is worth of further investigation. Nonetheless, the
role of PROCR as a marker may shed light on a more efficient method
for identifying CSCs from triple negative BC that is currently char-
acterized by a CD44+CD24−/low phenotype.

GD2

GD2 is a b-series ganglioside expressed mostly on the cell mem-
brane. A small fraction of GD2+ cells identified from MDA-MB-231 cell
line were capable of forming mammospheres and initiating tumors with
as few as 10 cells in immunocompromised mice [80]. Most of GD2+

cells isolated from human mammary epithelial cells expressing H-Ras
oncogene displayed CD44+CD24− phenotype [80]. GD3 synthase
(GD3S) is involved in the biosynthesis of GD2 and associated with EMT
program in BC. The expression of GD3S was markedly increased in
GD2+ BCSCs [42]. GD3S knockdown significantly reduced GD2 ex-
pression and disrupted their ability to migrate and form mammo-
spheres, suggesting that the generation of GD2+ BCSCs may be asso-
ciated with GD3S-mediated EMT [42]. Consistently, GD3S knockout
compromised the initiation and maintenance of EMT in SUM159 and
MDA-MB-231 BCE cells, while GD3S overexpression activated c-Met
signaling, up-regulated GD2 and GD3, and contributed to the stem cell-
like properties and metastatic competency in MDA-MB-231, MDA-MB-
468, and MCF-7 cell lines [81]. Furthermore, the highly expressed GD3
activated epidermal growth factor receptor (EGFR) signaling in BC cells
and may confer BCSCs a resistant phenotype to EGFR inhibitors [42].
The high expression of GD3S may be related to NF-κB activation in
GD2+ BCSCs. Inhibition of NF-κB signaling could reduce the expression
of GD3S and the proportion of GD2+ BCSCs, impairing the ability of BC
cells to form new tumors or to metastasize [82]. These results indicate
GD2 and GD3S are closely linked and associated with BCSC properties.
Although the positive expression of GD2 can be used to identify CSCs
from BC cells, GD3S-related signals that maintain the stemness are the
central targets against tumor growth and metastases. Thus, future de-
velopment of GD3S-related target strategies might be enlightening for
BCSC therapy.

Central signaling pathways sustaining BCSCs

As mentioned above, the regulating functions of BCSC surface
markers cannot be abstracted from intracellular signaling. In many
cases, the aberrant activation of several important signaling pathways
in BC cells, as consequences of genetic mutations, epigenetic mod-
ifications, or communications with microenvironment by surface mar-
kers, generates and sustains the stem-like nature and may be a direct
cause of therapeutic resistance. Thus, a better understanding of these
signaling pathways may provide a useful signature that shapes the
properties of BCSCs, and then targeted therapy can be developed.

Hh signaling pathway

Hh signaling activation gives cancer cells a survival advantage with
self-renewal features as it does in organizing embryonic stem cell
growth and differentiation (Fig. 2). Normally, Hh signaling is upregu-
lated in quiescent breast stem or progenitor cells but disappears when
cells undergo differentiation. Although some possible activating muta-
tions were reported by early studies, they failed to be confirmed in
larger sample sets [13]. Hence, the aberrant activation of Hh signaling
in BCSCs is poorly understood. It was reported that transgenic over-
expression of GLI1 induced heterogeneous mammary tumors with
progenitor markers in mice, whereas the tumor growth cannot be
suppressed by transgenic deinduction [83], implying it was self-main-
tained. Consistently, BCSCs can activate the Hh signaling of CAFs
within the stromal interactions in vitro by secreting Hh [45], which
triggered cytokine release from CAFs to microenvironment and in turn
promoted expansion and self-renewal of CSCs.
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The Hh pathway inhibitors, such as sonidegib and vismodegib, that
act as cyclopamine-competitive antagonists of smoothened (SMO) are
currently used in practice for basal-cell carcinoma. However, these in-
hibitors are less investigated in BCs perhaps because they only showed
fine efficacy towards tumors that harbor definite mutations in the Hh
pathway. Thus, further study revealing the mechanisms underlying
activated Hh signaling in BCs may provide some ideas for developing
Hh-targeted drugs. Recently, a Phase I clinical trial reported that the
combined treatment consisting of sonidegib and paclitaxel demon-
strated tolerable and satisfactory effect on patients with advanced BC
(NCT01954355), sheding light on the application of SMO inhibitors
against BC. Additionally, targeting Hh signaling of stromal CAFs seems
to be an efficient way to destroy the backbone of BCSCs. Optimistic
results have been obtained using a monoclonal antibody (mAb) (5E1),
though they are still undergoing pre-clinical testing [84].

Notch signaling pathway

The hyperactivation of Notch signaling cascade independent on
canonical ligand induction marks a self-renewing cell population in
basal BCs (Fig. 2) [46]. Notch signaling is regulated by cytokines, such
as IL-6, in the tumor microenvironment. The increased IL-6 was de-
tected in human breast tumors treated with HT. It activated cellular
Notch3 signaling that can replace the ER-dependent survival me-
chanism and confer cancer cells a self-renewal phenotype, while
blocking Notch signaling markedly decreased the self-renewal effi-
ciency of CD133highERlow BCSCs in HT-resistant MCF-7 cells [30].
Furthermore, hypoxia can promote the activation of the Notch
pathway. The interactions between HIF-1α and Notch1 triggered the
self-renewal behaviors, dictating the de-differentiation of general
cancer cells to CSCs in vitro [85]. This may partly explain how BC cells
acquire stemness in a hypoxic condition.

Notch pathway blockade may demonstrate a good efficacy in
dealing with recurrent BC. This is because the blockade can not only
decrease populations of BCSCs in tumors but also prevent therapy-in-
duced Notch activation. For instance, Notch signaling is in a feed-back
loop with VEGFR-1 and VEGFR-2 signaling, regulating the tumor an-
giogenesis in BCs [86]. Antiangiogenic VEGF inhibitors could activate
Notch signaling, leading to the tumor growth. Additionally, trastu-
zumab or tamoxifen treatment can also unexpectedly trigger Notch
activation. It suggests conventional drugs in combination with Notch
inhibitors may help achieve better response to anticancer therapy and
minimize the risk of recurrence. The well-investigated Notch signaling
inhibitors were γ-secretase inhibitors, such as PF-03084014, which
displayed anti-metastatic and anti-tumor activity by inhibiting the self-
renewal ability in BC xenograft models [87]. Other promising γ-secre-
tase inhibitors that entered ongoing Phase I/II study of BC treatment
include RO4929097 (NCT01151449), LY3039478 (NCT02784795), and
MK-0752 (NCT00645333). CB-103 that blocks Notch signaling by tar-
geting the complex of transcriptional activation in the nucleus will be
evaluated in Phase I/II clinical trials (NCT03422679) in the future.
Additionally, several delta-like ligand 4 mAb, such as MEDI0639 and
REGN421, have also entered Phase I clinical trials (NCT01577745 and
NCT00871559, respectively) for patients with advanced solid malig-
nancies. These inhibitors have demonstrated satisfactory therapeutic
values with tolerated toxicity in metastatic BCs until now. The up-
coming results may provide strong clinical evidence to evaluate whe-
ther targeting Notch signaling is promising in BC therapy.

Wnt/β-catenin signaling pathway

Wnt proteins normally maintain a balance between stemness and
differentiation in normal stem niches and regulate cell fate. However,
constitutive Wnt/β-catenin activation due to the loss of function in
negative regulators underlies the tumorigenesis in mouse mammary
gland [14] (Fig. 2). The appearance of aberrant progenitor cells may

account for Wnt-induced tumors, and the hyperactivated Wnt signaling
in these progenitors contributes to the radioresistant phenotype in vivo
[12], suggesting a CSC-promoting role of overactivated Wnt signaling
pathway. Wnt inhibitors thus may represent an effective intervention
against BCs. For example, targeting Wnt pathway with sulforaphane
demonstrated a significant inhibitory effect on the tumor-initiating
ability of BCSCs in vivo without any damage to normal differentiated
cells [88]. A Phase I study of OMP-54F28 that directly targets Wnt was
finished in year 2017 (NCT01608867), promoting the clinical applica-
tion of Wnt pathway inhibitors against BCSCs in the future.

NRF2 signaling pathway

NRF2-mediated antioxidative pathway is an emerging mechanism
that, at least partly, accounts for the chemo-/radio-resistant natures of
cancer cells (Fig. 2). Compared with general BC cells, a much higher
expression signature of NRF2 and target genes in BCSCs was uncovered,
which is a collective result of proteasome reduction and p62 increase
[48]. These cells benefit from the lower ROS level under CT/RT,
whereas NRF2 silence retarded the formation of mammospheres and
reversed the therapy-resistant phenotypes in MCF-7 cells [48]. On the
other hand, several genes involved in the pentose phosphate pathway
(PPP) were also regulated by hyperactivated NRF2 in cancers [89]. It
shunts glucose and glutamine into enhanced PPP that may push
quiescent cancer cells into proliferative status or bypass treatment-in-
duced metabolic blockade, termed “metabolic network adaptations”.
However, its associations with the survival nature of BCSC have not yet
been fully elucidated.

Since cancer cells generate more ROS than normal cells and CSCs
require low level of ROS to maintain quiescence and self-renewal,
combined utilizations of chemicals that dampen their antioxidant ca-
pacity were thought to make tumors vulnerable to CT/RT with normal
tissues largely uninfluenced. For the purpose, a variety of natural in-
hibitors of NRF2, such as apigenin, all-trans retinoic acid, brusatol,
chrysin, cryptotanshinone, luteolin, trigonelline, and wogonin were
tested in pre-clinical cancer models [15]. Unfortunately, the exact tar-
gets through which these inhibitors exert an inhibitory effect on NRF2
are poorly investigated and their “druggability” remains unevaluated.
Nonetheless, the pivotal role of NRF2 signaling provides a new train of
thought for novel adjunctive therapy with potential to beat chemo-/
radio-resistant natures of BCSCs.

PI3K/AKT/mTOR signaling

The sustained activation of the PI3K signaling in BCs was frequently
reported in the last few years and can be basically attributed to the
genetic mutations in the components of this network (Fig. 2). For ex-
ample, the gain of function mutations in upstream receptor tyrosine
kinases could aberrantly upregulate the activity of PI3K [16], while the
loss of PTEN function was found in about 50% of BC patients [17].
Furthermore, the highly prevalent somatic mutations in PIK3CA can
also increase the catalytic activity of PI3K in BCs. Cooperating with the
heterozygous loss of Apc, mutant PIK3CA triggered centrosome ampli-
fication and increased tolerance to tetraploidization in BC cells [18].
Both can induce irreversible genomic alternations and promote tu-
morigenesis, indicative of an oncogenic role of the PI3K signaling. Our
recent study has demonstrated the activation of the PI3K/AKT/mTOR
signaling pathway was associated with enhanced CSC phenotypes and
EMT in radioresistant prostate cancer cells, indicating the importance
of this pathway in regulating CSCs [90]. In BCSCs, the PI3K/Akt/mTOR
signaling pathway mainly mediates CD44-regulated metastasis. In ad-
dition, the sustainable stemness was also partly dependent on PI3K-
regulated transactivation of several self-renewal pathways, such as
Wnt/β-catenin signaling, in triple negative BCs [47].

Inhibiting PI3K signaling pathway to inhibit tumor growth is not a
new idea. Rapalogs, such as everolimus and temsirolimus that showed
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better pharmacodynamic parameters and pharmacokinetic properties
than rapamycin, have been used for several years and demonstrated a
good efficacy [91]. The failure of rapalogs to inhibit mTORC2 and
negative feedback loop on the pathway spurred the development of
dual inhibitors, including dactolisib (NVP-BEZ235) and NVPBGT226,
that showed inhibitory effect on both PI3K and mTORC1/2 [91]. NVP-
BEZ235 demonstrated potent anticancer activity in trastuzumab-re-
sistant BT474 BC xenografts [92]. Meanwhile, novel adenosine tri-
phosphate (ATP)-competitive mTOR kinase inhibitors, including AZD-
8055 (NCT00731263), OSI-027 (NCT00698243), and INK128
(NCT03097328), were also being proposed in BC treatment. However,
although these second-generation inhibitors may show ideal inhibitory
effect on PI3K signaling, BCSCs seem to be neglected. It was reported
that PI3K inhibition by buparlisib can stimulate Wnt pathway in a
feedback way that conferred triple negative BC cells a stem-like feature
[47]. Also, PI3K inhibition by rapalogs could promote GLP-1-dependent
stemness features in MDA-MB-231 and MCF-7 cells, indicative of a
pleiotropic effect of PI3K inhibitors [93]. Therefore, further investiga-
tion is warranted to understand the distinct mechanisms and effects of
the PI3K pathway inhibitors among different cancer subtypes as sy-
nergic drugs may be required.

Therapeutic strategies and challenges for targeting BCSCs

Currently, targeting key signaling cascades that are dysregulated in
cancer cells is still dependent on the high-throughput screening of
compounds and structural modification of existing drugs. Although a
large number of new compounds entered into clinical trials annually
and have shown satisfactory efficacy, many are withdrawn due to the
poor tolerance and safety concerns. Also, some of new-generation drugs
failed to abolish the immortality and stemness of CSCs that underlie the
most of malignant behaviors of BCs. Therefore, CSC-targeted strategy is
of great significance to bring us one step closer toward overcoming
safety issues and therapeutic failure. The most relevant pre-clinical
inhibitors and clinical trials against BCSCs are summarized in Table 3.

The presence of BCSC surface markers provides an efficient way to
identify BCSCs. Compared to normal tissue, BCSCs maintain higher
expressions of these markers, which allows novel antibodies to re-
cognize and block the signaling pathways of interest, making BCSCs
vulnerable to cytotoxic agents. A good example of this is the anti-CD133
mAbs-conjugated polymeric nanoparticles. With chemotherapeutic
drugs loaded, they were more efficiently internalized by CD133+ cells

and effectively inhibit the tumor regrowth in an MDA-MB-231 xeno-
graft model [65]. This proposes a new idea of double-targeted drug
delivery system against BCSCs. However, delivering effective inhibitors
to central signaling pathways might be a more efficient approach
considering the intrinsic resistance nature of CSCs to anticancer drugs
(Fig. 3). For instance, the NRF2 pathway inhibitors can be used to
sensitize CSCs to RT/CT, while Notch inhibitors can be used to abolish
self-renewal ability. Of note, some CSCs may share the same surface
markers with normal stem cells. Thus, it requires that targeting CSCs in
BC therapy should be very carefully considered to avoid side effects,
which in turn requires absolutely specific BCSC surface markers and
signaling pathway proteins to be identified. Furthermore, as CSCs re-
main quiescent under treatment, tumor growth inhibition is not the
convincing evidence for the potential of CSC-targeted drugs. The effect
of decreasing the percentage of CSCs in tumors should be considered in
future studies.

CSCs within a tumor may present shifting targets during cancer
progression. This will be a major challenge for CSC-targeted ther-
apeutics because the antibody used is largely subject to the identifica-
tion of CSC surface markers in breast tumors. Specifically, the cells that
drive tumor growth may evolve during treatment or metastasis due to
the intrinsic instability of genome and epigenetics. The therapy-

Table 3
The most relevant pre-clinical inhibitors and clinical trials against BCSCs.

Targets Pre-clinical inhibitors Ref. Clinical trials (identifier)

CD44+ CSCs HA-decorated nanoparticles and salinomycin [58] Role of HA in causing cancer stem cell growth in the bones of patients with breast cancer
(NCT02331212)

Integrins AIIB2 [94] Unknown
CD133+ CSCs CD133-targeted polymeric nanoparticles and

CD133-specific RNA aptamers
[65,66] Unknown

EpCAM+ CSCs EpCAM-specific RNA aptamers [76] Unknown
PROCR αEPCR-1535 [32] Unknown
Hh signaling 5E1 monoclonal antibody [84] Phase I trial of SMO inhibitor sonidegib in combination with paclitaxel in patients with

advanced solid tumors (NCT01954355)
Notch signaling PF-03084014 [87] Phase I/II study of γ-secretase inhibitors, including RO4929097 (NCT01151449), LY3039478

(NCT02784795), MK-0752 (NCT00645333), and the transcriptional activation complex
inhibitor CB-103 (NCT03422679), for BC treatment. Phase I trials of DLL4 mAbs, including
MEDI0639 (NCT01577745) and REGN421 (NCT00871559), for advanced solid malignancies

Wnt/β-catenin
signaling

Sulforaphane [88] Phase I study of OMP-54F28 for solid tumors (NCT01608867)

NRF2 signaling All-trans retinoic acid, alkaloid trigonelline,
and brusatol

[15] Unknown

PI3K signaling NVPBGT226 [91] Phase I/II study of novel ATP-competitive mTOR kinase inhibitors, including AZD-8055
(NCT00731263), OSI-027 (NCT00698243), and INK128 (NCT03097328), for advanced tumors

Abbreviations: HA, hyaluronan; EpCAM, epithelial cell adhesion molecule; PROCR, protein C receptor; Hh, hedgehog; SMO, smoothened, frizzled class receptor;
DLL4, delta-like ligand 4; mAbs, monoclonal antibodies; NRF2, nuclear factor E2-related factor 2; PI3K, phosphoinositide 3-kinase; ATP, adenosine triphosphate.

Fig. 3. A schematic picture showing a drug delivery system for targeting BCSCs.
The nanoparticles are proposed to load stemness-related pathway inhibitors
with antibodies targeting BCSC surface markers. The conjugates can identify
BCSCs and enter the target cells via internalization. The intracellular inhibitor
release can be achieved by microenvironmental regulations (potential of hy-
drogen) or external intervention, such as light and heat [95]. The delivery
system exerts dual inhibitory effects on BCSCs via blocking both surface and
intracellular tumorigenic factors. This approach may improve conventional
therapies by eradicating BCSCs and avoiding the damage of normal tissues.
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selective evolution or phenotype transition induced by microenviron-
ments or other heterogeneous cells within a tumor may render CSC
markers or signaling patterns changeable. This variable further com-
plicates the requirements of high-throughput screening platforms for
CSC markers. Recent studies developed and employed PDX BC animal
models to investigate the regulation of CSCs in cancer progress [30].
The model demonstrated promise for pre-clinically testing the inter-
nalization of drug delivery by CSCs with the intention of improving
tumor cell targeting [96]. However, concerns for using these animal
models lie in that the single immunocompromised microenvironment
cannot replicate the real evolution process occurring in human BC
progress. Perspective studies should be considered to use human fresh
BC tissue samples and culture techniques with a microenvironment-
mimicking microfluidic chip [97]. Such techniques can mimic the mi-
croenvironment of biological tissues with fidelity and might provide
fire-new avenues for detecting and targeting dynamic features of
BCSCs.

The rapid development of nanomaterials and deep understanding of
CSCs have made it possible to eradicate CSCs without marker identifi-
cation. For instance, polyelectrolyte conjugated gold nanorods (AuNRs)
were found to be more specifically internalized by CSCs. Xu [95] used
AuNRs loaded with salinomycin that mainly kills CSCs to treat MCF-7
cells and found this conjugate could be internalized by ALDH+ BCSCs
much more and faster than non-stem cells with impressive efficiency in
reducing the stem-like ALDH1+ MCF-7 cells [95]. This is an example of
developing BCSC-targeted approach with reference to the natural fea-
tures of nanomaterials instead of identifying BCSC surface markers,
suggesting that novel biomaterials provide CSC targeting with an ex-
tensive enlightenment. Further studies need to be performed in CSCs
identified by different surface markers and in certain cancer subtypes.
Furthermore, a therapeutic option by inducing CSC differentiation was

also developed. Such agents enforce CSCs to differentiate into highly
differentiated tumor cells that are easily killed by anticancer agents
regardless of the involved CSC markers or models (Fig. 4). For instance,
salinomycin can significantly decrease the proportion of CSCs by more
than 100-fold relative to PTX through inducing CSC terminal epithelial
differentiation and inhibit mammary tumor growth [98]. The under-
lying mechanism may be associated with its inhibitory effect on Wnt
signaling. Similarly, BMP4 is another differentiation inducer that can
inhibit β-catenin activation through inhibiting the PI3K and Wnt sig-
naling pathways. A combination of BMP4 with chemotherapeutic
drugs, such as oxaliplatin and 5-fluoracil, can effectively inhibit the in
vivo growth of CSCs [99]. Additionally, interferon-β (IFN-β) treatment
can promote the differentiation of mesenchymal/CSC to a less ag-
gressive epithelial/non-CSC state, which shows a promising effect on
depleting the population of CSCs in triple negative BC cells [100]. These
findings expedite the progress of feasible CSC-targeted strategies from a
new perspective.

Conclusion

Current evidence suggests CSC is a key target for clinical BC therapy
to overcome resistance and recurrence, while findings related to surface
markers and signaling network make it well-founded to develop BCSC-
targeted modalities. The emergence of novel drug delivery systems can
precisely remove residual BCSCs, underlying the curative promise of
BCSC concept. However, the changeable and complex natures of BCSCs
create several challenges. In these cases, extracorporeal tissue culture
techniques with microenvironment-mimicking models seem to be a
future-oriented way for optimizing the advance of efficient BCSC-tar-
geted therapeutics. Furthermore, differentiation therapy represents an
efficient way to eradicate BCSCs regardless of the shifting surface
markers.

Acknowledgements

This work was supported by the St George Cancer Care Centre
Research Trust Fund and the Prostate and Breast Cancer Foundation.
The authors would like also acknowledge funding support from the
UNSW Sydney and the China Scholarship Council.

Conflict of interest

There is no interest conflict in this research.

References

[1] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin
2017;67:7–30.

[2] Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans V, et al. Effects of
radiotherapy and of differences in the extent of surgery for early breast cancer on
local recurrence and 15-year survival: an overview of the randomised trials. Lancet
2005;366:2087–106.

[3] Phillips TM, McBride WH, Pajonk F. The response of CD24(-/low)/CD44+ breast
cancer-initiating cells to radiation. J Natl Cancer Inst 2006;98:1777–85.

[4] Saha S, Mukherjee S, Khan P, Kajal K, Mazumdar M, Manna A, et al. Aspirin sup-
presses the acquisition of chemoresistance in breast cancer by disrupting an
NFkappaB-IL6 signaling axis responsible for the generation of cancer stem cells.
Cancer Res 2016;76:2000–12.

[5] Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that
originates from a primitive hematopoietic cell. Nat Med 1997;3:730–7.

[6] Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. Cancer stem
cells–perspectives on current status and future directions: AACR workshop on
cancer stem cells. Cancer Res 2006;66:9339–44.

[7] Pece S, Tosoni D, Confalonieri S, Mazzarol G, Vecchi M, Ronzoni S, et al. Biological
and molecular heterogeneity of breast cancers correlates with their cancer stem cell
content. Cell 2010;140:62–73.

[8] Magee JA, Piskounova E, Morrison SJ. Cancer stem cells: impact, heterogeneity, and
uncertainty. Cancer Cell 2012;21:283–96.

[9] Cicalese A, Bonizzi G, Pasi CE, Faretta M, Ronzoni S, Giulini B, et al. The tumor
suppressor p53 regulates polarity of self-renewing divisions in mammary stem cells.
Cell 2009;138:1083–95.

Fig. 4. A schematic diagram demonstrating targeting BCSC with different ap-
proaches. Current conventional therapies only target rapidly proliferative
cancer cells but not CSCs, leading to the therapeutic escape of BCSCs and tumor
recurrence and metastasis after several years. In contrast, the BCSC-targeted
therapy in combination with conventional therapies has potential to decrease
the risk of BC therapeutic failure. The differentiation therapy can also disrupt
the stemness of BCSCs and make them more sensitive to anticancer drugs re-
gardless of the shifting surface markers.

X. Bai et al. Cancer Treatment Reviews 69 (2018) 152–163

161

http://refhub.elsevier.com/S0305-7372(18)30117-8/h0005
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0005
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0010
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0010
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0010
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0010
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0015
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0015
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0020
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0020
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0020
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0020
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0025
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0025
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0030
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0030
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0030
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0035
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0035
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0035
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0040
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0040
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0045
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0045
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0045


[10] Godar S, Ince TA, Bell GW, Feldser D, Donaher JL, Bergh J, et al. Growth-inhibitory
and tumor- suppressive functions of p53 depend on its repression of CD44 expres-
sion. Cell 2008;134:62–73.

[11] Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, et al. Aberrant luminal pro-
genitors as the candidate target population for basal tumor development in BRCA1
mutation carriers. Nat Med 2009;15:907–13.

[12] Vaillant F, Asselin-Labat ML, Shackleton M, Forrest NC, Lindeman GJ, Visvader JE.
The mammary progenitor marker CD61/beta3 integrin identifies cancer stem cells
in mouse models of mammary tumorigenesis. Cancer Res 2008;68:7711–7.

[13] Chang-Claude J, Dunning A, Schnitzbauer U, Galmbacher P, Tee L, Wjst M, et al.
The patched polymorphism Pro1315Leu (C3944T) may modulate the association
between use of oral contraceptives and breast cancer risk. Int J Cancer
2003;103:779–83.

[14] Liu BY, McDermott SP, Khwaja SS, Alexander CM. The transforming activity of Wnt
effectors correlates with their ability to induce the accumulation of mammary
progenitor cells. Proc Natl Acad Sci USA 2004;101:4158–63.

[15] Bai X, Chen Y, Hou X, Huang M, Jin J. Emerging role of NRF2 in chemoresistance by
regulating drug-metabolizing enzymes and efflux transporters. Drug Metab Rev
2016;48:541–67.

[16] Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal states:
acquisition of malignant and stem cell traits. Nat Rev Cancer 2009;9:265–73.

[17] Pandolfi PP. Breast cancer-loss of PTEN predicts resistance to treatment. N Engl J
Med 2004;351:2337–8.

[18] Berenjeno IM, Pineiro R, Castillo SD, Pearce W, McGranahan N, Dewhurst SM, et al.
Oncogenic PIK3CA induces centrosome amplification and tolerance to genome
doubling. Nat Commun 2017;8:1773.

[19] Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective
identification of tumorigenic breast cancer cells. Proc Natl Acad Sci USA
2003;100:3983–8.

[20] Baccelli I, Schneeweiss A, Riethdorf S, Stenzinger A, Schillert A, Vogel V, et al.
Identification of a population of blood circulating tumor cells from breast cancer
patients that initiates metastasis in a xenograft assay. Nat Biotechnol
2013;31:539–44.

[21] Lin Y, Zhong Y, Guan H, Zhang X, Sun Q. CD44+/CD24- phenotype contributes to
malignant relapse following surgical resection and chemotherapy in patients with
invasive ductal carcinoma. J Exp Clin Cancer Res 2012;31:59.

[22] Hwang-Verslues WW, Kuo WH, Chang PH, Pan CC, Wang HH, Tsai ST, et al.
Multiple lineages of human breast cancer stem/progenitor cells identified by pro-
filing with stem cell markers. PLoS One 2009;4:e8377.

[23] Shao J, Fan W, Ma B, Wu Y. Breast cancer stem cells expressing different stem cell
markers exhibit distinct biological characteristics. Mol Med Rep 2016;14:4991–8.

[24] Ricardo S, Vieira AF, Gerhard R, Leitao D, Pinto R, Cameselle-Teijeiro JF, et al.
Breast cancer stem cell markers CD44, CD24 and ALDH1: expression distribution
within intrinsic molecular subtype. J Clin Pathol 2011;64:937–46.

[25] Leccia F, Del Vecchio L, Mariotti E, Di Noto R, Morel AP, Puisieux A, et al. ABCG2, a
novel antigen to sort luminal progenitors of BRCA1- breast cancer cells. Mol Cancer
2014;13:213–26.

[26] Chen D, Bhat-Nakshatri P, Goswami C, Badve S, Nakshatri H. ANTXR1, a stem cell-
enriched functional biomarker, connects collagen signaling to cancer stem-like cells
and metastasis in breast cancer. Cancer Res 2013;73:5821–33.

[27] Cariati M, Naderi A, Brown JP, Smalley MJ, Pinder SE, Caldas C, et al. Alpha-6
integrin is necessary for the tumourigenicity of a stem cell-like subpopulation
within the MCF7 breast cancer cell line. Int J Cancer 2008;122:298–304.

[28] Wright MH, Calcagno AM, Salcido CD, Carlson MD, Ambudkar SV, Varticovski L.
Brca1 breast tumors contain distinct CD44+/CD24- and CD133+ cells with cancer
stem cell characteristics. Breast Cancer Res 2008;10:R10.

[29] Liu TJ, Sun BC, Zhao XL, Zhao XM, Sun T, Gu Q, et al. CD133+ cells with cancer
stem cell characteristics associates with vasculogenic mimicry in triple-negative
breast cancer. Oncogene 2013;32:544–53.

[30] Sansone P, Ceccarelli C, Berishaj M, Chang Q, Rajasekhar VK, Perna F, et al. Self-
renewal of CD133(hi) cells by IL6/Notch3 signalling regulates endocrine resistance
in metastatic breast cancer. Nat Commun 2016;7:10442.

[31] Mukherjee S, Manna A, Bhattacharjee P, Mazumdar M, Saha S, Chakraborty S, et al.
Non-migratory tumorigenic intrinsic cancer stem cells ensure breast cancer me-
tastasis by generation of CXCR4(+) migrating cancer stem cells. Oncogene
2016;35:4937–48.

[32] Schaffner F, Yokota N, Carneiro-Lobo T, Kitano M, Schaffer M, Anderson GM, et al.
Endothelial protein C receptor function in murine and human breast cancer de-
velopment. PLoS One 2013;8:e61071.

[33] Vassilopoulos A, Wang RH, Petrovas C, Ambrozak D, Koup R, Deng CX.
Identification and characterization of cancer initiating cells from BRCA1 related
mammary tumors using markers for normal mammary stem cells. Int J Biol Sci
2008;4:133–42.

[34] Rahal OM, Machado HL, Montales MT, Pabona JM, Heard ME, Nagarajan S, et al.
Dietary suppression of the mammary CD29(hi)CD24(+) epithelial subpopulation
and its cytokine/chemokine transcriptional signatures modifies mammary tumor
risk in MMTV-Wnt1 transgenic mice. Stem Cell Res 2013;11:1149–62.

[35] Lo PK, Kanojia D, Liu X, Singh UP, Berger FG, Wang Q, et al. CD49f and CD61
identify Her2/neu-induced mammary tumor-initiating cells that are potentially
derived from luminal progenitors and maintained by the integrin-TGFbeta sig-
naling. Oncogene 2012;31:2614–26.

[36] Lv X, Wang Y, Song Y, Pang X, Li H. Association between ALDH1+/CD133+ stem-
like cells and tumor angiogenesis in invasive ductal breast carcinoma. Oncol Lett
2016;11:1750–6.

[37] Sun M, Yang C, Zheng J, Wang M, Chen M, Le DQS, et al. Enhanced efficacy of
chemotherapy for breast cancer stem cells by simultaneous suppression of

multidrug resistance and antiapoptotic cellular defense. Acta Biomater
2015;28:171–82.

[38] Croker AK, Goodale D, Chu J, Postenka C, Hedley BD, Hess DA, et al. High aldehyde
dehydrogenase and expression of cancer stem cell markers selects for breast cancer
cells with enhanced malignant and metastatic ability. J Cell Mol Med
2009;13:2236–52.

[39] Cheung SK, Chuang PK, Huang HW, Hwang-Verslues WW, Cho CH, Yang WB, et al.
Stage-specific embryonic antigen-3 (SSEA-3) and beta3GalT5 are cancer specific
and significant markers for breast cancer stem cells. Proc Natl Acad Sci USA
2016;113:960–5.

[40] Meyer MJ, Fleming JM, Lin AF, Hussnain SA, Ginsburg E, Vonderhaar BK.
CD44posCD49fhiCD133/2hi defines xenograft-initiating cells in estrogen receptor-
negative breast cancer. Cancer Res 2010;70:4624–33.

[41] Saha SK, Choi HY, Kim BW, Dayem AA, Yang GM, Kim KS, et al. KRT19 directly
interacts with beta-catenin/RAC1 complex to regulate NUMB-dependent NOTCH
signaling pathway and breast cancer properties. Oncogene 2017;36:332–49.

[42] Liang YJ, Wang CY, Wang IA, Chen YW, Li LT, Lin CY, et al. Interaction of glyco-
sphingolipids GD3 and GD2 with growth factor receptors maintains breast cancer
stem cell phenotype. Oncotarget 2017;8(29):47454–73.

[43] Sansone P, Berishaj M, Rajasekhar VK, Ceccarelli C, Chang Q, Strillacci A, et al.
Evolution of cancer stem-like cells in endocrine-resistant metastatic breast cancers
is mediated by stromal microvesicles. Cancer Res 2017;77:1927–41.

[44] Leis O, Eguiara A, Lopez-Arribillaga E, Alberdi MJ, Hernandez-Garcia S, Elorriaga
K, et al. Sox2 expression in breast tumours and activation in breast cancer stem
cells. Oncogene 2012;31:1354–65.

[45] Valenti G, Quinn HM, Heynen G, Lan L, Holland JD, Vogel R, et al. Cancer stem cells
regulate cancer-associated fibroblasts via activation of hedgehog signaling in
mammary gland tumors. Cancer Res 2017;77:2134–47.

[46] Choy L, Hagenbeek TJ, Solon M, French D, Finkle D, Shelton A, et al. Constitutive
NOTCH3 signaling promotes the growth of basal breast cancers. Cancer Res
2017;77:1439–52.

[47] Solzak JP, Atale RV, Hancock BA, Sinn AL, Pollok KE, Jones DR, et al. Dual PI3K
and Wnt pathway inhibition is a synergistic combination against triple negative
breast cancer. NPJ Breast Cancer 2017;3:17.

[48] Ryoo IG, Choi BH, Kwak MK. Activation of NRF2 by p62 and proteasome reduction
in sphere-forming breast carcinoma cells. Oncotarget 2015;6:8167–84.

[49] Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al. Association of
reactive oxygen species levels and radioresistance in cancer stem cells. Nature
2009;458:780–3.

[50] Sultan M, Vidovic D, Paine AS, Huynh TT, Coyle KM, Thomas ML, et al. Epigenetic
silencing of TAP1 in aldefluor(+) breast cancer stem cells contributes to their en-
hanced immune evasion. Stem Cells 2018;36:641–54.

[51] Yu J, Liao X, Li L, Lv L, Zhi X, Yu J, et al. A preliminary study of the role of
extracellular -5′- nucleotidase in breast cancer stem cells and epithelial-mesench-
ymal transition. Vitro Cell Dev Biol Anim 2017;53:132–40.

[52] Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G. Anti-CD73 in cancer
immunotherapy: awakening new opportunities. Trends Cancer 2016;2:95–109.

[53] Beavis PA, Divisekera U, Paget C, Chow MT, John LB, Devaud C, et al. Blockade of
A2A receptors potently suppresses the metastasis of CD73+ tumors. Proc Natl Acad
Sci USA 2013;110:14711–6.

[54] Bourguignon LY, Wong G, Earle C, Krueger K, Spevak CC. Hyaluronan-CD44 in-
teraction promotes c-Src-mediated twist signaling, microRNA-10b expression, and
RhoA/RhoC up-regulation, leading to Rho-kinase-associated cytoskeleton activa-
tion and breast tumor cell invasion. J Biol Chem 2010;285:36721–35.

[55] Ghatak S, Misra S, Toole BP. Hyaluronan oligosaccharides inhibit anchorage-in-
dependent growth of tumor cells by suppressing the phosphoinositide 3-kinase/Akt
cell survival pathway. J Biol Chem 2002;277:38013–20.

[56] Herrlich P, Morrison H, Sleeman J, Orian-Rousseau V, König H, Weg-Remers S,
et al. CD44 acts both as a growth- and invasiveness-promoting molecule and as a
tumor-suppressing cofactor. Ann NY Acad Sci 2000;910:106–18.

[57] Bourguignon LY, Spevak CC, Wong G, Xia W, Gilad E. Hyaluronan-CD44 interaction
with protein kinase C(epsilon) promotes oncogenic signaling by the stem cell
marker Nanog and the Production of microRNA-21, leading to down-regulation of
the tumor suppressor protein PDCD4, anti-apoptosis, and chemotherapy resistance
in breast tumor cells. J Biol Chem 2009;284:26533–46.

[58] Muntimadugu E, Kumar R, Saladi S, Rafeeqi TA, Khan W. CD44 targeted che-
motherapy for co-eradication of breast cancer stem cells and cancer cells using
polymeric nanoparticles of salinomycin and paclitaxel. Colloids Surf B Biointerfaces
2016;143:532–46.

[59] Balic M, Lin H, Young L, Hawes D, Giuliano A, McNamara G, et al. Most early
disseminated cancer cells detected in bone marrow of breast cancer patients have a
putative breast cancer stem cell phenotype. Clin Cancer Res 2006;12:5615–21.

[60] Shipitsin M, Campbell LL, Argani P, Weremowicz S, Bloushtain-Qimron N, Yao J,
et al. Molecular definition of breast tumor heterogeneity. Cancer Cell
2007;11:259–73.

[61] Liu H, Patel MR, Prescher JA, Patsialou A, Qian D, Lin J, et al. Cancer stem cells
from human breast tumors are involved in spontaneous metastases in orthotopic
mouse models. Proc Natl Acad Sci USA 2010;107:18115–20.

[62] Mylona E, Giannopoulou I, Fasomytakis E, Nomikos A, Magkou C, Bakarakos P,
et al. The clinicopathologic and prognostic significance of CD44+/CD24(-/low)
and CD44-/CD24+ tumor cells in invasive breast carcinomas. Hum Pathol
2008;39:1096–102.

[63] Liu R, Wang X, Chen GY, Dalerba P, Gurney A, Hoey T, et al. The prognostic role of
a gene signature from tumorigenic breast-cancer cells. N Engl J Med
2007;356:217–26.

[64] Ye F, Qiu Y, Li L, Yang L, Cheng F, Zhang H, et al. The presence of EpCAM(-)/CD49f

X. Bai et al. Cancer Treatment Reviews 69 (2018) 152–163

162

http://refhub.elsevier.com/S0305-7372(18)30117-8/h0050
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0050
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0050
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0055
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0055
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0055
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0060
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0060
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0060
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0065
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0065
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0065
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0065
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0070
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0070
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0070
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0075
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0075
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0075
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0080
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0080
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0085
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0085
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0090
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0090
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0090
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0095
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0095
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0095
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0100
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0100
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0100
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0100
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0105
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0105
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0105
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0110
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0110
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0110
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0115
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0115
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0120
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0120
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0120
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0125
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0125
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0125
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0130
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0130
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0130
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0135
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0135
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0135
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0140
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0140
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0140
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0145
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0145
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0145
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0150
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0150
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0150
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0155
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0155
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0155
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0155
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0160
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0160
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0160
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0165
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0165
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0165
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0165
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0170
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0170
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0170
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0170
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0175
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0175
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0175
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0175
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0180
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0180
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0180
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0185
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0185
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0185
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0185
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0190
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0190
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0190
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0190
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0195
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0195
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0195
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0195
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0200
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0200
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0200
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0205
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0205
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0205
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0210
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0210
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0210
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0215
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0215
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0215
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0220
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0220
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0220
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0225
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0225
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0225
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0230
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0230
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0230
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0235
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0235
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0235
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0240
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0240
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0245
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0245
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0245
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0250
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0250
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0250
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0255
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0255
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0255
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0260
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0260
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0265
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0265
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0265
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0270
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0270
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0270
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0270
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0275
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0275
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0275
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0280
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0280
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0280
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0285
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0285
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0285
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0285
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0285
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0290
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0290
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0290
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0290
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0295
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0295
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0295
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0300
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0300
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0300
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0305
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0305
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0305
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0310
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0310
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0310
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0310
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0315
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0315
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0315
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0320


(+) cells in breast cancer is associated with a poor clinical outcome. J Breast Cancer
2015;18:242–8.

[65] Swaminathan SK, Roger E, Toti U, Niu L, Ohlfest JR, Panyam J. CD133-targeted
paclitaxel delivery inhibits local tumor recurrence in a mouse model of breast
cancer. J Control Release 2013;171:280–7.

[66] Shigdar S, Qiao L, Zhou SF, Xiang D, Wang T, Li Y, et al. RNA aptamers targeting
cancer stem cell marker CD133. Cancer Lett 2013;330:84–95.

[67] Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, et al.
ALDH1 is a marker of normal and malignant human mammary stem cells and a
predictor of poor clinical outcome. Cell Stem Cell 2007;1:555–67.

[68] Marcato P, Dean CA, Pan D, Araslanova R, Gillis M, Joshi M, et al. Aldehyde de-
hydrogenase activity of breast cancer stem cells is primarily due to isoform
ALDH1A3 and its expression is predictive of metastasis. Stem Cells Dev
2011;29:32–45.

[69] Ginestier C, Wicinski J, Cervera N, Monville F, Finetti P, Bertucci F, et al. Retinoid
signaling regulates breast cancer stem cell differentiation. Cell Cycle
2009;8:3297–302.

[70] Müller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al. Involvement of
chemokine receptors in breast cancer metastasis. Nature 2001;410:50–6.

[71] Huang M, Li Y, Zhang H, Nan F. Breast cancer stromal fibroblasts promote the
generation of CD44+CD24- cells through SDF-1/CXCR4 interaction. J Exp Clin
Cancer Res 2010;29:80.

[72] Luker KE, Lewin SA, Mihalko LA, Schmidt BT, Winkler JS, Coggins NL, et al.
Scavenging of CXCL12 by CXCR7 promotes tumor growth and metastasis of CXCR4-
positive breast cancer cells. Oncogene 2012;31:4750–8.

[73] Yi T, Zhai B, Yu Y, Kiyotsugu Y, Raschle T, Etzkorn M, et al. Quantitative phos-
phoproteomic analysis reveals system-wide signaling pathways downstream of SDF-
1/CXCR4 in breast cancer stem cells. Proc Natl Acad Sci USA 2014;111:E2182–90.

[74] Zhu Y, Yu F, Jiao Y, Feng J, Tang W, Yao H, et al. Reduced miR-128 in breast tumor-
initiating cells induces chemotherapeutic resistance via Bmi-1 and ABCC5. Clin
Cancer Res 2011;17:7105–15.

[75] Cullen M, Seaman S, Chaudhary A, Yang MY, Hilton MB, Logsdon D, et al. Host-
derived tumor endothelial marker 8 promotes the growth of melanoma. Cancer Res
2009;69:6021–6.

[76] Shigdar S, Lin J, Yu Y, Pastuovic M, Wei M, Duan W. RNA aptamer against a cancer
stem cell marker epithelial cell adhesion molecule. Cancer Sci 2011;102:991–8.

[77] Wang T, Gantier MP, Xiang D, Bean AG, Bruce M, Zhou SF, et al. EpCAM aptamer-
mediated survivin silencing sensitized cancer stem cells to doxorubicin in a breast
cancer model. Theranostics 2015;5:1456–72.

[78] Hyun KA, Koo GB, Han H, Sohn J, Choi W, Kim S, et al. Epithelial-to-mesenchymal
transition leads to loss of EpCAM and different physical properties in circulating
tumor cells from metastatic breast cancer. Oncotarget 2016;7:24677–87.

[79] Wang D, Cai C, Dong X, Yu QC, Zhang XO, Yang L, et al. Identification of multi-
potent mammary stem cells by protein C receptor expression. Nature
2015;517:81–4.

[80] Battula VL, Shi Y, Evans KW, Wang RY, Spaeth EL, Jacamo RO, et al. Ganglioside
GD2 identifies breast cancer stem cells and promotes tumorigenesis. J Clin Invest
2012;122:2066–78.

[81] Sarkar TR, Battula VL, Werden SJ, Vijay GV, Ramirez-Pena EQ, Taube JH, et al. GD3
synthase regulates epithelial-mesenchymal transition and metastasis in breast
cancer. Oncogene 2015;34:2958–67.

[82] Battula VL, Nguyen K, Sun J, Pitner MK, Yuan B, Bartholomeusz C, et al. IKK in-
hibition by BMS-345541 suppresses breast tumorigenesis and metastases by tar-
geting GD2+ cancer stem cells. Oncotarget 2017;8:36936–49.

[83] Fiaschi M, Rozell B, Bergstrom A, Toftgard R. Development of mammary tumors by

conditional expression of GLI1. Cancer Res 2009;69:4810–7.
[84] O'Toole SA, Machalek DA, Shearer RF, Millar EK, Nair R, Schofield P, et al.

Hedgehog overexpression is associated with stromal interactions and predicts for
poor outcome in breast cancer. Cancer Res 2011;71:4002–14.

[85] Schwab LP, Peacock DL, Majumdar D, Ingels JF, Jensen LC, Smith KD, et al.
Hypoxia-inducible factor 1alpha promotes primary tumor growth and tumor-in-
itiating cell activity in breast cancer. Breast Cancer Res 2012;14:R6.

[86] Bazan-Peregrino M, Sainson RC, Carlisle RC, Thoma C, Waters RA, Arvanitis C, et al.
Combining virotherapy and angiotherapy for the treatment of breast cancer. Cancer
Gene Ther 2013;20:461–8.

[87] Zhang CC, Pavlicek A, Zhang Q, Lira ME, Painter CL, Yan Z, et al. Biomarker and
pharmacologic evaluation of the gamma-secretase inhibitor PF-03084014 in breast
cancer models. Clin Cancer Res 2012;18:5008–19.

[88] Li Y, Zhang T, Korkaya H, Liu S, Lee HF, Newman B, et al. Sulforaphane, a dietary
component of broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clin
Cancer Res 2010;16:2580–90.

[89] Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T, Aburatani H, et al. Nrf2
redirects glucose and glutamine into anabolic pathways in metabolic reprogram-
ming. Cancer Cell 2012;22:66–79.

[90] Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ, et al. Acquisition of epithelial-
mesenchymal transition and cancer stem cell phenotypes is associated with acti-
vation of the PI3K/Akt/mTOR pathway in prostate cancer radioresistance. Cell
Death Dis 2013;4:e875.

[91] Cidado J, Park BH. Targeting the PI3K/Akt/mTOR pathway for breast cancer
therapy. J Mammary Gland Biol Neoplasia. 2012;17:205–16.

[92] Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, Guzman M, et al. NVP-
BEZ235, a dual PI3K/mTOR inhibitor, prevents PI3K signaling and inhibits the
growth of cancer cells with activating PI3K mutations. Cancer Res
2008;68:8022–30.

[93] Posada IMD, Lectez B, Sharma M, Oetken-Lindholm C, Yetukuri L, Zhou Y, et al.
Rapalogs can promote cancer cell stemness in vitro in a Galectin-1 and H-ras-de-
pendent manner. Oncotarget 2017;8:44550–66.

[94] Park CC, Zhang H, Pallavicini M, Gray JW, Baehner F, Park CJ, et al. Beta1 integrin
inhibitory antibody induces apoptosis of breast cancer cells, inhibits growth, and
distinguishes malignant from normal phenotype in three dimensional cultures and
in vivo. Cancer Res 2006;66:1526–35.

[95] Xu Y, Wang J, Li X, Liu Y, Dai L, Wu X, et al. Selective inhibition of breast cancer
stem cells by gold nanorods mediated plasmonic hyperthermia. Biomaterials
2014;35:4667–77.

[96] Miller-Kleinhenz J, Guo X, Qian W, Zhou H, Bozeman EN, Zhu L, et al. Dual-tar-
geting Wnt and uPA receptors using peptide conjugated ultra-small nanoparticle
drug carriers inhibited cancer stem-cell phenotype in chemo-resistant breast cancer.
Biomaterials 2018;152:47–62.

[97] Polacheck WJ, Charest JL, Kamm RD. Interstitial flow influences direction of tumor
cell migration through competing mechanisms. Proc Natl Acad Sci USA
2011;108:11115–20.

[98] Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg RA, et al.
Identification of selective inhibitors of cancer stem cells by high-throughput
screening. Cell 2009;138:645–59.

[99] Zhang L, Sun H, Zhao F, Lu P, Ge C, Li H, et al. BMP4 administration induces
differentiation of CD133+ hepatic cancer stem cells, blocking their contributions to
hepatocellular carcinoma. Cancer Res 2012;72:4276–85.

[100] Doherty MR, Jackson MW. The Critical, Clinical Role of Interferon-Beta in
Regulating Cancer Stem Cell Properties in Triple-Negative Breast Cancer. DNA Cell
Biol 2018;37:513–6.

X. Bai et al. Cancer Treatment Reviews 69 (2018) 152–163

163

http://refhub.elsevier.com/S0305-7372(18)30117-8/h0320
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0320
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0325
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0325
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0325
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0330
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0330
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0335
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0335
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0335
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0340
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0340
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0340
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0340
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0345
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0345
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0345
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0350
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0350
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0355
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0355
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0355
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0360
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0360
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0360
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0365
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0365
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0365
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0370
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0370
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0370
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0375
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0375
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0375
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0380
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0380
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0385
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0385
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0385
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0390
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0390
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0390
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0395
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0395
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0395
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0400
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0400
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0400
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0405
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0405
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0405
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0410
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0410
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0410
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0415
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0415
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0420
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0420
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0420
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0425
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0425
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0425
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0430
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0430
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0430
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0435
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0435
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0435
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0440
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0440
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0440
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0445
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0445
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0445
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0450
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0450
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0450
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0450
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0455
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0455
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0460
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0460
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0460
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0460
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0465
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0465
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0465
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0470
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0470
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0470
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0470
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0475
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0475
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0475
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0480
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0480
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0480
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0480
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0485
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0485
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0485
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0490
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0490
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0490
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0495
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0495
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0495
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0500
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0500
http://refhub.elsevier.com/S0305-7372(18)30117-8/h0500

	Cancer stem cell in breast cancer therapeutic resistance
	Introduction
	Is CSC the culprit of BC therapeutic failure?
	BCSC surface markers: identification, function, and targeting
	CD44
	Integrins (CD29, CD49f, and CD61)
	CD133
	ALDH1
	CXC chemokine receptor type 4 (CXCR4)
	ABCG2
	Anthrax toxin receptor 1 (ANTXR1)
	Epithelial cell adhesion molecule (EpCAM)
	Protein C receptor (PROCR)
	GD2
	Central signaling pathways sustaining BCSCs
	Hh signaling pathway
	Notch signaling pathway
	Wnt/β-catenin signaling pathway
	NRF2 signaling pathway
	PI3K/AKT/mTOR signaling
	Therapeutic strategies and challenges for targeting BCSCs
	Conclusion
	Acknowledgements
	Conflict of interest
	References




