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The clinical and pathologic heterogeneity of human breast cancer
has long been recognized. Now, molecular profiling has enriched
our understanding of breast cancer heterogeneity and yielded new
prognostic and predictive information. Despite recent therapeutic
advances, including the HER2-specific agent, trastuzumab, locor-
egional and systemic disease recurrence remain an ever-present
threat to the health and well being of breast cancer survivors. By
definition, disease recurrence originates from residual treatment-
resistant cells, which regenerate at least the initial breast cancer
phenotype. The discovery of the normal breast stem cell has re-
ignited interest in the identity and properties of breast cancer
stem-like cells and the relationship of these cells to the repopulat-
ing ability of treatment-resistant cells. The cancer stem cell model
of breast cancer development contrasts with the clonal evolution
model, whereas the mixed model draws on features of both. Al-
though the origin and identity of breast cancer stem-like cells is
contentious, treatment-resistant cells survive and propagate only
because aberrant and potentially druggable signaling pathways
are recruited. As a means to increase the rates of breast cancer
cure, several approaches to specific targeting of the treatment-
resistant cell population exist and include methods for addressing
the problem of radioresistance in particular.

Introduction

Breast cancer is a heterogeneous disease but can be grouped into
major subtypes by both traditional histopathological features (e.g.
histological type, grade, estrogen receptor, progesterone receptor
and HER2 status) used in diagnostic practice as well as the newer
microarray-based molecular profiling (1,2). The new molecular
taxonomy describes five major subtypes (Luminal-A, Luminal-B,
Basal-like, HER2 and Normal) that overlap with different clinico-
pathological classification systems, correlate with clinical behavior
and are vital for informing patient management.

Early breast cancers (stage I, II, IIIA and operable stage IIIC) are
treated with curative intent using surgery followed by radiotherapy. To
avoid recurrence from micrometastases, adjuvant treatments (hormonal

agents, trastuzumab and cytotoxic chemotherapy in sequence and/or
in combination) are often prescribed. The administration of systemic
therapies is driven by assessment of clinico-pathologic features
such as tumor size, nodal involvement, hormone receptor status and
Her2 gene amplification (3–5). Stage IIIB and inoperable stage IIIC
breast cancer are treated with systemic chemotherapy or hormone
therapy, in the neoadjuvant settings, to downstage locally advanced
tumors followed by surgery and radiotherapy (6). Stage IV or meta-
static breast cancer is treated with palliative intent using hormonal
agents, trastuzumab or lapatinib, conventional cytotoxic drugs. These
drugs tend to be employed in sequence often as single agents, al-
though some of these agents may be used in two-drug combinations.

Although adjuvant therapy plays a crucial part in the management of
early breast cancer, local relapse still occurs. A meta-analysis of 42 000
women in 78 clinical trials demonstrates that the 10-year local recur-
rence rate in patients who received lumpectomy and radiation was 13%
compared with 47% for patients who did not receive radiation. In the
case of patients receiving a mastectomy and radiation, the recurrence
rate was 8% compared with 28% for those not receiving radiation (7).
Despite the reduction of recurrence by the use of radiotherapy, the
15-year overall survival of these patients is marginally affected and
mortality rates are 26% and 48% following breast lumpectomy and
radiotherapy for lymph node-negative and positive breast disease, re-
spectively. Even higher mortality rates of 31% and 55% are reported for
patients receiving a mastectomy and radiation for lymph node-negative
and positive disease, respectively (7). At present around 40% of all
breast cancer patients suffer a recurrence; 10–20% of all recurrences
are local and 60–70% are distant metastases (8).

Although several prognostic factors, depending on breast cancer type,
can predict recurrence, the explanations for recurrences remain hypo-
thetical. Undertreatment of breast cancer patients with adjuvant thera-
pies due to borderline classification of the disease may contribute to
some but not all recurrences. Local and metastatic recurrence after
surgical treatment of the primary tumor may be due to local deposits
of cancer cells that were not removed during surgery or early micro-
metastases that were resistant to adjuvant treatments. Recurrence and
disease spread in locally advanced breast cancer may be explained by
resistance to neoadjuvant systemic therapy and/or radiotherapy. Con-
ventional therapeutic approaches (chemotherapy and radiotherapy) as
well as most of current targeted therapies are based on an intention to
target all cells similarly using maximum tolerated doses. Nevertheless,
the relative failure of these therapies to cure most solid cancers as well
as local and metastatic disease recurrence has revived interest in the
controversial cancer stem cell (CSC) model as it described a therapy-
resistant subpopulation of cells that are capable of tumor ‘regeneration’.

The existence of a radiation-resistant subpopulations of tumor cells
has been long proposed by radiobiologists (9,10), but whether these
cells can be prospectively identified and targeted is an ongoing debate.
A similar difficulty applies to the CSC hypothesis, which defines ‘a
small subset of cells within a cancer that constitutes a reservoir of self-
sustaining cells with the exclusive ability to self-renew and to cause
the heterogeneous lineages of cancer cells that comprise the tumor’
(11). Preclinical data from cell lines and tumor models support the
concept that breast cancer-derived tumor-initiating cells are relatively
resistant to radiation and chemotherapy. The relationship between the
CSC hypothesis and the normal breast epithelial hierarchy has fueled
much speculation on breast cancer histogenesis, i.e. the normal cel-
lular origins of specific breast cancer subtypes. How important un-
derstanding tumor cell origin will be in improving breast cancer
outcomes is debatable. Therefore, we believe that studies concentrat-
ing on the treatment-resistant cells among the heterogeneous cell
populations of human breast cancer could be helpful in not only

Abbreviations: BCSCs, breast cancer stem cells; CSC, cancer stem cell; DDR,
DNA damage response; DPPE, N,N-diethyl-2-[4-(phenylmethyl)phenoxy]e-
thanamine; DSBs, double DNA strand breaks.
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identifying patients requiring more aggressive treatment and monitor-
ing but also in broadening the scope for identification of new thera-
peutic targets and approaches. Clear parallels can be drawn between
these studies and the investigations of putative breast cancer stem
cells (BCSCs). Is there sufficient preclinical and clinical evidence,
however, for uniting the concepts of treatment-resistant cells and
breast cancer stem-like cells? Here, we will review data for each
concept with a focus on discussing new and improved methods of
reducing breast cancer recurrence after therapy, particularly after ra-
diotherapy by targeting the mechanisms of resistance.

Cancer models

Two models have been proposed to account for solid tumor heteroge-
neity: the ‘clonal evolution’ and the ‘CSC’ models (12). The conven-
tional clonal evolution model is a non-hierarchical model that proposes
all cells within a tumor have an equal chance of acquiring the genetic
mutations necessary for driving tumor growth. In this model, cancer
cells over time stochastically acquire a myriad of combinations of
mutations over time in a by-chance fashion, so that by natural under
selection pressures, the most aggressive cells drive the most aggressive
cells drive tumor propagation progression and therapy resistance. The
CSC model is a hierarchical model proposing that only a subset of cells
can propagate the tumor by acting as multipotent progenitors, with the
ability to recapitulate the molecular and phenotypic heterogeneity of
the original tumor mimicking stem cells. The genetic basis for hetero-
geneity needs to be addressed in both of these cancer models (see A
Mixed Model of Tumorigenesis), however, it is important to emphasize
that CSCs are not necessarily the product of normal stem cell trans-
formation; they may arise from restricted progenitor or differentiated
cells by acquiring stem cell-like properties (11,13,14).

Breast cancer and stem cells: is there a link?

Normal stem and progenitor cells clearly play an active role in the human
breast because they participate in the cyclical changes of this dynamic
tissue, which is remodeled during ovulations and pregnancies through-
out the reproductive lifespan of a woman (13,15). Breast stem cells have
the capacity for self-renewal as well as generating the three major
lineages that comprise the breast gland: myoepithelial cells forming
the basal layer of ducts and alveoli, ductal epithelial cells lining the
lumen of ducts and alveolar epithelial cells synthesizing milk proteins
(16). In mice, mammary stem cells are localized in the cap cells of the
terminal end buds and a single mammary stem cell has the capability to
regenerate a complete mammary gland in vivo (17,18). In humans, stem
cell zones were identified in the mammary ducts that are enriched for
quiescent cells (19). In 3D cultures, EpCAMhigh/CD49fþ/Lin� cells
form terminal duct lobular unit-like structures that could both self-
renew and give rise to stem cell like and lineage-restricted luminal
and myoepithelial cells (19–21). The current model of normal mam-
mary development (Figure 1) is that stem cells give rise to a common
primitive progenitor that undergoes differentiation into committed lu-
minal cells, mature luminal cells and myoepithelial cells (13,22–26).

Breast cancer stem cells

Recent identification, within several cancers, of subpopulations of
cells that have some of the functional and phenotypic properties in
common with stem cells: the capacity for self-renewal, the ability to
differentiate, activate telomerase and anti-apoptotic pathways, in-
crease membrane transporter activity and acquire anchorage indepen-
dence, all support the CSC hypothesis (27–34). In addition to their
tumorigenic role, carcinoma cells acquire the ability to migrate to
niches and thus CSCs may play a role in metastasis (35). The inherent
plasticity and pluripotency of CSCs makes them the likeliest candi-
dates to thrive in foreign sites and to initiate and sustain cancer
growth. If only a rare subpopulation of breast cancer cells can initiate
tumors (28), then it is reasonable to propose that such rare plastic and
tumorigenic cells would be responsible for initiating and propagating
heterogeneous metastatic lesions (35).

Putative CSC populations are often identified using in vitro
sphere formation, differentiation and clonogenicity assays and in vivo
xenograft tumuorigenicity assays. Fluorocytometric sorting steps that
separate putative CSC phenotypes from more differentiated progeny
and extraneous cell types often precede these assays. In the case of
BCSCs, studies have identified HER2 (36,37), CD49f (38), epithelial
cell adhesion molecule (28,39), acetaldehyde dehydrogenase activity
(40–42) and phosphatase and tensin homolog (43) amongst others as
important putative markers for BCSCs identification. To date, the
EpCAMþCD44þCD24� putative BCSCs are the most investigated.
This surface marker expression profile has been proposed as a BCSC
phenotype based on evidence of increased tumorigenicity in a xeno-
graft model of this population sorted from samples of human breast
cancer metastasis (28) and have been the subject of many investiga-
tions (39,44). A meta-analysis based on published studies found that
acetaldehyde dehydrogenase positive and CD44þ/CD24�/low tumor
cells are prognostic factors in breast cancer and associate with poor
overall survival (45).

Studies also support a role for CD44þCD24� putative BCSCs in
metastasis. As few as 10 cells of stably labeled CD44þ BCSCs from
primary and metastatic human tumors, tracked in vivo using non-
invasive imaging approaches, were shown to spontaneously metastasize
from primary tumors in mice (46). Fifty bone marrow specimens from
early breast cancer patients, shown to express cytokeratin, also dis-
played the CD44þCD24� phenotype in all specimens. The mean prev-
alence of putative stem/progenitor cells among marrow samples was
72% compared with a mean prevalence of ,10% of the primary tumor
samples (47). Furthermore, another study reported that 35% of circu-
lating tumor cells from breast cancer patients had the CD44þ/CD24�/low

stem/tumorigenic phenotype (48). An expression profile of an 11-gene
stem cell-like signature in primary breast tumors is a consistently power-
ful predictor of a short interval to disease recurrence, distant metastasis
and death after therapy (49). Genes differentially expressed as an in-
vasiveness gene signature in CD44þ/CD24� cells compared with nor-
mal breast epithelium showed a significant association with both
metastasis-free and overall survival in patients with breast cancer in-
dependently of established clinico-pathologic variables (50). Interest-
ingly, this CD44þ cell signature in primary invasive tumors was
associated with a higher risk of distant metastasis, but distant metastases
were enriched for more luminal epithelial CD24þ cells, implying a phe-
notypic switch during tumor progression (51,52). Altogether, these

Fig. 1. Hierarchical organization in the normal breast. Breast stem cells give
rise to primitive progenitor cells that differentiate into myoepithelial and
luminal progenitors. The differentiated progenitors generate the three
subtypes of cells that constitute the mammary gland: myoepithelial, alveolar
and luminal/ductal cells.
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studies suggest that BCSCs are present in disseminating circulating
tumor cells (48), enriched in early metastatic lesions (47) and can re-
capitulate the molecular signature of the primary tumor (28), where
expression of ‘stemness’ genes is associates with recurrence and metas-
tasis (49,53).

Breast cancer subtypes, BCSCs and the normal cell of origin

The identification of distinct intrinsic subtypes of breast cancer begs
the question as to whether the different subtypes contain different
CSC phenotypes as well as the cell of origin from which each subtype
arises (13).

Different cancer subtypes; different BCSCs?

A study of 321 node-negative and 318 node-positive breast cancers
concluded that identification of putative CSCs in situ identified high-
risk breast cancer patients (54). Recently, in a 275-patient study, Park
et al. (55) investigated the CD44þCD24� putative stem cell marker as
well as others (vimentin, osteonectin, connexin 43, acetaldehyde de-
hydrogenase, CK18, GATA3 and MUC1) in primary breast cancers of
different subtypes and histologic stage. Generally, this study revealed
a high degree of diversity in the expression of several of the selected
markers in different tumor subtypes and histologic stages.
CD44þCD24� cells were most common in basal-like tumors,
ALDH1þ cells were the highest in HER2þ and basal-like tumors,
whereas CK18, GATA3 and MUC1 expression was more common
in luminal subtypes (55). In addition to these clinical data and based
on experimental data, Campbell et al. proposed that CD44þCD24�

and CD44�CD24þ cells may be cancer cell subpopulations compet-
ing for dominance as in the clonal evolution model (56). This notion is
supported by studies that failed to correlate CD44þCD24� cells with
breast cancer progression or prognosis but negatively correlated
CD24þ cells with outcome (51,56–60). The CD44þ/CD24� profile
has been suggested to be more relevant to breast cancer of basal origin
and CD44 expression may indicate enhanced engraftment regardless
of any CSC characteristics (61). It is noteworthy that CSCs specific
for luminal type A and type B breast cancers are yet to be reported.

Cell of origin and breast cancer histogenesis

The CSC hypothesis does not necessarily imply origin from adult
stem cells although self-renewal and multilineage potential are cardi-
nal features of both. Better understanding of the differentiation hier-
archy of normal breast tissue may yield insights into understanding
histogenesis, hierarchical organization and heterogeneity of breast
tumors. However, caution must be exercised in overinterpreting sim-
ilarities in these features to mean they indicate similarities in cell of
origin between normal and malignant breast tissue.

The more frequent expression of luminal markers such ERa
and GATA3 in luminal tumors may indicate origin from the normal
luminal compartment. Similarly, CK5 and CK17 expression in basal
tumors led to their nomenclature after the myoepithelial/basal compart-
ment. For several years, many groups speculated that this tumor type
had a basal cell origin and, particularly, a stem cell origin (62), only to
have this confronted by the discovery of a luminal progenitor as the
target population for basal-tumor development (20). A direct role for
luminal progenitors as the cells of origin for brca1-mutant basal breast
cancers was demonstrated in a mouse model. Targeted deletion of
the brca1 gene in the basal cell layer resulted in the development
of aggressive malignant adenomyoepitheliomas, whereas brca1 gene
in luminal progenitors preferentially generated carcinomas that phe-
nocopied human brca1-mutant and sporadic basal-like breast cancers
(63). These findings lend further support to the emerging theme that the
molecular classification, or currently accepted nomenclature, of cancer
does not always reflect the nature of the cell of origin (64).

Criticisms of the CSC hypothesis

The CSC model is not universally accepted and some of the properties
of CSCs can be explained by the clonal evolution model (51,65–67).

One of the main criticisms is the use of xenotransplantations, where
the microenvironment in mice is not suited to supporting the growth of
tumors from human cancer cells, which would otherwise be tumori-
genic. However, this criticism has been addressed using a syngeneic
p53-null mouse mammary tumor model, which provided direct
evidence for the existence of a tumor-initiating subpopulation of
CSCs (68).

Another criticism is an assumption that CSCs express a stable phe-
notype in a disease marked by genetic divergence and instability. The
relationships between the different abovementioned populations of
BCSCs identified from in vitro and animal models are not well un-
derstood. It is unclear whether all of the different BCSCs phenotypes
identified thus far represent similar primitive multipotent cells or
whether some are lineage-restricted progenitors. The BCSC question
is further complicated by the notion of altered ‘states of stemness’ and
‘phenotypic plasticity’. Tumor cells can acquire or lose molecular
markers throughout their progression as well as hijack normal mech-
anisms of phenotypic transition. Plasticity and genetic divergence
among cancer cells are not necessarily incompatible with the CSC
hypothesis, however, it would be difficult to define hierarchical struc-
tures in malignant tissues should transdifferentiation and dedifferen-
tiation from more differentiated populations is possible [phenotypic
switch (69)]. A recent study found that the expression of an embryonic
stem cell-like signature is upregulated in all tumor cells in primary
breast cancers (70), and behooves us to consider carefully the design
of studies of CSCs and their role in malignancy. Nonetheless, this
study also found that a tissue-specific stem cell transcriptional pro-
gram is upregulated specifically in the CSC population versus non-
tumorigenic cells (70). In fact, breast primary tumors with CSC
molecular traces, which correlate to tissue-specific stem cell signa-
tures, are significantly associated with higher risk of death for the
patient (70). Although this study supports the concept of a CSC phe-
notype and its correlation with patient outcomes, tumor cells that
adopt an embryonic stem cell-like dedifferentiated signature may
have sufficient plasticity to adopt a tissue-specific stem cell signature
and thus behave as CSCs via transdifferentiation. Programs for the
plasticity of epithelial cells and the acquisition of stemness have been
described: epithelial–mesenchymal transition or the reverse mesen-
chymal–epithelial transition. Several reviews have addressed studies
linking epithelial–mesenchymal transition/mesenchymal–epithelial
transition to BCSCs/tumor-initiating cells, cancer progression, metasta-
sis and therapy resistance and readers are referred to an excellent
treatise on this topic (71–75).

Not this CSC, the other one: clonal evolution of BCSCs?

Despite the pessimistic discussion of the CSC hypothesis, positive
identification of the most primitive normal or malignant stem cells
remains the key challenge in the field. In normal breast tissue from
women and mice, it appears that primitive normal stem cells with bi/
multipotent potential can be identified (17–19). The relevance of such
bipotent cells to malignancy has been recently demonstrated. Pece et al.
(76) isolated normal human mammary stem cells to near purity that
shared features with both epithelial (CD24þ/EpCAMþ) and myoepi-
thelial (CD49fþ/CK5þ/TP63þ) cells based on their quiescent state (re-
tention of the lipophilic dye PKH26). The transcriptional profile of
these bipotent PKH26pos stem cells could prospectively isolate stem
cells from normal breast and breast tumors and predict biological and
molecular features of breast cancer subtypes. More interestingly, the
heterogeneity and molecular profile of human breast cancers were cor-
related with their CSC content (76). This study suggests that identifying
a more primitive progenitor/stem cell type rather than a more differen-
tiated progenitor cancer cell type would provide a more clinically
meaningful measure for a particular breast cancer subtype. Thus, al-
though the CD44þ/CD24� profile may be more relevant to basal breast
cancer (61), the above observations suggest that all breast cancer sub-
types have the same CSCs, but which differ in number (76) and thus
lead to differences in disease progression and posttreatment relapse.

Current CSC research lacks investigations into the contribution of
CSCs to intratumoral genetic divergence and into the divergence
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between the primary tumor and metastases of breast cancer [e.g. (77)].
Although different oncogenes and their mutations can transform dif-
ferent normal differentiated stem or progenitor cells to varying de-
grees of stemness, data concerning the intra-clonal genetic
heterogeneity of CSC populations are missing (78). In the study by
Pece et al., the authors propose a model for mammary tumorigenesis,
where oncogenic transformations determine the frequency at which
CSCs will skip asymmetric divisions, thus influencing the number of
CSCs within a tumor that in turn determine some biological and
clinical features of breast cancer subtypes (76). Additional trans-
formations and epigenetic changes may also restrict differentiation
toward certain lineages (luminal versus basal) (76).

A mixed model of tumorigenesis

More recently, Greaves (78) proposed a mixed model for tumorigen-
esis to address the high genetic instability and plasticity of tumor
cells. In this model, cancer-initiating cells with differences in self-
renewal potency, phenotypic properties or numbers represent geneti-
cally diverse substrates for selection during cancer progression (78)
(Figure 2). Such a model may account for the heterogeneity within the
distinct subtypes of breast cancer as well as the genetic divergence
within a tumor and among the metastases, which arise from CSCs
within the primary tumor but which accumulate additional mutations
in their new environment.

Although we seek to understand different models of breast cancer
initiation and progression (CSC, clonal evolution or mixed), disease
recurrence and spread from cancer cells that resist therapeutic inter-
vention remains a clinical reality. The remainder of this review ad-
dresses the implications of resistant ‘CSCs’ and ‘clones’ for breast
cancer therapy and the possible therapeutic strategies that may be
used to enhance patient outcomes.

Implication of CSC on breast cancer therapy

Cytotoxic drugs principally target rapidly dividing cells, thus a self-
renewing, long-lived and relatively quiescent CSC population may be
more resistant to therapy. Practically, the definition of CSCs implies

that recurrence after anticancer treatments is associated with the sur-
vival of these cells. This concept has gained much prominence in the
field of cancer research with several studies reporting the enrichment
of CSCs after conventional treatments (Figure 3).

The CD44þ/CD24�/low stem cells are relatively resistant to ioniz-
ing radiation (79–81). Similarly, side populations, which initiated
tumors in vivo are more resistant to ionizing radiation than the non-
side population (82). Furthermore, CSCs increase during the course of
fractionated radiation (79,83). The enrichment of CSCs has been de-
scribed following epirubicin treatment of SKBR3 breast tumor in vivo
(84) and CSCs contribute to cisplatin resistance and tumor propaga-
tion in a BRCA1/p53 mammary tumor model (85). Finally, Li et al.
have shown that conventional chemotherapy delivered in a neoadju-
vant setting may enrich for putative CD44þCD24� CSCs, whereas
neoadjuvant lapatinib administered to patients with HER2-positive
breast tumors might decrease putative CSC frequency (86), suggest-
ing that conventional treatments may be selecting for resistant clones
that can be candidates for disease recurrence.

Data are emerging to support the concept that BCSCs are respon-
sible for some breast cancer recurrences posttreatment and perhaps
after targeted anticancer therapies (86–90). Mechanisms underlying
the therapeutic resistance of CSCs have not been fully elucidated.
However, several mechanisms have been suggested to explain the
response of these cells to therapies, including, amongst others: (i)
DNA break repair; (ii) activation of cell cycle checkpoint proteins;
(iii) activation of self-renewal pathways and self-renewal itself and
(iv) evasion of senescence or apoptosis by CSCs.

DNA damage response

A delicate balance exists between DNA replication and repair in cell
proliferation, self-renewal and quiescence in stem cell maintenance.
Levels of DNA repair in human embryonic and adult stem cells are
elevated (91–93), thus providing a mechanism for enhanced survival.
DNA damage elicits various response pathways, which aim to repair
the damage or eliminate cells if the damage is beyond repair. The
DNA damage response (DDR) is a signaling cascade of proteins that
interact upstream with damaged DNA and downstream with regula-
tors of cell cycle progression and cell survival. The types of DNA
lesions that activate the DDR pathways and subsequent cell cycle
checkpoints have been the subject of many reviews (94–97). Cyto-
toxics induce single and double DNA strand breaks (DSBs); DSBs are
generally considered as the more cytotoxic of the two DNA lesions
(98). It is not possible to summarize all aspects of the DDR pathways
here; instead, we will summarize findings relating to the DDR path-
ways and radiation resistance of BCSCs.

BCSCs, DDR pathways and radiation resistance as an example

Preclinically, putative BCSCs populations were found to be radio-
resistant compared with tumor cells with a non-stem cell-like pheno-
type (80,81). Future studies will have to investigate these differences
more closely. In vitro studies are providing mechanistic insights to
radioresistance of CSCs. DSBs identified by staining of c-H2AX and
reactive oxygen species levels were lower in CD44þCD24� mammo-
spheres compared with adherent and monolayer cultures following
ionizing radiation (79). In agreement, Karimi-Busheri et al. (99) re-
ported a reduced level of reactive oxygen species, a reduced number
of DSBs identified by c-H2AX staining and more active single DNA
strand break repair pathway in mammospheres when compared with
adherent monolayer cultures. However, the authors conclude that
mammospheres exhibit a similar DSB response after irradiation,
due to the formation of 53BP1 and Rad51 foci suggesting that both
the non-homologous end joining and the homologous recombination
pathways can be initiated (99). Nevertheless, it is difficult to compre-
hend from this study how DSB repair can be normal in mammo-
spheres when the ataxia telangiectasia mutated activation (S1981
phosphorylation), cH2AX, ataxia telangiectasia mutated downstream
activity (p53 Serine 15 phosphorylation) and retinoblastoma protein
responses are abnormal. Future experiments therefore are required to

Fig. 2. Mixed model of clonal evolution of CSCs to account for tumor
heterogeneity. Mutations transform differentiated normal cells, progenitor or
stem cells to generate CSCs. CSCs may accumulate additional mutations
(genetic divergence) that give rise to different clones of CSCs, which
undergo clonal selection. Dominant clones determine the subtype of breast
cancer [triple-negative breast cancer (TNBC); Her2-gene amplified and
Luminal breast cancers].
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study the upstream activation of the Mre11, Rad50 and Nbs1 com-
plexes as well as altered chromatin states in mammospheres before
and after ionizing radiation. Notably, the enhanced survival of mam-
mospheres post-radiation was proposed to be due to downregulation
of the senescence pathway associated with increased telomerase ac-
tivity (99). Similarly, CD44þCD24�/low proteosomelowPKH26þ

BCSCs have been shown to survive fractionated radiation, which
mobilized them into cell cycle. Furthermore, BCSCs were resistant
to radiation-induced apoptosis and were arrested in the G2 phase of
the cell cycle, although non-CSCs were prone to radiation-induced
apoptosis and were driven into senescence (100). At present, it is
difficult to extrapolate a differential capacity for DDR in sphere-
forming tumor-initiating cells to a globally resistant tumor cell phe-
notype in the absence of quantitative preclinical studies because intra-
tumoral heterogeneity may complicate this relationship. Some of
these in vitro findings have been corroborated in cancer biopsies
and carcinoma cell lines (including breast) by demonstrating a stem
cell-like subset of CD44high cells with an increased frequency of cells
in G2, increased clonogenicity and decreased apoptosis (101). The
extended G2 phase may be used by these cells as a mechanism to
prolong repair of DNA damage. These observations suggest that
drugs targeting G2 checkpoint proteins should be assessed because
removing the G2 block could make these cells more sensitive to
apoptosis-inducing treatment.

Signaling in BCSCs: therapeutic opportunity

Notwithstanding the controversy surrounding phenotypic identity of
BCSCs, the finding of a distinct subpopulation of breast cancer cells
that contribute to chemoresistance and radioresistance and organ-spe-
cific metastasis helps to set a direction for future therapeutic research
(102). Many reports and reviews address the idea of targeting CSCs
based on such characteristics (103–105) as microenvironment
(niches) (93,106) and the developmental signaling pathways related
to renewal and differentiation: Hedgehog (107–110); Notch (111,112)
and Wnt (113–115). Importantly, interest grows in combining treat-
ments that target these pathways with conventional anticancer treat-
ments (chemo/radiotherapy) and/or with non-developmental
pathways exploited by CSCs (116,117).

Mechanisms that BCSCs use to evade therapy-induced damage
remain to be elucidated, and new targets that can be used to sensitize

BCSCs to therapy remain to be discovered. Several examples of such
targets have been described. For example, in line with the important
role for the phosphatase and tensin homolog/phosphoinositide 3-ki-
nase/Akt/b-catenin pathway in the regulation of breast cancer stem/
progenitor cells (43), small-molecule inhibitors that specifically target
components of Ras/PI3K/phosphatase and tensin homolog/mammalian
target of rapamycin as well as Ca2+/calmodulin-dependent protein
kinase, Ras/Raf/mitogen-activated protein kinase/extracellular signal-
regulated kinase pathways with conventional therapy, showed synergis-
tic effects in the induction of death in drug-resistant breast cancer cells
(118). Inhibition of the Akt pathway inhibits canonical Wnt signaling
as well as selectively inhibiting repair of DNA damage in breast tumor-
initiating cells thus sensitizing them to ionizing radiation (119).

Other agents have shown interesting anti-CSC activity that may
be useful for sensitizing BCSCs to chemotherapy and radiotherapy.
For example, although the exact mechanism of action of the tamox-
ifen analogue N,N-diethyl-2-[4-(phenylmethyl)phenoxy]ethanamine
(DPPE; tesmilifene) is not known, treatment with DPPE alone re-
duced mammosphere formation and viability of CD44þ/CD24�

breast cancer cells and DPPE further cooperated with doxorubicin
to completely eradicate tumorigenic cells (120). Epidermal growth
factor receptor (EGFR) signaling is positively linked to stemness in
human breast cancer (121). Inhibition of EGFR signaling disrupts
mammosphere formation (122) and, unlike chemotherapy, lapatinib
(an EGFR1/HER2 tyrosine kinase inhibitor) does not lead to an
increase CD44þ/CD24�/Lin� BCSCs (86). An anti-EGFR mono-
clonal antibody disrupted mammosphere formation and decreased
the percentage of CD44þ/CD24� cells in mammospheres (123).
Another target may be heat shock protein-90 (HSP90) despite the
lack of understanding of its role in CSCs. Experiments using tumor-
igenic glioma stem cells supported a role for the use of the HSP90
inhibitor, 17-N-allylamino-17-demethoxygeldanamycin, in the re-
moval of CSC (124). Although HSP90 inhibitors have not been in-
vestigated in BCSCs, ectopic expression of Engrailed-1 (En-1) is
associated with a stem cell phenotype that is inhibited by 17-N-
allylamino-17-demethoxygeldanamycin (125). These data suggest
that HSP90 inhibitors may be active against BCSCs, which would
be advantageous due to their radiosensitizing effect (126).

Other interesting agents with emerging anti-CSC activity are toco-
trienols; naturally occurring forms of vitamin E. Dietary delivery of
c-tocotrienol (c-T3) suppressed tumor growth in a syngeneic

Fig. 3. Persistence of treatment-resistant CSCs produces disease recurrence but also new therapeutic opportunities. CSCs arising by transformation lead to tumor
initiation. Upon treatment with conventional and targeted anticancer agents, resistant cells and/or CSCs may survive and cause recurrence. Survival of these cells is
enhanced by the aberrant activation of DNA damage repair, anti-apoptotic and self-renewal signaling pathways. Specific targeting of these cells (perhaps after
primary therapy) may result in their eradication and thus prevent disease recurrence.
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implantation mouse mammary cancer model by inhibiting cell pro-
liferation and inducing apoptosis (127). Recently, Luk et al. (128)
reported that c-T3 may be an effective agent against prostate CSCs
thus accounting for its anticancer and chemosensitizing effects. It
seems feasible that c-T3 might also be active against BCSCs and is
worthy of investigation. Differentiation of CSCs presents another
possible therapeutic strategy. Histone deacetylase inhibitors (HDACi)
and other epigenetic drugs are promising CSC targets (129,130). Ap-
optosis is yet another major pathway abrogated in CSCs. Small-mol-
ecule inhibitors targeting key proteins in the intrinsic apoptotic
pathway are an effective therapy in refractory malignancies (131–
134).

Novel drug discovery programs for CSCs are being pursued. For
example, using a high throughput screen of selective inhibitors of
CSCs, Gupta et al. (135) identified that salinomycin significantly
inhibited the expression of BCSC markers as well as the growth of
mammospheres in vitro and mammary tumors and metastasis in
vivo. Salinomycin is a p-glycoprotein inhibitor (136) that selec-
tively induced apoptosis in apoptosis-resistant cancer cells via
non-conventional apoptotic pathways (137) and thus represents
a potentially novel and effective anticancer drug.

DNA repair and checkpoint inhibitors: targets in CSC therapy?

It is becoming increasingly clear that the pathways of DNA damage
repair are qualitatively and/or quantitatively different between normal
cells and cancer cells, and hence these pathways offer targets for
new cancer therapies (95). Potent inhibitors of non-homologous end
joining (138–140), base excision repair (141–145) and homologous
recombination (146,147) DNA repair pathway have been character-
ized. The rationale and effect of checkpoint abrogation, specifically
the G2 checkpoint, on anticancer treatments have been reviewed
(148–150). Inhibiting the checkpoint kinases, especially Chk1, may
hold promise in BCSCs since these cells show prolonged G2 arrest
(100,101). Checkpoint inhibitors were shown to restore the sensitivity
of glioblastoma CSCs to ionizing radiation (151). Nonetheless, and to
our knowledge, the effect of molecular inhibitors of the DDR and
checkpoints on CSCs specifically, at least in breast cancer, has not
been investigated.

Old drugs, new tricks?

Most, if not all, of the drugs discussed above, including those that
directly target developmental pathways [e.g. cyclopamine against
hedgehog signaling (152)], have been in preclinical and clinical test-
ing for some years. Despite some promising results, treatment failure
in advanced and metastatic disease raises questions about therapy
planning. The utility of drugs against CSCs in vivo either alone or
in combination with conventional chemotherapy/radiotherapy should
address a very important yet simple factor; the ultimate probability of
therapeutic success. Are combinations that show synergistic activity
against the bulk of the tumor mass relevant to the CSC population?
When in a treatment schedule should a drug that targets CSC be
applied? Do CSC progeny and differentiated cancer cells represent
a frontline defense for the rare and niche-hosted CSCs? Are CSCs
remaining after chemotherapy and radiotherapy the same as those
remaining after targeted therapy?

Using primary tumor explants to discover appropriate markers for
the tumor-initiating cells/CSCs has been problematic. Simply targeting
these cells in their microenvironment may not be easy. If CSCs repre-
sent a rare subpopulation (0.1–10% of the tumor mass) and show fur-
ther deregulation of DNA repair/response and apoptotic pathways than
their differentiated progeny, then this subpopulation will ultimately
limit the success of the therapy. In this sense, assaulting the treat-
ment-responsive and differentiated cancer cell clones risks clonal se-
lection of the most resistant and aggressive CSCs, which are left behind
in the tumor mass as a ‘Trojan Horse’. In the final analysis, the most
effective and rational approach may be first to ‘debulk’ the tumor mass
with conventional agents before specifically targeting this therapy-
limiting CSC population with newer and yet to be discovered agents.

Here, we illustrate this approach by drawing on the example of the
CSC developmental marker, Notch-1. Activation of Notch-1 post-
radiotherapy might be a mechanism for accelerated repopulation of
tumors by renewal of stem cells and their progeny [including BCSCs
(111,153)] during planned radiotherapy treatment intervals (79). Se-
lective immunoblockade of Notch-1 in established tumors showed
potent inhibition of tumor growth in preclinical models for a 14-day
period (154). It is not clear whether long-term monitoring would de-
tect recurrence, a common observation in most preclinical studies
mimicking clinical experience. Better outcomes might be expected
if this Notch1 targeting strategy were initiated after initial debulking
treatment that reduced the number of non-CSCs thus increasing the
probability of CSC targeting. Furthermore, such antibody could be
used to target alpha particles to the CSCs since it is estimated
that carcinoma cells, including CSCs, are unable to survive one or
two hits from an a-particle (155). Furthermore, such immunotargeting
of nanoparticles may enable specific delivery of larger cytotoxic pay-
loads loads to the CSC population (156,157). A similar rationale may
be proposed for the immunotargeting of drugs or use of inhibitors
[such as Notch-1 inhibitor (158)] with anti-CSC activity or chemo-
sensitizing and/or radiosensitizing activity to increase the probabil-
ity of killing these rare treatment-resistant populations after first
removing the bulk of non-CSCs.

Concluding remarks

Although the question of cell of origin and histogenesis is biologically
relevant, CSCs as a treatment-resistant subpopulation of tumor cells is
of greater therapeutic relevance. Additional prospective clinical in-
vestigations to evaluate CSC phenotypes using different markers and/
or gene expression signatures should be done. These studies should
not only focus on the prognostic significance of these measurements
but also on characterizing the changes in the level of the particular
CSC phenotype before, during and after therapy as well as its
relationship to disease relapse. Inherently, such studies may provide
new targets with therapeutic potential. Urgently needed also are
preclinical studies that characterize the plasticity and heterogeneity
of CSCs and treatment-resistant cells and address their impact on the
rates of tumor regrowth and cure after conventional treatments. Al-
though surgery and adjuvant therapies remain the first treatment
option for early breast cancer, agents that target the quiescent CSCs
remaining locally or as micrometastases should be incorporated into
preclinical models to aid in the design of appropriate clinical trials.
These considerations may apply particularly to breast cancer pa-
tients with HER2-positive or triple-negative disease in whom sur-
vival is poorest. In the neoadjuvant setting, treatments that target
CSCs after first-line therapies may reduce locoregional recurrence
and distant relapse if CSCs and treatment-resistant cells drive
disease recurrence.

Funding

Cancer Council New South Wales (IG 09-04 to F.A.); Cure Cancer
Foundation Australia (631924 to F.A.); Cancer Council SA (631923
to F.A.); National Health and Medical Research Council Program
Grant (442903 to S.R.L and K.K.K.); Australian Research Council
Grant (DP0880372 to K.K.K.).

Conflict of Interest Statement: None declared.

References

1.Sorlie,T. et al. (2001) Gene expression patterns of breast carcinomas
distinguish tumor subclasses with clinical implications. Proc. Natl. Acad.
Sci. USA, 98, 10869–10874.

2.Perou,C.M. et al. (2000) Molecular portraits of human breast tumours.
Nature, 406, 747–752.

Breast CSCs and therapeutic opportunity

655

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/32/5/650/2896698 by guest on 21 August 2022



3.Virnig,B.A. et al. (2010) Ductal carcinoma in situ of the breast: a system-
atic review of incidence, treatment, and outcomes. J. Natl. Cancer Inst.,
102, 170–178.

4.Bourgier,C. et al. (2010) Multidisciplinary approach of early breast can-
cer: the biology applied to radiation oncology. Radiat. Oncol., 5, 2.

5.Goldhirsch,A. et al. (2009) Thresholds for therapies: highlights of the St
Gallen International Expert Consensus on the primary therapy of early
breast cancer 2009. Ann. Oncol., 20, 1319–1329.

6.Benson,J.R. et al. (2009) Early breast cancer. Lancet, 373, 1463–1479.
7.Clarke,M. et al. (2005) 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, 366, 2087–2106.

8.Gerber,B. et al. (2010) Recurrent breast cancer: treatment strategies for
maintaining and prolonging good quality of life. Dtsch. Arztebl. Int., 107,
85–91.

9.Withers,H.R. et al. (1988) The hazard of accelerated tumor clonogen
repopulation during radiotherapy. Acta. Oncol., 27, 131–146.

10.Trott,K.R. (1994) Tumour stem cells: the biological concept and its ap-
plication in cancer treatment. Radiother. Oncol., 30, 1–5.

11.Clarke,M.F. et al. (2006) Cancer stem cells—perspectives on current sta-
tus and future directions: AACR Workshop on cancer stem cells. Cancer
Res., 66, 9339–9344.

12.Reya,T. et al. (2001) Stem cells, cancer, and cancer stem cells. Nature,
414, 105–111.

13.Lindeman,G.J. et al. (2010) Insights into the cell of origin in breast cancer
and breast cancer stem cells. Asia Pac. J. Clin. Oncol., 6, 89–97.

14.Shackleton,M. et al. (2009) Heterogeneity in cancer: cancer stem cells
versus clonal evolution. Cell, 138, 822–829.

15.Petersen,O.W. et al. (2010) Stem cells in the human breast. Cold Spring
Harb. Perspect. Biol., 2, a003160.

16.Liu,S. et al. (2005) Mammary stem cells, self-renewal pathways, and
carcinogenesis. Breast Cancer Res., 7, 86–95.

17.Shackleton,M. et al. (2006) Generation of a functional mammary gland
from a single stem cell. Nature, 439, 84–88.

18.Bai,L. et al. (2010) s-SHIP promoter expression marks activated stem
cells in developing mouse mammary tissue. Genes Dev., 24, 1882–1892.

19.Villadsen,R. et al. (2007) Evidence for a stem cell hierarchy in the adult
human breast. J. Cell Biol., 177, 87–101.

20.Lim,E. et al. (2009) Aberrant luminal progenitors as the candidate target
population for basal tumor development in BRCA1 mutation carriers. Nat.
Med., 15, 907–913.

21.Eirew,P. et al. (2008) A method for quantifying normal human mammary
epithelial stem cells with in vivo regenerative ability. Nat. Med., 14, 1384–
1389.

22.Visvader,J.E. (2009) Keeping abreast of the mammary epithelial hierarchy
and breast tumorigenesis. Genes Dev., 23, 2563–2577.

23.Stingl,J. (2009) Detection and analysis of mammary gland stem cells.
J. Pathol., 217, 229–241.

24.Nakshatri,H. et al. (2009) Breast cancer stem cells and intrinsic subtypes:
controversies rage on. Curr. Stem Cell Res. Ther., 4, 50–60.

25.Stratford,A.L. et al. (2010) Targeting tumour-initiating cells to improve
the cure rates for triple-negative breast cancer. Expert Rev. Mol. Med., 12,
e22.

26.Raouf,A. et al. (2008) Transcriptome analysis of the normal human mam-
mary cell commitment and differentiation process. Cell Stem Cell, 3, 109–
118.

27.Fang,D. et al. (2005) A tumorigenic subpopulation with stem cell prop-
erties in melanomas. Cancer Res., 65, 9328–9337.

28.Al-Hajj,M. et al. (2003) Prospective identification of tumorigenic breast
cancer cells. Proc. Natl. Acad. Sci. USA, 100, 3983–3988.

29.Ponti,D. et al. (2005) Isolation and in vitro propagation of tumorigenic
breast cancer cells with stem/progenitor cell properties. Cancer Res., 65,
5506–5511.

30.Bonnet,D. et al. (1997) Human acute myeloid leukemia is organized as
a hierarchy that originates from a primitive hematopoietic cell. Nat. Med.,
3, 730–737.

31.Singh,S.K. et al. (2004) Identification of human brain tumour initiating
cells. Nature, 432, 396–401.

32.Dalerba,P. et al. (2007) Phenotypic characterization of human colorectal
cancer stem cells. Proc. Natl. Acad. Sci. USA, 104, 10158–10163.

33.Ricci-Vitiani,L. et al. (2007) Identification and expansion of human
colon-cancer-initiating cells. Nature, 445, 111–115.

34.Collins,A.T. et al. (2005) Prospective identification of tumorigenic pros-
tate cancer stem cells. Cancer Res., 65, 10946–10951.

35.Li,F. et al. (2007) Beyond tumorigenesis: cancer stem cells in metastasis.
Cell Res., 17, 3–14.

36.Korkaya,H. et al. (2008) HER2 regulates the mammary stem/progenitor cell
population driving tumorigenesis and invasion. Oncogene, 27, 6120–6130.

37.Magnifico,A. et al. (2009) Tumor-initiating cells of HER2-positive carci-
noma cell lines express the highest oncoprotein levels and are sensitive to
trastuzumab. Clin. Cancer Res., 15, 2010–2021.

38.Cariati,M. et al. (2008) Alpha-6 integrin is necessary for the tumourige-
nicity of a stem cell-like subpopulation within the MCF7 breast cancer
cell line. Int. J. Cancer, 122, 298–304.

39.Fillmore,C.M. et al. (2008) Human breast cancer cell lines contain stem-
like cells that self-renew, give rise to phenotypically diverse progeny and
survive chemotherapy. Breast Cancer Res., 10, R25.

40.Croker,A.K. et al. (2009) 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., 13, 2236–52.

41.Charafe-Jauffret,E. et al. (2009) Breast cancer cell lines contain functional
cancer stem cells with metastatic capacity and a distinct molecular signa-
ture. Cancer Res., 69, 1302–1313.

42.Charafe-Jauffret,E. et al. (2010) Aldehyde dehydrogenase 1-positive
cancer stem cells mediate metastasis and poor clinical outcome in inflam-
matory breast cancer. Clin. Cancer Res., 16, 45–55.

43.Korkaya,H. et al. (2009) Regulation of mammary stem/progenitor cells by
PTEN/Akt/beta-catenin signaling. PLoS Biol., 7, e1000121.

44.Honeth,G. et al. (2008) The CD44þ/CD24� phenotype is enriched in
basal-like breast tumors. Breast Cancer Res., 10, R53.

45.Zhou,L. et al. (2010) The prognostic role of cancer stem cells in breast
cancer: a meta-analysis of published literatures. Breast Cancer Res. Treat.,
122, 795–801.

46.Liu,H. et al. (2010) Cancer stem cells from human breast tumors are
involved in spontaneous metastases in orthotopic mouse models. Proc.
Natl. Acad. Sci. USA, 107, 18115–18120.

47.Balic,M. et al. (2006) Most early disseminated cancer cells detected in
bone marrow of breast cancer patients have a putative breast cancer stem
cell phenotype. Clin. Cancer Res., 12, 5615–5621.

48.Theodoropoulos,P.A. et al. (2010) Circulating tumor cells with a putative
stem cell phenotype in peripheral blood of patients with breast cancer.
Cancer Lett., 288, 99–106.

49.Glinsky,G.V. et al. (2005) Microarray analysis identifies a death-from-
cancer signature predicting therapy failure in patients with multiple types
of cancer. J. Clin. Invest., 115, 1503–1521.

50.Liu,R. et al. (2007) The prognostic role of a gene signature from tumor-
igenic breast-cancer cells. N. Engl. J. Med., 356, 217–226.

51.Shipitsin,M. et al. (2007) Molecular definition of breast tumor heteroge-
neity. Cancer Cell, 11, 259–273.

52.Bloushtain-Qimron,N. et al. (2008) Cell type-specific DNA methylation
patterns in the human breast. Proc. Natl. Acad. Sci. USA, 105, 14076–14081.

53.Lee,C.W. et al. (2008) A functional Notch-survivin gene signature in basal
breast cancer. Breast Cancer Res., 10, R97.

54.Neumeister,V. et al. (2010) In situ identification of putative cancer stem
cells by multiplexing ALDH1, CD44, and cytokeratin identifies breast
cancer patients with poor prognosis. Am. J. Pathol., 176, 2131–2138.

55.Park,S.Y. et al. (2010) Heterogeneity for stem cell-related markers accord-
ing to tumor subtype and histologic stage in breast cancer. Clin. Cancer
Res., 16, 876–887.

56.Campbell,L.L. et al. (2007) Breast tumor heterogeneity: cancer stem cells
or clonal evolution? Cell Cycle, 6, 2332–2338.

57.Abraham,B.K. et al. (2005) Prevalence of CD44þ/CD24�/low cells in
breast cancer may not be associated with clinical outcome but may favor
distant metastasis. Clin. Cancer Res., 11, 1154–1159.

58.Mylona,E. et al. (2008) The clinicopathologic and prognostic significance
of CD44þ/CD24(�/low) and CD44�/CD24þ tumor cells in invasive
breast carcinomas. Hum. Pathol., 39, 1096–1102.

59.Kim,H.J. et al. (2011) Different prognostic significance of CD24 and CD44
expression in breast cancer according to hormone receptor status. Breast, 20,
78–85.

60.Sheridan,C. et al. (2006) CD44þ/CD24� breast cancer cells exhibit en-
hanced invasive properties: an early step necessary for metastasis. Breast
Cancer Res., 8, R59.

61.Giatromanolaki,A. et al. The CD44þ/CD24� phenotype relates to ‘triple-
negative’ state and unfavorable prognosis in breast cancer patients. Med.
Oncol. doi:10.1007/s12032-010-9530-3.

62.Foulkes,W.D. et al. (2004) The prognostic implication of the basal-like
(cyclin E high/p27 low/p53þ/glomeruloid-microvascular-proliferationþ)
phenotype of BRCA1-related breast cancer. Cancer Res., 64, 830–5.

63.Molyneux,G. et al. (2010) BRCA1 basal-like breast cancers originate
from luminal epithelial progenitors and not from basal stem cells. Cell
Stem Cell, 7, 403–417.

F.Al-Ejeh et al.

656

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/32/5/650/2896698 by guest on 21 August 2022



64.Chaffer,C.L. et al. (2010) Cancer cell of origin: spotlight on luminal
progenitors. Cell Stem Cell, 7, 271–272.

65.Kelly,P.N. et al. (2007) Tumor growth need not be driven by rare cancer
stem cells. Science, 317, 337.

66.Kennedy,J.A. et al. (2007) Comment on ‘‘Tumor growth need not be
driven by rare cancer stem cells’’. Science, 318, 1722; author reply 1722.

67.Adams,J.M. et al. (2008) Is tumor growth sustained by rare cancer stem
cells or dominant clones? Cancer Res., 68, 4018–4021.

68.Zhang,M. et al. (2008) Identification of tumor-initiating cells in a p53-null
mouse model of breast cancer. Cancer Res., 68, 4674–4682.

69.Hoek,K.S. et al. (2010) Cancer stem cells versus phenotype-switching in
melanoma. Pigment Cell Melanoma Res., 23, 746–759.

70.Hussenet,T. et al. (2010) An adult tissue-specific stem cell molecular
phenotype is activated in epithelial cancer stem cells and correlated to
patient outcome. Cell Cycle, 9, 321–327.

71.Hollier,B.G. et al. (2009) The epithelial-to-mesenchymal transition and
cancer stem cells: a coalition against cancer therapies. J. Mammary Gland
Biol. Neoplasia., 14, 29–43.

72.Creighton,C.J. et al. (2010) Epithelial-mesenchymal transition (EMT) in
tumor-initiating cells and its clinical implications in breast cancer.
J. Mammary Gland Biol. Neoplasia., 15, 253–260.

73.Cardiff,R.D. (2010) The pathology of EMT in mouse mammary tumori-
genesis. J. Mammary Gland Biol. Neoplasia., 15, 225–233.

74.Blick,T. et al. (2010) Epithelial mesenchymal transition traits in human
breast cancer cell lines parallel the CD44(hi/)CD24 (lo/�) stem cell phe-
notype in human breast cancer. J. Mammary Gland Biol. Neoplasia., 15,
235–252.

75.Micalizzi,D.S. et al. (2010) Epithelial-mesenchymal transition in can-
cer: parallels between normal development and tumor progression.
J. Mammary Gland Biol. Neoplasia., 15, 117–134.

76.Pece,S. et al. (2010) Biological and molecular heterogeneity of breast
cancers correlates with their cancer stem cell content. Cell, 140, 62–73.

77.Geyer,F.C. et al. (2010) Molecular analysis reveals a genetic basis for the
phenotypic diversity of metaplastic breast carcinomas. J. Pathol., 220,
562–573.

78.Greaves,M. (2010) Cancer stem cells: back to Darwin? Semin. Cancer
Biol., 20, 65–70.

79.Phillips,T.M. et al. (2006) The response of CD24(�/low)/CD44þ breast
cancer-initiating cells to radiation. J. Natl. Cancer Inst., 98, 1777–1785.

80.Woodward,W.A. et al. (2007) WNT/beta-catenin mediates radiation re-
sistance of mouse mammary progenitor cells. Proc. Natl. Acad. Sci. USA.,
104, 618–623.

81.Diehn,M. et al. (2009) Association of reactive oxygen species levels and
radioresistance in cancer stem cells. Nature, 458, 780–783.

82.Han,J.S. et al. (2009) Tumor initiating cancer stem cells from human
breast cancer cell lines. Int. J. Oncol., 34, 1449–1453.

83.Vlashi,E. et al. (2009) In vivo imaging, tracking, and targeting of cancer
stem cells. J Natl. Cancer Inst., 101, 350–359.

84.Yu,F. et al. (2007) let-7 regulates self renewal and tumorigenicity of breast
cancer cells. Cell, 131, 1109–1123.

85.Shafee,N. et al. (2008) Cancer stem cells contribute to cisplatin resistance in
Brca1/p53-mediated mouse mammary tumors. Cancer Res., 68, 3243–3250.

86.Li,X. et al. (2008) Intrinsic resistance of tumorigenic breast cancer cells to
chemotherapy. J. Natl. Cancer Inst., 100, 672–679.

87.Baumann,M. et al. (2008) Exploring the role of cancer stem cells in radio-
resistance. Nat. Rev. Cancer, 8, 545–554.

88.Dave,B. et al. (2009) Treatment resistance in stem cells and breast cancer.
J. Mammary Gland Biol. Neoplasia, 14, 79–82.

89.Tanei,T. et al. (2009) Association of breast cancer stem cells identified by
aldehyde dehydrogenase 1 expression with resistance to sequential pacli-
taxel and epirubicin-based chemotherapy for breast cancers. Clin. Cancer
Res., 15, 4234–4241.

90.Singh,A. et al. (2010) EMT, cancer stem cells and drug resistance: an
emerging axis of evil in the war on cancer. Oncogene, 29, 4741–4751.

91.Kenyon,J. et al. (2007) The role of DNA damage repair in aging of adult
stem cells. Nucleic Acids Res., 35, 7557–7565.

92.Frosina,G. (2010) The bright and the dark sides of DNA repair in stem
cells. J. Biomed. Biotechnol., 2010, 845396.

93.Ghotra,V.P. et al. (2009) The cancer stem cell microenvironment and anti-
cancer therapy. Int. J. Radiat. Biol., 85, 955–962.

94.Bolderson,E. et al. (2009) Recent advances in cancer therapy targeting
proteins involved in DNA double-strand break repair. Clin. Cancer Res.,
15, 6314–6320.

95.Al-Ejeh,F. et al. (2010) Harnessing the complexity of DNA-damage
response pathways to improve cancer treatment outcomes. Oncogene,
29, 6085–6098.

96.Lieberman,H.B. (2008) DNA damage repair and response proteins as
targets for cancer therapy. Curr. Med. Chem., 15, 360–367.

97.Khanna,K.K. et al. (2009) The DNA Damage Response: Implications on
Cancer Formation and Treatment. Springer, Dordrecht, Netherlands.

98.Khanna,K.K. et al. (2001) DNA double-strand breaks: signaling, repair
and the cancer connection. Nat. Genet., 27, 247–254.

99.Karimi-Busheri,F. et al. (2010) Senescence evasion by MCF-7 human
breast tumor-initiating cells. Breast Cancer Res., 12, R31.

100.Lagadec,C. et al. (2010) Survival and self-renewing capacity of breast
cancer initiating cells during fractionated radiation treatment. Breast Can-
cer Res., 12, R13.

101.Harper,L.J. et al. (2010) Normal and malignant epithelial cells with stem-
like properties have an extended G2 cell cycle phase that is associated
with apoptotic resistance. BMC Cancer, 10, 166.

102.Nakshatri,H. (2010) Radiation resistance in breast cancer: are CD44þ/
CD24�/proteosome low/PKH26þ cells to blame? Breast Cancer Res., 12,
105.

103.Lawson,J.C. et al. (2009) Cancer stem cells in breast cancer and metas-
tasis. Breast Cancer Res. Treat., 118, 241–254.

104.McDermott,S.P. et al. (2010) Targeting breast cancer stem cells. Mol.
Oncol., 4, 404–419.

105.Morrison,B.J. et al. (2008) Breast cancer stem cells: implications for
therapy of breast cancer. Breast Cancer Res., 10, 210.

106.LaBarge,M.A. (2010) The difficulty of targeting cancer stem cell niches.
Clin. Cancer Res., 16, 3121–3129.

107.Clarke,M.F. et al. (2006) Stem cells and cancer: two faces of eve. Cell,
124, 1111–1115.

108.O’Toole,S.A. et al. (2009) The Hedgehog signalling pathway as a thera-
peutic target in early breast cancer development. Expert Opin. Ther. Tar-
gets, 13, 1095–1103.

109.Kasper,M. et al. (2009) Hedgehog signalling in breast cancer. Carcino-
genesis, 30, 903–911.

110.Merchant,A.A. et al. (2010) Targeting Hedgehog—a cancer stem cell
pathway. Clin. Cancer Res., 16, 3130–3140.

111.Harrison,H. et al. (2010) Regulation of breast cancer stem cell activity by
signaling through the Notch4 receptor. Cancer Res., 70, 709–718.

112.Pannuti,A. et al. (2010) Targeting Notch to target cancer stem cells. Clin.
Cancer Res., 16, 3141–3152.

113.Cho,R.W. et al. (2008) Isolation and molecular characterization of cancer
stem cells in MMTV-Wnt-1 murine breast tumors. Stem Cells, 26, 364–
371.

114.Takahashi-Yanaga,F. et al. (2010) Targeting Wnt signaling: can we safely
eradicate cancer stem cells? Clin. Cancer Res., 16, 3153–3162.

115.Prosperi,J.R. et al. (2010) A Wnt-ow of opportunity: targeting the
Wnt/beta-catenin pathway in breast cancer. Curr. Drug Targets, 11,
1074–1088.

116.Lou,H. et al. (2007) Targeted therapy for cancer stem cells: the patched
pathway and ABC transporters. Oncogene, 26, 1357–1360.

117. Ischenko,I. et al. (2008) Cancer stem cells: how can we target them? Curr.
Med. Chem., 15, 3171–3184.

118.McCubrey,J.A. et al. (2010) Targeting signal transduction pathways to
eliminate chemotherapeutic drug resistance and cancer stem cells. Adv.
Enzyme Regul., 50, 285–307.

119.Zhang,M. et al. (2010) Selective targeting of radiation-resistant tumor-
initiating cells. Proc. Natl. Acad. Sci. USA, 107, 3522–3527.

120.Deng,T. et al. (2009) Preferential killing of breast tumor initiating cells by
N,N-diethyl-2-[4-(phenylmethyl)phenoxy]ethanamine/tesmilifene. Clin.
Cancer Res., 15, 119–130.

121.Dai,J. et al. (2009) Cross-talk between Notch and EGFR signaling in
human breast cancer cells. Cancer Invest., 27, 533–540.

122.Farnie,G. et al. (2007) Novel cell culture technique for primary ductal
carcinoma in situ: role of Notch and epidermal growth factor receptor
signaling pathways. J. Natl. Cancer Inst., 99, 616–627.

123.Shi,Y. et al. (2009) The role of EGFR MAbs C225 in breast cancer stem
cells. J. Clin. Oncol, 27, e22093(Meeting Abstracts).

124.Sauvageot,C.M. et al. (2009) Efficacy of the HSP90 inhibitor 17-AAG in
human glioma cell lines and tumorigenic glioma stem cells. Neuro Oncol.,
11, 109–121.

125.Martin,N.L. et al. (2005) EN2 is a candidate oncogene in human breast
cancer. Oncogene, 24, 6890–6901.

126.Kabakov,A.E. et al. (2010) Hsp90 inhibitors as promising agents for
radiotherapy. J. Mol. Med., 88, 241–247.

127.Park,S.K. et al. (2010) Tocotrienols induce apoptosis in breast cancer
cell lines via an endoplasmic reticulum stress-dependent increase in
extrinsic death receptor signaling. Breast Cancer Res. Treat,, 124,
361–375.

Breast CSCs and therapeutic opportunity

657

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/32/5/650/2896698 by guest on 21 August 2022



128.Luk,S.U. et al. Gamma-tocotrienol as an effective agent in targeting pros-
tate cancer stem cell-like population. Int. J. Cancer, doi:10.1002/
ijc.25546.

129.Pal,A. et al. (2010) Targeting the perpetrator: breast cancer stem cell
therapeutics. Curr. Drug Targets, 11, 1147–1156.

130.Botrugno,O.A. et al. (2009) Histone deacetylase inhibitors as a new
weapon in the arsenal of differentiation therapies of cancer. Cancer Lett.,
280, 134–144.

131.Goldsmith,K.C. et al. (2006) BH3 peptidomimetics potently activate ap-
optosis and demonstrate single agent efficacy in neuroblastoma. Onco-
gene, 25, 4525–4533.

132.Altieri,D.C. (2003) Validating survivin as a cancer therapeutic target. Nat.
Rev. Cancer, 3, 46–54.

133.Duffy,M.J. et al. (2007) Survivin: a promising tumor biomarker. Cancer
Lett., 249, 49–60.

134.LaCasse,E.C. et al. (2008) IAP-targeted therapies for cancer. Oncogene,
27, 6252–6275.

135.Gupta,P.B. et al. (2009) Identification of selective inhibitors of cancer
stem cells by high-throughput screening. Cell, 138, 645–659.

136.Riccioni,R. et al. (2010) The cancer stem cell selective inhibitor salino-
mycin is a p-glycoprotein inhibitor. Blood Cells Mol. Dis., 45, 86–92.

137.Fuchs,D. et al. (2009) Salinomycin induces apoptosis and overcomes
apoptosis resistance in human cancer cells. Biochem. Biophys. Res. Com-
mun., 390, 743–749.

138.Leahy,J.J. et al. (2004) Identification of a highly potent and selective
DNA-dependent protein kinase (DNA-PK) inhibitor (NU7441) by
screening of chromenone libraries. Bioorg. Med. Chem. Lett., 14, 6083–
6087.

139.Griffin,R.J. et al. (2005) Selective benzopyranone and pyrimido[2,1-a]iso-
quinolin-4-one inhibitors of DNA-dependent protein kinase: synthesis,
structure-activity studies, and radiosensitization of a human tumor cell
line in vitro. J. Med. Chem., 48, 569–585.

140.Hardcastle,I.R. et al. (2005) Discovery of potent chromen-4-one inhibitors
of the DNA-dependent protein kinase (DNA-PK) using a small-molecule
library approach. J. Med. Chem., 48, 7829–7846.

141.Haince,J.F. et al. (2005) Targeting poly(ADP-ribosyl)ation: a promising
approach in cancer therapy. Trends. Mol. Med., 11, 456–463.

142.Plummer,E.R. (2006) Inhibition of poly(ADP-ribose) polymerase in can-
cer. Curr. Opin. Pharmacol., 6, 364–368.

143.Plummer,E.R. et al. (2007) Targeting poly(ADP-ribose) polymerase: a
two-armed strategy for cancer therapy. Clin. Cancer Res., 13, 6252–6256.

144.Ratnam,K. et al. (2007) Current development of clinical inhibitors of
poly(ADP-ribose) polymerase in oncology. Clin. Cancer Res., 13,
1383–1388.

145.Lord,C.J. et al. (2008) Targeted therapy for cancer using PARP inhibitors.
Curr. Opin. Pharmacol., 8, 363–369.

146.Bentle,M.S. et al. (2006) New tricks for old drugs: the anticarcinogenic
potential of DNA repair inhibitors. J. Mol. Histol., 37, 203–218.

147.Kelley,M.R. et al. (2008) DNA repair proteins as molecular targets for
cancer therapeutics. Anticancer Agents Med. Chem., 8, 417–425.

148.Tao,Z.F. et al. (2006) Chk1 inhibitors for novel cancer treatment.
Anticancer Agents Med. Chem., 6, 377–388.

149.Bucher,N. et al. (2008) G2 checkpoint abrogation and checkpoint kinase-1
targeting in the treatment of cancer. Br. J. Cancer., 98, 523–528.

150.Wang,Y. et al. (2009) Centrosome-associated regulators of the G(2)/M
checkpoint as targets for cancer therapy. Mol. Cancer, 8, 8.

151.Bao,S. et al. (2006) Glioma stem cells promote radioresistance by pref-
erential activation of the DNA damage response. Nature, 444, 756–760.

152.Stanton,B.Z. et al. (2010) Small-molecule modulators of the Sonic Hedge-
hog signaling pathway. Mol. Biosyst., 6, 44–54.

153.Dontu,G. et al. (2004) Role of Notch signaling in cell-fate determination
of human mammary stem/progenitor cells. Breast Cancer Res., 6, R605–
R615.

154.Wu,Y. et al. (2010) Therapeutic antibody targeting of individual Notch
receptors. Nature, 464, 1052–1057.

155.Sgouros,G. et al. (2008) Cancer stem cell targeting using the alpha-
particle emitter, 213Bi: mathematical modeling and feasibility analysis.
Cancer Biother. Radiopharm., 23, 74–81.

156.Thierry,B. et al. (2009) Immunotargeting of functional nanoparticles for
MRI detection of apoptotic tumor cells. Adv. Mater., 21, 541–545.

157.Thierry,B. et al. (2009) Multifunctional core-shell magnetic cisplatin
nanocarriers. Chem. Commun. (Camb.), 45, 7348–7350.

158.Meng,R.D. et al. (2009) gamma-Secretase inhibitors abrogate oxaliplatin-
induced activation of the Notch-1 signaling pathway in colon cancer cells
resulting in enhanced chemosensitivity. Cancer Res., 69, 573–582.

Received November 15, 2010; revised January 29, 2011;
accepted February 6, 2011

F.Al-Ejeh et al.

658

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/32/5/650/2896698 by guest on 21 August 2022


