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Abstract
Cellular quiescence is a state of reversible cell cycle arrest and has more recently been shown to
be a blockade to differentiation and to correlate with resistance to cancer chemotherapeutics and
other xenobiotics; features that are common to adult stem cells and possibly tumor stem cells. The
biphasic kinetics of mammary regeneration, coupled to its cyclic endocrine control suggest that
mammary stem cells most likely divide during a narrow window of the regenerative cycle and
return to a state of quiescence. This would enable them to retain their proliferative capacity, resist
differentiation signals and preserve their prolonged life span. There is accumulating evidence that
mammary stem cells and other adult stem cells utilize quiescence for this purpose, however the
degree to which tumor stem cells do so is largely unknown. The retained proliferative capacity of
mammary stem cells likely enables them to accumulate and harbor mutations that lead to breast
cancer initiation. However it is currently unclear if these causative lesions lead to defective or
deranged quiescence in mammary stem cells. Evidence of such effects could potentially lead to the
development of diagnostic systems that monitor mammary stem cell quiescence or activation.
Such systems may be useful for the evaluation of patients who are at significant risk of breast
cancer. Additionally quiescence has been postulated to contribute to therapeutic resistance and
tumor recurrence. This review aims to evaluate what is known about the mechanisms governing
cellular quiescence and the role of tumor stem cell quiescence in breast cancer recurrence.
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Introduction
Throughout female reproductive life, the lactogenic portion of the mammary gland
undergoes periodic biphasic regenerative cycles of proliferation and differentiation. The
ability to do so relies upon establishment and maintenance of a regenerative cellular
hierarchy that is initiated by mitotic division of mammary stem cells [1]. Each division
results in elaboration of a bipotent mammary progenitor that directs the expansion and
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differentiation necessary for physiologic function [2, 3], and a selfrenewing daughter stem
cell that preserves regenerative capacity for subsequent cycles. Therefore, preserved
regenerative stasis and execution of physiologic function represent opposing demands that
are thought to be satisfied through a cell-fate decision to either preserve or forfeit self
renewing capacity following mitotic division of a mammary stem cell. This decision is
likely to be executed through non-random partitioning of cell fate determinants during
asymmetric mitosis [4, 5], resulting in a committed mammary progenitor that exits the
mammary stem cell niche and forfeits self-renewing capacity. In this model, the self-
renewing daughter cell remains closely associated with the mammary stem cell niche and
becomes quiescent. Doing so enables the mammary stem cell to preserve replicative
capacity while simultaneously evading telomeric erosion and resisting differentiation [6, 7],
suggesting that the ability to become quiescent is tightly linked to self-renewing capacity.
Here we discuss the potential role of cellular quiescence in preservation of self-renewal by
mammary stem cells and other adult stem cell populations. Genetic pathways and
mechanisms governing entry into and maintenance of quiescence will be discussed and
specific attention will be paid to the potential contribution of cellular quiescence to the
features of breast cancerinitiating cells, and their implications for therapeutic resistance,
disease recurrence and metastasis. The goal of this review will be to synthesize from diverse
studies a model for these contributions that can be tested in both normal mammary
regenerative stasis and in breast cancer initiation, progression and drug resistance.

An important difference between the mammary gland and other epithelial structures such as
skin or small intestine is the kinetics underlying cellular stasis and the degree of cellular
amplification associated with each regenerative cycle. Tissues such as skin and intestine
utilize monophasic regenerative cycles in which the rate of new cell generation
approximates the rate of cell death and shedding resulting in an epithelial structure that
varies little in size or cellularity over the course of a regenerative cycle [8, 9]. Additionally
the linear spatial relationship between stem cells and terminally differentiated cells in these
tissues suggests that the transient amplifying capacity of committed progenitors is lost as
cells physically progress towards the apical surface of the tissue. Together these
observations suggest that there is only a very modest stage of cellular amplification carried
out by committed progenitors. This in turn requires that stem cells within these tissues
proliferate at a rate similar to the rate at which committed progenitors exit the cell cycle and
commit to differentiation. Consistent with this model is the finding that cells within the basal
epidermis of skin or in intestinal crypts consistently express markers of cell proliferation
such as Ki-67 [10, 11]. These cells also express detectable levels of the catalytic subunit of
telomerase, TERT [12, 13], suggesting that active telomeric maintenance may contribute to
their prolonged life span. Alternatively TERT expression may stimulate proliferation in
these cells as has been demonstrated in the stem cell compartment of the murine hair follicle
[14]. In contrast to these monophasic regenerative cycles, the regenerative cycle of the
mammary gland is a biphasic sequence of cellular proliferation and differentiation [15] that
results in significant expansion and contraction of the epithelia. The degree of expansion,
particularly during pregnancy is consistent with a prolonged and vigorous transient
amplification stage that is most likely driven by bipotent progenitors. Within the context of
the cyclic endocrine control of the mammary regenerative cycle, these kinetics predict that
mammary stem cells are likely to divide only within a narrow window of the mammary
regenerative cycle before returning to a quiescent state that ensures initiation of future
regenerative cycles. Consistent with this prediction is the observation that, in the resting
mammary gland, there are low-to-undetectable levels of Ki-67 and hTERT [16].
Additionally experimental evidence indicating that cellular fractions enriched in mammary
stem cells are also highly enriched with cells capable of long-term label retention supports
the hypothesis that mammary stem cells may utilize quiescence for preservation of self-
renewal [17, 18]. These studies support the assertion that distinctions between monophasic
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and biphasic regenerative cycles reflect differences in mitotic activity of adult stem cells or
in the ratio of time spent in quiescence to time spent in the cell cycle. They do not imply that
adult stem cells associated with monophasic regenerative cycles proliferate continuously or
are incapable of entering a quiescent state. To the contrary, there is accumulating evidence
that adult stem cells from diverse tissues utilize cellular quiescence as a way to preserve
self-renewing capacity [19–21] and it will be of significant interest to determine if the
mechanisms governing quiescence in other adult stem cell systems overlap with those
governing quiescence in mammary stem cells.

Several definitive features of mammary stem cells make them plausible sites for breast
cancer initiation. Preserved replicative capacity and resistance to differentiation in mammary
stem cells or mammary epithelia that acquire these traits via mutation, may enable them to
accumulate and harbor mutations over a prolonged life span, implying that mammary stem
cells may be the site of breast cancer initiation [15, 18, 22]. Additionally, the developmental
potency of mammary stem cells has been postulated to underlie the cellular heterogeneity
observed in human breast cancers [22, 23]. While it is inherently obvious that cellular
quiescence preserves replicative capacity, there is accumulating evidence that it also confers
resistance to a variety of differentiation signals. Consistent with this are studies indicating
that quiescence is sufficient to prevent MyoD1-induced muscle differentiation in a human
dermal fibroblast culture [6]. This and other similar studies [7, 24, 25] suggest that, beyond
preservation of replicative capacity, quiescence may serve as a blockade to differentiation
thereby maintaining developmental potency. It further suggests that the responsiveness of
bipotent mammary progenitors to mitogens, morphogens and differentiating signals may be
due to the fact that they are not quiescent [26].

Prospective cell sorting strategies have lead to the identification of distinct populations of
cells from breast tumors [23] and breast cancer cell lines [27–29] that are uniquely
tumorigenic and able to self-renew. These features have lead to the designation of these cells
as “tumor stem cells.” Presently it is unknown whether tumor stem cells are able to utilize
cellular quiescence for preservation of selfrenewing capacity or whether the degree to which
the genetic and microenvironmental signals that govern establishment and maintenance of
quiescence in mammary stem cells are deranged in breast tumor stem cells. If breast cancer
initiation is a condition of unregulated or poorly regulated self-renewal, it is intriguing to
consider the possibility that oncogenic or anti-tumor suppressive lesions may disrupt
mammary stem cell quiescence. Similarly, given the established link between tumorigenicity
and selfrenewing capacity it is tempting to speculate that tumorigenic populations within a
breast tumor may be able to exit and reenter the cell cycle and that this ability underlies their
resistance to therapeutic strategies that target proliferating cells. Finally it is important to
consider the underlying paradox of a model in which defective or disrupted mammary stem
cell quiescence contributes to breast cancer initiation but the ability of a subset of
tumorigenic cells to become quiescent underlies therapeutic resistance and disease
recurrence. One model that might account for this paradox is that oncogenic or anti-tumor
suppressive lesions subvert the periodicity of elaboration of committed progenitors by
disrupting the maintenance of quiescence but do not completely block cells from entering
the quiescent state. In this model tumor stem cells may still utilize quiescence after the
elaboration of a tumor-associated progenitor cell thereby preserving their own replicative
capacity and maintaining resistance to cytotoxic therapy.

Genetic Pathways and Cellular Mechanisms Governing Establishment and
Maintenance of Quiescence

Cellular quiescence is a state of proliferative arrest that is distinguished from differentiation
or senescence by the fact that it is reversible. Earliest descriptions came from classical
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studies indicating a period of mitogen responsiveness in early G1 that is distinct from a
period of mitogen insensitivity later in G1 and that these periods were separated by a
restriction point [30]. In these studies, fibroblasts that were deprived of mitogens prior to the
restriction point took significantly longer to reach S-phase upon mitogen stimulation than
those that were deprived of mitogens after the restriction point. The implication of these
studies was that mitogen deprivation prior to restriction was sufficient to cause quiescence
and that re-entry into the cell cycle was time-consuming and likely to involve multiple steps
including the licensing of the origin of replication [31, 32]. These studies also indicated that
mitogen stimulation after the restriction point did not shorten the time to S-phase
progression indicating that once cells had passed the restriction point they were committed
to S-phase progression and completion of the cell cycle independent of further mitogenic
stimulation [30]. Extensive research to define the molecular mechanisms underlying the
restriction point collectively demonstrated that phosphorylation of the retinoblastoma gene
product, Rb and subsequently the other two members of the pocket protein family of tumor
suppressors, p107 and p130 represented the restriction point that separated sensitivity and
insensitivity to mitogenic stimulation [33]. Genetic analysis of Rb-deficient mouse embryo
fibroblasts (MEFs) showed that loss of Rb was sufficient for cell cycle re-entry by quiescent
mouse embryo fibroblasts [34]. Interestingly conditional ablation of Rb overcame
quiescence significantly more efficiently than germline deletion of Rb. This difference was
later shown to be the result of functional redundancy between Rb and p107 and suggested
that increased p107 expression in the germline Rb-deficient MEFs accounted for this
difference. The connection between this observation and stem cell quiescence was
demonstrated conclusively by a recent report indicating that genetic ablation of Rb, p107
and p130 resulted in the loss of quiescence in long-term hematopoietic stem cells [35]. This
study also indicated that restoration of a single member of the pocket protein family, p107
was sufficient to restore quiescence. Together along with studies indicating that p130
selectively represses E2F target genes in quiescent cells via an interaction with E2F4 that
results in the recruitment of the DREAM complex [36] these findings indicate that all three
members of the pocket protein family are likely to play an important role in enforcing a state
of quiescence.

While the precise function of Rb, p107 and p130 in mammary stem cells is unknown there is
clear evidence that Rb-status in breast cancer is an important determinant of biologic
behavior of the tumor. Rb expression is aberrant in 20–30% of breast cancers [37, 38] based
upon presence of the protein in the tumor or loss of heterozygosity. Additionally several
other genetic events common to breast cancer including amplification of cyclinD1 and loss
of p16ink4a are known to disrupt the tumor suppressive function of Rb by promoting aberrant
Rb phosphorylation. These events coupled to mutation or deletion of Rb have lead to
estimates that Rb function is lost in approximately 50% of breast cancers [39]. This loss is
correlated with disparate effects on breast cancer. On one hand Rb deficiency predicts an
improved clinical response to cytotoxic therapeutics and this has been attributed to a greater
number of cycling cells. Rb deficiency is also associated with resistance to anti-hormonal
treatments and is associated with disease recurrence [40]. This latter finding in the context of
a role for tumor stem cells in recurrence suggests that Rb deficiency may not be sufficient to
bypass quiescence in tumor stem cells but that it promotes rapid amplification of recurrent
tumors, which may account for association of Rb deficiency with short time to relapse [41].
While it is clear that Rb, p107 and p130 play important roles in regulating quiescence in
other stem cell systems there is an acute need for studies aimed at elucidating the role of
these proteins in control of mammary stem cell quiescence and the impact of these proteins
on the ability of breast tumor stem cells to become quiescent.
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Profiling Studies Identify Distinct Transcriptional Signatures of Quiescence
While the genetic events governing quiescence in mammary stem cells are unknown, recent
gene expression profiling studies have identified a number of genes whose expression is
correlated with either establishment or maintenance of quiescence in fibroblast systems. One
study profiled the transcriptional response to three distinct sets of conditions known to
induce quiescence; growth factor withdrawal, loss of adhesion and contact inhibition [6].
The results of this work indicated that distinct quiescence-inducing stimuli resulted in
distinct transcriptional responses but that from these disparate profiles a common set of
genes was identified as a signature of cellular quiescence. Importantly this study showed
that each of these profiles was distinct from a profile of cells that were arrested in G1 via
ectopic expression of p21Cip. The authors of this study interpreted this latter observation as
evidence that quiescence is a distinct cellular state from that of slow or arrested progression
through G1. Their study also provided evidence that the reversibility of the quiescent state is
the result of active suppression of differentiation by genes associated with quiescence. This
finding is consistent with the idea that quiescence preserves not only the replicative capacity
of mammary stem cells but also their developmental potency. Subsequent studies indicated
that one such gene is the Notch signaling effector, Hes1 [7]. Increased expression of Hes1
was noted in quiescence cells and was required for the ability of these cells to reenter the
cell cycle. Remarkably, Hes1 was sufficient to prevent differentiation or cellular senescence.
These findings coupled to the established role of Notch signaling in both breast cancer
initiation [42] and in the regulation of cell fate decisions in mammary stem cells [43, 44] and
other adult stem cell systems suggest that Hes1 may critically influence the cell fate decision
to preserve selfrenewing capacity. Here again the expression of Hes1 and its ability to
preserve self-renewal in mammary stem cells and breast tumor stem cells has not been
evaluated. However, given the role of Notch signaling in breast cancer initiation several
testable hypotheses emerge.

A second profiling study compared the gene expression profiles of serum stimulated and
serum deprived fibroblasts and made several important observations [45]. This analysis
indicated that serum deprivation activates a set of early response genes referred to as Serum
Deprivation Early Response Gene (SDERGs). This study also showed that SDERGs are
repressed in many human cancers compared to corresponding normal tissue and that
repression of SDERGs is predictive of recurrence and poor prognosis in breast cancer.
Among the SDERGs identified were two putative tumor suppressors, MXI1and SALL2
which were shown to be required for serum deprivation-induced quiescence. SiRNA-
mediated suppression of these genes resulted in continued transition into S-Phase under
serumdeprivation conditions. MXI1 is an inhibitor of c-myc and a putative tumor suppressor
[46–48]. Coupled to the role of c-myc in breast cancer and its contribution to the generation
of induced pluripotent stem cells these studies suggest that its ability to disrupt c-myc
activity may play a role in regulation of quiescence in mammary stem cells. While the
conclusion that an overall suppression of quiescence is common in aggressive cancers is not
surprising, these studies do not make any predictions about the ability of tumor stem cells,
which represent a very small proportion of tumor cells to utilize quiescence as a way to
evade therapeutic intervention. Still the identification of genes that directly contribute to the
establishment and maintenance of quiescence will prove to be a useful tool for the
evaluation of gene expression in quiescent mammary stem cells and tumor stem cells.

Regulation of Quiescence Versus Activation of Mammary Stem Cells by
Morphogens

Morphogen signaling pathways such as Hedgehog, Wnt and FGF has been implicated in
multiple aspects of stem cell biology and breast cancer. Three recent studies have described
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the effects of hedgehog activation on mammary stem cells. The first of these reports
indicated that activation of hedgehog signaling had a positive effect on mammosphere
formation by primary human mammary epithelial cells [49]. It also caused an increase in the
number of cells per primary mammosphere. Importantly the effect of hedgehog activation on
secondary mammosphere formation was more dramatic suggesting that this mitogenic
response to hedgehog selectively targets cells with self-renewing capacity. In a second study
hedgehog activation was achieved via ectopic expression of a constitutively active allele of
Smoothened (SmoM2) under the control of the MMTV promoter [50]. In this model the
investigators observed increased rates of proliferation and altered cellular differentiation that
contributed to a dysplastic ductal phenotype in the mammary gland. Analysis of mammary
epithelial cells from these mice and wild-type counterparts indicated a significant increase in
mammosphere forming capacity relative to wild-type controls. Interestingly, transplantation
of cells derived from these mammospheres into cleared fat-pads indicated that constitutive
activation of Smoothened lead to a decrease in ductal outgrowths relative to wild type cells.
In a third study activation of hedgehog signaling via Ptch1 heterozygosity lead to increased
elaboration of mammary progenitors by mammary stem cells, increased rates of BrdU
uptake and decreased rates of long-term BrdU retention in a mammary stem cell-enriched
Lin−/CD24+/CD29high fraction [26]. This study suggested that constitutive hedgehog
signaling in the Ptch1−/+ mouse lead to a defect in mammary stem cell quiescence. In vitro
studies in this same report indicated that hedgehog activation promoted acini formation in a
three dimensional matrigel culture by cells from the mammary stem cell enriched Lin−/
CD24+/CD29high fraction and abolished acini formation by the mammary progenitor
enriched fraction, Lin−/CD24+/CD29low. Collectively, these studies indicate that hedgehog
activation was mitogenic in mammary stem cells and anti-mitogenic in mammary
progenitors, which is consistent with its role as a morphogen (Fig. 1). It is intriguing to
speculate that the antiproliferative effects of hedgehog on committed progenitors may
account for the observed decrease in ductal outgrowth efficiency by cells derived from the
MMTV-SmoM2 mammospheres. Together these three studies indicate that hedgehog
activation stimulates proliferation of mammary stem cells and promotes mammosphere
formation. The finding that hedgehog activation via Ptch1 heterozygosity lead to increased
elaboration of committed mammary progenitors by mammary stem cells [26] coupled to the
finding that hedgehog activation, via constitutive Smoothened activity diminished mammary
regenerative capacity [50] is consistent with a model in which hedgehog activation results in
increased asymmetric mitoses that result in one self-renewing daughter and one committed
progenitor. This observation further suggests that a significant proportion of the cells in a
mammosphere have forfeited self-renewal and would account for the decrease in mammary
regenerating capacity observed in cells from primary mammospheres of the MMTV-SmoM2
mice. Together these studies are consistent with a model in which hedgehog activation
promotes elaboration of mammary progenitors by mammary stem cells via asymmetric
mitosis by driving mammary stem cells out of their quiescent state. Further studies will be
necessary to determine if defective mammary stem cell quiescence has a positive or negative
effect on mammary regenerating capacity in Lin−/CD24+/CD29high cells. In hematopoiesis
defective quiescence has little effect on early cycle of repopulation following bone marrow
ablation but ultimately leads to depletion of long-term hematopoietic stem cells and bone
marrow failure [35].

Notch signaling has been implicated in diverse aspects of stem cell renewal [51–53], breast
cancer initiation [54] and breast cancer radioresistance [55]. More recently it has been linked
to establishment and preservation of cellular quiescence [7, 45]. Gene expression profiling
studies identified Notch3 as a gene that is upregulated in response to serum deprivation in
fibroblasts [45]. Additionally Hes1 a transcriptional target of Notch signaling has recently
been identified as a factor that is sufficient to maintain cellular quiescence [7]. Functional
evaluation of Notch signaling in mammary stem cells also revealed increased mammary
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stem cell activity in the absence of the Notch signaling effector. CBF-144. In this study Lin−/
CD24+/CD29high cells expressing a CBF-1-directed shRNA had a mammary repopulating
frequency that was ~2.3 fold greater than identical cells infected with a control shRNA.
Interestingly the Lin−/CD24+/CD29high fractions derived from CBF-1-ablated outgrowths
were two fold larger than similar fractions from the control shRNA-expressing outgrowths.
Consistent with this observation, ablation of CBF-1 from the Lin−/CD24+/CD29high fraction
resulted in enhanced acini formation in Matrigel and a predominantly basal epithelial
phenotype. Collectively these results indicate separable roles for Notch signaling in
regulating the activity of mammary stem cells and for specifying luminal cell fate. While the
authors of this study did not directly address the relative quiescence of Lin−/CD24+/
CD29high expressing either a control or CBF-1-directed shRNA it is intriguing to consider
the possibility that disruption of Notch signaling resulted in a defect in quiescence. Such a
finding would be consistent with other studies linking Notch signaling to quiescence and
could possibly shed light on the paradoxical link between quiescence and cancer.

Breast Tumor Stem Cells, Quiescence and Resistance to Cancer
Therapeutics

Beyond their anti-tumor effects, cytotoxic cancer chemotherapeutics and ionizing radiation
have many undesirable side-effects that include bone marrow suppression, hair loss,
dyspepsia that is attributed to loss of the epithelial lining of the stomach, and weight loss
that is attributed to ineffective nutrient absorption due to loss of the epithelial lining of the
intestine. These side effects likely suggest that the therapeutics are having an effect on tissue
stasis at these sites, however it is also known that after treatment, hair grows back, the
epithelial lining of the gastrointestinal tract recovers and hematopoiesis recovers. These
clinical observations support the assertion that adult stem cells, including mammary stem
cells are likely to be resistant to these therapeutic challenges. Many adult stem cell
compartments express members of the ABCG family of ATP-dependent pumps and this has
been postulated as a mechanism by which stem cells efflux xenobiotics, such as cancer
chemotherapeutics [56, 57]. Additionally studies have reported that adult stem cells and
cancer stem cells are able to activate a remarkably robust DNA damage response [58].
While it is possible that these features are independent of or coincident with cellular
quiescence it is also possible that there is a causal relationship between quiescence and these
features. Therefore it is of significant interest to know if the ability to efflux xenobiotics and
the enhanced response to DNA damage correlate with the state of quiescence versus
activation in mammary stem cells and breast tumor stem cells.

While many questions regarding the state of quiescence and activation of tumor stem cells
have been raised here and remain largely unanswered studies using breast cancer cell lines
and prospective sorting strategies have identified a correlation between quiescence within
tumor-initiating populations and resistance to cancer therapeutics. In one study data are
presented indicating that a CD44+/CD24−/low/ESA+ fraction that was present as a subset of
cells within multiple breast cancer cell lines are uniquely able to retain BrdU over prolonged
periods of time [28]. Using a series of in vitro assays, this study indicates that this fraction is
able to selfrenew and reconstitute the parental cell line. Importantly treatment of parental
cell lines with taxol or 5-fluorouracil (5-FU) dramatically increased the proportion of cells
that were CD44+/CD24−/low/ESA+ suggesting that this fraction was preferentially resistant
to these drugs. This same study also demonstrated a very high correlation between
labelretaining capacity and resistance to taxol or 5-FU. These findings strongly suggest that
quiescent cells are resistant to cytotoxic therapeutics. They also clearly indicate that breast
cancer cell lines represent highly relevant and genetically malleable systems to dissect the
connection drawn between quiescence and drug resistance. Using similar models it will be
of significant interest to determine if CD44+/CD24−/low/ ESA+ cells retain their
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tumorigenicity and their ability to reconstitute the parental cell line following
chemotherapeutic treatment as this would have a significant impact on studies aimed at
elucidating the underlying causes of breast cancer recurrence.

Other sorting strategies studies using a similar cell fraction (CD44+/CD24−/low) indicate that
these cells are uniquely resistant to ionizing radiation [55]. In this study CD44+/CD24−/low

were propagated as mammospheres and the resulting cultures were compared to monolayer
cultures of the parental cell lines following exposure to ionizing radiation. Results indicated
that CD44+/CD24−/low retained their clonogenicity to significantly greater extent than other
fractions. In these studies levels of reactive oxygen species were lower in CD44+/CD24−/low

than in other fractions and phosphorylation of H2AX was observed in the parental
monolayers but not in the CD44+/CD24−/low-enriched mammospheres. These two
observations suggest that the CD44+/CD24−/low cells were either resistant to the DNA-
damaging effects of ionizing radiation or were remarkably efficient at repairing damaged
DNA. This latter possibility may be consistent with observations that tumor stem cells from
glioma activate the DNA damage response more readily than other glioma cells and that
glioma stem cells had higher basal activation of the DNA damage checkpoint than non-self
renewing populations [58]. Currently it is unclear whether mammary stem cells or breast
tumor stem cells have similar properties, however these studies coupled to the fact that
CD44+/CD24−/low are very slow cycling cells that selectively retain BrdU suggest that
quiescent cells may be less susceptible to ionizing radiation. Another study has implicated
Wnt signaling in radiation resistance of mouse mammary progenitor cells. In this study mice
in which Wnt β-catenin signaling is constitutively activated had considerably higher levels
of mammary progenitor cells than wild-type counterparts following clinically relevant doses
of radiation. In these studies the ratio of dye-effluxing side-population to non-effluxing cells
increased with radiation resistance. This observation coupled to findings that the dye-
effluxing side-population is enriched for longterm BrdU-retaining cells suggests that Wnt
signaling was having a protective effect that correlates with quiescence. Further studies will
be necessary to confirm if Wnt signaling mediates quiescence or if the expansion of the
mammary regenerating population in MMTV-Wnt1a mice resulted in an expansion of
quiescent mammary stem cells. Also it is interesting to note a recent study in which
paracrine Wnt signaling was required to preserve the quiescence of long-term hematopoietic
stem cells.

Recent clinical evidence also indicates that breast cancer stem cells are resistant to cytotoxic
chemotherapy [59]. A recent study evaluated the proportion of CD44+/CD24−/low in breast
tumors that received neoadjuvant chemotherapy or the EGFR/Her2 inhibitor, lapatinib in the
case of Her2-positve tumors. Results indicated that following neoadjuvant chemotherapy the
proportion of CD44+/CD24−/low was significantly higher than in the untreated tumor,
suggesting that the cancer stem cell component of these tumors was resistant to cytotoxic
therapy. Interestingly no such increase was observed in lapatinib treated cells suggesting that
CD44+/CD24−/low may be sensitive to inhibition of EGFR and Her2. Again these findings
coupled to the slow cycling and BrdU-retaining properties of CD44+/CD24−/low cells
suggest that quiescence may provide a level of protection from the cytotoxic effects of
cancer chemotherapeutics. Furthermore they strongly suggest that targeted therapeutics like
lapatinib may be able to target tumor stem cells in a manner that is independent of their
quiescence status.

Summary
Breast cancer recurrence continues to be a major cause of mortality and morbidity in
women. While significant progress has been made towards the identification of cells that
resist therapy and initiate breast cancer recurrence, the mechanisms underlying therapeutic
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resistance are not fully understood. Therapeutic resistance likely involves multiple strategies
including xenobiotic efflux by ABCG transporters, an enhanced DNA damage response and
utilization of cellular quiescence as well as others. Utilization of these strategies by non-
transformed mammary stem cells and other stem cell populations suggests that therapeutic
strategies aimed at killing tumor stem cells will likely have to be tailored to the underlying
mutations that gave rise to the cancer. This in turn will require a more thorough mechanistic
understanding of these various protective strategies. Specifically in the case of quiescence it
will be critical to determine if breast cancer stem cells retain the ability to become quiescent
and if so, how this is achieved in the context of activated mitogenic pathways. Currently one
attractive hypothesis is that interactions between mammary stem cells or breast tumor stem
cells with a specialized stem cell niche enforces cellular quiescence, however our limited
knowledge of the cellular and molecular components of the niche precludes any systematic
evaluation of this hypothesis. Additionally it will be critical to determine the effects of
oncogenic or anti-tumor suppressive lesions on entry into and maintenance of quiescence in
mammary stem cells. Addressing this will require a more detailed understanding of the
molecular events governing mammary stem cell quiescence.

A major gap in our understanding of the regulation of quiescence versus activation in
mammary stem cells, and quite possibly breast cancer initiating cells, is the absence of
knowledge regarding the mammary stem cell niche. To date the mammary stem cell niche is
a largely inferred or hypothesized microenvironment composed of supporting cells and
extracellular components. A generally accepted model holds that mammary stem cells reside
within this three dimensional space and that the stem cell niche plays a critical role in the
long-term preservation of self-renewing capacity. Based upon this model and the previously
discussed role for quiescence in preservation of proliferative capacity and blockage of
differentiation, it is reasonable to postulate that interactions between a mammary stem cell
and its niche play a role in the establishment or maintenance of quiescence. It is also
reasonable to postulate that the elaboration of a bipotent mammary progenitor by a
mammary stem cell involves the physical dislocation of the progenitor from the niche and
that this dislocation renders the progenitor responsive to both mitogens and differentiating
signals. As the very existence of the mammary stem cell niche remains unproven it would be
useful to examine the effects of genetic perturbations in mammary stem cells in situ versus
those same perturbations on isolated mammary stem cells. Specifically it will be interesting
to compare the response of mammary stem cells to mitogens or differentiating agents in vivo
and ex vivo. Evidence that mammary stem cells are more responsive to these agents ex vivo
may imply the existence of a specific mammary stem cell niche.

The ability of the bipotent progenitor to drive expansion and differentiation suggests that
these cells also possess mammary regenerative activity. This point has been proven
experimentally, suggesting that the precise developmental point at which developmental
commitment occurs remains unknown. Still it is clear that only enriched fractions of
mammary stem cells, defined as Lin−/CD24+/CD29high possess the ability to serially
reconstitute mammary grand development suggesting a link between quiescence and self-
renewing capacity. So while the precise moment at which developmental commitment is
complete and irreversible remains undefined it is conceivable that forfeiture of long-term
self-renewing capacity occurs with the loss of the ability to become quiescent. Addressing
this point will require a greater understanding of the cellular and genetic mechanisms
governing stem cell quiescence and it will be of interest to determine the effects of
subversion of these mechanisms on breast cancer initiation, progression, therapeutic
resistance and recurrence.
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Abbreviations

DREAM DP, RB-like, E2F, and MuvB

SDERG Serum deprivation early response gene

FGF Fibroblast growth factor

ABCG ATP-binding cassette proteins, sub-group G

BrdU Bromodeoxyuridine

EGFR Epidermal growth factor receptor
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Figure 1.
A two-stage model for the context-dependent effects of hedgehog signaling in the mammary
regenerative hierarchy. We propose a model in which hedgehog signaling on mammary stem
cells is sufficient to overcome mammary stem cell quiescence. This effect may be mediated
by subverting mechanisms governing entry into or maintenance of quiescence. In this case,
hedgehog activation is not directly mitogenic but would potentiate a proliferative response
to mitogenic signals within the surrounding milieu. Alternatively hedgehog activation may
be directly mitogenic in mammary stem cells. Following the elaboration of mammary
progenitors hedgehog activation may mediate cell fate specification, cellular differentiation
and growth arrest. This model may account for the observation that hedgehog activation
stimulates mammosphere formation in vitro and disrupts long term BrdU retention in vivo in
enriched fractions of mammary stem cells (Lin−/CD24+/CD29high). This model may also
account for the observation that hedgehog activation in mammary progenitors ablates
mammosphere formation and the separate observation of decreased engraftment efficiency
by MECs from the MMTV-SmoM2 model. This model also raised specific questions
regarding the factors within mammary stem cells and mammary progenitors that mediate
this differential two stage response.
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