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Adult stem cells of the mammary gland (MaSCs) are a highly dynamic population of cells that are responsible for
the generation of the gland during puberty and its expansion during pregnancy. In recent years significant advances
have been made in understanding how these cells are regulated during these developmentally important processes
both in humans and in mice. Understanding how MaSCs are regulated is becoming a particularly important area of
research, given that they may be particularly susceptible targets for transformation in breast cancer. Here, we sum-
marize the identification of MaSCs, how they are regulated and the evidence for their serving as the origins of breast
cancer. In particular, we focus on how changes in MaSC populations may explain both the increased risk of develop-
ing aggressive ER/PR(-) breast cancer shortly after pregnancy and the long-term decreased risk of developing ER/

PR(+) tumors.

Keywords: mammary stem cells; MaSC; pregnancy; breast cancer
Cell Research (2011) 21: 245-257. doi:10.1038/cr.2011.11; published online 18 January 2011

Biology of the mammary gland

The mammary gland is composed of epithelial, adi-
pose and other stromal cells, which work in concert for
the primary goal of producing milk during nursing. In
the female mouse, five rudimentary pairs of mammary
epithelial placodes begin to form from the ectoderm
at E10.5 and grow until E18, at which point growth is
relatively restricted until puberty [1]. This makes the
mammary gland relatively unique among most tissues
and organs in that the majority of its patterning occurs
in adulthood. Once gland expansion resumes during pu-
berty, the epithelium forms into a branching, bilayered
ductal structure, consisting of an outer myoepithelial
layer of cells, which contract to help excrete milk and an
inner luminal cell layer. This inner layer is subdivided
into ductal luminal cells, which line the inside of the
ducts, and alveolar luminal cells, which secrete milk dur-
ing lactation (Figure 1A). In the mouse, mammary gland

Correspondence: Yibin Kang
Tel: +1 609 258 8834; Fax: +1 609 258 2340
E-mail: ykang@princeton.edu

growth during puberty is led by the invasion of club-like
structures at the end of the ducts known as terminal end
buds (TEBs), which invade into the empty adipose tissue,
dubbed the mammary fat pad. TEBs consist of an outer
layer of “cap” cells, which eventually form myoepithelial
cells, and an inner layer of “body” cells, which become
the luminal cell compartment (Figure 1B). The TEBs
lead the growth of the gland until they reach the end of
the fat pad, at which point they disappear [2]. The rest of
the space in post-pubertal mammary gland is taken up by
adipose tissue, along with a mixture of blood vessels, im-
mune cells and fibroblasts [3].

After the extensive ductal elongation during puberty,
the mammary gland undergoes minor growth and involu-
tion during the stages of the estrus cycle until pregnancy,
at which point the gland is massively remodeled. During
pregnancy, branches extend off the side of mammary
ducts and proliferate to form lobuloalveolar “buds” or
“bunches” which secrete milk. During late pregnancy
and into lactation, the mammary epithelium fills the
majority of the mammary fat pad. Alveolar cells secrete
milk into the lumens, which is forced through the ducts
by the contractile force of myoepithelial cells. After pups
are weaned, the mammary epithelial cells undergo well-
choreographed apoptosis, resulting in the involution of
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Figure 1 Cellular structures of the mammary gland. (A) The ma-
ture mammary duct features an outer layer of myoepithelial cells
(red) surrounding an inner layer of luminal epithelial cells (blue).
It is thought that mammary stem cells (green) reside in a basal
position between these two populations and give rise to pro-
genitor cells (teal) and both lineages of fully differentiated cells.
(B) The developing mouse mammary gland invades through the
empty fat pad led by the terminal end bud (TEB). Stem-like cap
cells (orange) lead invasion in the direction of the black arrow
and eventually give rise to myoepithelial cells. Many of the in-
ner body cells (purple) undergo apoptosis as the gland grows,
with some of the progeny of inner body cells forming the luminal
cells that line the ducts of the glands.

the gland to the point where the parous gland returns to
a structural state similar to the virgin gland. Upon the in-
duction of further pregnancies, these coordinated growth
and involution stages repeat in a similar fashion.

The gland architecture and remodeling that occurs in
the human is highly similar to what is observed in the
mouse mammary gland. However, there are some differ-
ences with respect to the gland structure. In humans the
main lobular structure observed is known as the terminal
ductal lobular unit (TDLU), which exists in several mor-
phologically different forms throughout development and
pregnancy. In the virgin gland, the relatively undifferen-

tiated TDLUs are termed Lobl-type, which have been
described as equivalent to TEBs [4]. As the Lobl-type
TDLUs begin to develop and differentiate, they form
Lob2-type TDLUs, which have more ductal structures
per lobule compared to Lobl structures. During preg-
nancy, the formation of even more ductules results in the
conversion of Lob2 into Lob3, which eventually form
secretory acinar structures (Lob4). After pregnancy, these
TDLUs regress back in number, although in the resting
parous gland the majority of TDLUs remain as Lob2
type, whereas in virgins Lob1 are the most predominant
type [4-6]. In mature nulliparous women, Lob1 structures
remain the most prevalent, with a moderate population
of Lob2 structures but no Lob3 or Lob4 structures. After
menopause, all women show a predominance for Lobl
structures, regardless of whether they have had children
[4-6].

Because of the well-choreographed cycles of growth,
remodeling and involution, researchers suspected for
many years about the existence of adult stem cells within
the mammary gland. These cells would theoretically be
able to differentiate into the multiple cells of both the
developing and pregnant gland, and self-renew despite
the massive apoptosis post weaning to drive the growth
of subsequent pregnancies. More dubiously, properties of
mammary stem cells (MaSCs) could render them as vul-
nerable targets of tumorigenesis. The identity and char-
acteristics of both the human and mouse MaSCs have
been characterized in recent years, while their potential
role during breast cancer formation is beginning to be
elucidated.

Identification of MaSCs

The two hallmark properties of any stem cell popula-
tion are the ability to differentiate into multiple cell lin-
eages and the ability to self-renew to produce more stem
cells [7]. While most adult cells are unable to divide, ex-
isting in a stage of terminal differentiation, tissue-specific
adult stem cells retain the ability to divide and produce
the multiple cell types within the organ from which they
are derived. In the mouse mammary gland, the first clues
for the existence of an adult stem cell of the mammary
gland came from the work of DeOme et al. in the 1950s
when it was shown that small pieces of mammary epithe-
lium, when transplanted into recipient fat pads cleared of
their endogenous epithelium, could expand and differen-
tiate into a fully functional reconstituted gland [8]. Cells
from nearly any location within the mammary gland,
or during any developmental stage, could repopulate a
mammary gland [9]. Subsequent experiments in both
humans and mice demonstrated that this reconstitution
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ability was due to the activity of a single cell. Tsai et al.
suggested clonal expansion was responsible for human
mammary gland growth based on X-chromosome inac-
tivation patterns [10], while Kordon and Smith demon-
strated through retroviral tagging that mouse mammary
glands were the progeny of a single cell [11]. Based on
this evidence, a number of experimental approaches were
undertaken to identify and purify MaSCs based on their
biological or morphological properties.

One strategy to isolate MaSCs relies on a feature be-
lieved to be (although not universally accepted as) a key
mechanism of DNA replication during stem cell division.
As certain adult stem cells divide, they preferentially
retain one of their DNA strands throughout multiple
divisions in order to protect against the formation of
deleterious mutations that occur during DNA replication
[12, 13]. By performing pulse-chase experiments with
DNA labels, Smith et al. showed there was a population
of cells within the mammary gland which retained their
DNA label through asymmetric segregation of DNA
strands. These cells were still actively dividing and fea-
tured stem cell characteristics [14]. Roughly 30-40% of
the cells that retained their DNA label also expressed re-
ceptors for the reproductive hormones estrogen and pro-
gesterone [15]. As an early alternative approach to label
retention, the heterogeneity of morphological character-
istics of mammary epithelial cells was exploited to try to
enrich for cells with stem cell characteristics. Pale cells
with low cellular complexity (i.e. few cytoplasmic organ-
elles) were shown to express the properties of MaSCs in
differentiating conditions [9].

A major limitation of both the morphological and the
label retention methods is that they do not lend them-
selves to the easy isolation of large numbers of relatively
pure MaSC populations for use in in vitro or in vivo as-
says. As such, these methods did not definitively show
that a single label-retaining cell or pale cell could recon-
stitute a fully functional gland in vivo, which is the gold
standard for stem cell assays. A better approach to isolate
putative MaSCs involved the simple isolation of differ-
ent cell populations based on the expression of surface
marker proteins from dissociated mammary gland prepa-
rations using fluorescence-activated cell sorting (FACS).
An initial marker that showed some promise was stem
cell antigen-1 or Scal. Scal” cells were shown to be a
subpopulation of the label-retaining epithelial cells, and
when isolated they showed a degree of in vivo reconstitu-
tion ability. However, subsequent studies would identify
markers which could enrich for MaSCs to a much higher
degree of purity, and MaSCs identified by other methods
have been shown to be Scal"" [7, 16].

In 2006, mouse MaSCs were identified based on the
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expression of CD24 (heat-stable antigen) and high ex-
pression of either CD29 (B1-integrin) or CD49f (0.6-
integrin) [7, 17]. A single Lin- CD24°CD29"/CD49f"
cell was able to reconstitute an entire mammary gland in
vivo. The CD29 protein is not just a surrogate marker for
MaSCs but is actually functionally important, as CD29
ablation in the basal compartment reduced MaSC activ-
ity [18]. Multi-lineage differentiation of progenitors into
luminal and myoepithelial cells was confirmed via his-
tological analysis and a variety of in vitro differentiation
assays. The second hallmark of stem cells, self-renewal,
was confirmed via the observation of clonal gland out-
growth during serial gland reconstitution experiments.
With respect to previous markers of stemness, Scal did
not further enrich for the MaSCs, but the newly isolated
MaSCs did seem to retain their DNA label [7]. Based
on expression profiling and histological staining, the re-
maining non-stem cell fraction of the Lin- CD24 CD29"
populations represents basal/myoepithelial cells. Down-
stream progenitor and mature luminal cells are primarily
observed in the CD24'CD29" fraction. A specific luminal
progenitor subpopulation of the Lin CD24'CD29" popu-
lation has been identified based on strong expression of
CD61 [19]. While the lineage of cells that differentiate
to form the mammary gland has not been as well char-
acterized as systems such as the colon, a more detailed
description of the hierarchy of cells within the mammary
gland can be found in the recent review by Visvader and
Smith [20].

MaSCs are important for the two main growth phases
of the mammary gland: the ductal elongation during
pubertal expansion and the lobuloalveolar expansion
during pregnancy. However, it is unknown whether the
same population of cells with a high degree of plasticity
can perform either of these functions depending on the
local hormonal and growth cues, or if MaSCs begin to
differentiate early and are programmed to perform only
one of the two functions. There is evidence in other adult
stem cell systems for the existence of two functionally
distinct stem cell populations within one tissue [21]. Sev-
eral lines of evidence support the assertion that this may
be the case in the mouse mammary gland as well. Based
on label retention studies, it was discovered that putative
MaSCs existed in both basal and luminal locations [15].
With the subsequent identification of better surface mark-
er profiles to efficiently purify MaSCs, stronger evidence
emerged in parallel for the existence of distinct MaSC
populations. In the MaSC fraction based on CD24 and
CD49f staining, many cells expressed the basal maker
K14. However, other cells expressed the luminal marker
K18. It did not seem though that cells expressed both of
these markers, suggesting that these cells might reside
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in distinct locations [17]. A luciferase-based transgenic
mouse model for MaSC activity did reveal luciferase-
expressing cells in both basal and myoepithelial locations
[22]. Notably, when the MaSC marker CD29 is deleted
from the basal compartment of the mammary gland, the
mammary epithelial cells can no longer reconstitute a
new mammary gland, but they can form alveoli late in
pregnancy [18], suggesting a distinct MaSC population.
Similar results were also obtained when the Wnt receptor
LPRS was deleted [23]. A recent study showed that us-
ing a GFP reporter driven by the s-SHIP promoter, GFP"
replicating “active” MaSCs can be identified in cap cells
in puberty and basal alveolar bud cells in pregnancy,
but not in adult virgin animals, or in mammary tissues
during lactation or involution stages [16]. Future charac-
terizations will help to better understand whether or not
distinct MaSC populations exist, and how they are con-
trolled by their local micro-environmental cues.

With respect to the human mammary gland, identifica-
tion of authentic MaSCs is a greater challenge because
of the difficulty in obtaining normal tissue samples and
the lack of an ideal in vivo reconstitution system. Never-
theless, various attempts have been made to characterize
human MaSCs both in vitro and in vivo. By following
similar methods of growing primary neural cells in non-
adherent conditions which resulted in the formation of
neural stem cell-enriched “neurospheres”, mammary
stem/progenitor cells could be enriched by forming
“mammospheres” [24]. This method was further refined
(for both human and mouse cells) by staining the mam-
mary epithelial cells with the lipophilic dye PKH26 and
selecting for cells that were slow dividing and retained
this label during mammosphere growth. These cells were
shown to have MaSC function in humanized mouse
mammary glands in vivo [25]. An alternative isolation
method was shown later by sorting cells based on the
surface maker profile of Lin CD49 EpCam " or CD10"
and suspending these cells with irradiated human fibro-
blasts in a collagen gel and then implanting them under
the kidney capsule of estrogen/progesterone-treated mice
[26]. It was subsequently shown that this same popula-
tion of cells could differentiate into mammary gland
structures in mouse mammary glands when transplanted
with supporting fibroblasts [27]. Expression profil-
ing of human and mouse MaSCs-enriched populations
has shown a significant degree of conservation in gene
expression across species [28], providing validity to us-
ing the more readily accessible mouse model. Based on
these enrichment methods for both human and mouse
MaSCs, subsequent experiments have begun to elucidate
the mechanisms by which MaSCs are controlled through
various signaling pathways.

Signaling pathways important for maintaining
MaSCs

A number of pathways that have been shown to play
important roles in other adult stem cell systems also
function in regulating MaSCs. For instance, in the Wnt
pathway the receptor LRP5 can enrich for MaSCs on its
own (although to a lesser degree than CD24 and CD29/
CDA49f) and is functionally required for maintaining stem
cell populations [23]. Overexpression of Wntl using the
mammary-specific MMTV promoter resulted in a 6.4-
fold increase in the number of MaSCs [7]. Furthermore,
Wnt ligands can be used to maintain MaSCs in culture,
and when the Wnt pathway is stimulated in MaSCs they
can outcompete untreated MaSCs in reconstitution as-
says [29]. Additionally, the Notch pathway has also been
implicated in regulating MaSC fates. Multiple reports
have shown that Notch pathway ligands are expressed in
the MaSC compartment, while the Notch receptors are
expressed in the downstream progenitor/luminal com-
partment [25, 30]. Ablation of Notch signaling through
a Chf-1 knockdown led to an expansion of MaSC activ-
ity, while forced constitutively active Notch signaling
reduced MaSC activity [30]. As MaSCs divide in non-
adherent growth conditions in vitro, the Notch antagonist
Numb is asymmetrically localized into only one of the
daughter cells. However, in MaSCs taken from a p53~"
mouse, Numb is ubiquitously localized in both daughter
cells. Not surprisingly, there is an expansion of the MaSC
population in p53~" mice [31], which seems to be the
result of altered asymmetric DNA segregation and cell
division rather than the anti-apoptotic activity of p53 [32].
Intriguingly though, inhibition of the Notch pathway in
p53”" mammary epithelial cells reduced the MaSC ac-
tivity [32], suggesting that further research is needed to
better understand the role of Notch in MaSC growth and
differentiation. Finally, the p53-related protein p63, a
transcription factor known to be important for stem cell
function and epithelial stasis in other systems [33, 34], is
also important for MaSCs.

p63 has previously been shown to be important for
maintaining the replicative potential of basally located
stem cells in the epidermis, rather than functioning in
lineage commitment or differentiation programs [34,
35]. p63 is expressed in primarily two different isoforms,
AN-p63 and TA-p63. The AN-p63 isoform is expressed
in MaSCs of the human [27] and mouse [36, 37], where
its expression can be induced by Wnt signaling [23] and
promotes the expression of self-renewal genes. The TA-
p63 isoform is expressed in luminal progenitor popula-
tions and promotes the expression of hedgehog pathway
components necessary for progenitor cell function [37].
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Recently, an interesting connection between p63 and
Notch signaling has emerged. As mentioned, it had been
shown that MaSCs are Notch signal-sending cells, ex-
pressing the ligands on their surface, while mammary
progenitors are Notch signal-receiving cells [30]. This
pattern of expression is opposite to that of the basally
expressed p63. Through the use of a Notch reporter
transgenic mouse it was shown that Notch and p63 were
distinctly segregated from one another [38]. Intriguingly,
these genes seem to be functionally antagonistic to one
another. AN-p63 expression is necessary and sufficient
for maintaining cells in the basal lineage, but when the
activated intracellular intermediate of Notchl (NICD)
is overexpressed, it lowers the expression of AN-p63 in
cells differentiating into the luminal lineage [38]. Fur-
thermore, in Notch signaling-deficient RBP-J knockout
mice, AN-p63 is aberrantly expressed in luminal cells
[39], which may explain why MaSCs are known to be
expanded in Notch-deficient mice [30].

Mammary epithelial cell dynamics during develop-
ment and pregnancy

The ductal growth observed during puberty and the
alveolar expansion that takes place during pregnancy are
the two main periods of extensive mammary epithelial
proliferation. Recently, evidence has suggested that these
changes are driven by the coordinated division and dif-
ferentiation of mammary stem/progenitor cell popula-
tions. MaSCs localized in the cap region of the TEB are
responsible for the growth during the ductal elongation
phase in puberty [7, 17] (Figure 1B). New data have
also supported the notion that MaSCs are important for
the growth observed during pregnancy. Intriguingly, an
apoptosis-resistant population of cells known as parity-
induced mammary epithelial cells (PI-MECs), which
arise during pregnancy after activation of the whey acidic
protein (WAP) promoter, show stem cell characteristics
[40, 41]. PI-MECs are a heterogeneous population, but
generally express the MaSC markers CD24 and CD49f,
and when transplanted can reconstitute mammary glands.

Further analysis based on both non-invasive in vivo
tracking [22] or FACS analysis combined with gland
reconstitution assays [22, 42] has shown a significant
expansion both in total number and in percentage of
MaSCs during pregnancy. The peak of this expansion
seems to occur mid- to late-pregnancy at the end of alve-
olar proliferation and the onset of differentiation to begin
milk production. Although s-SHIP promoter-driven GFP
reporter marks active MaSCs in both the puberty and
pregnancy stages [16], it is unknown whether pregnancy-
associated MaSCs come from the same stem cell popula-
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tion important for pubertal growth, or if a distinct MaSC
population exists or is responsible specifically for growth
during pregnancy. While the start of milk production
corresponds with the drop in MaSC numbers, sustained
milk production continues to affect the rate of MaSC
apoptosis, as when mothers do not nurse their young
MaSC numbers drop quicker than those who do nurse
their young [22]. Eventually, well after weaning of pups,
a statistically significant reduction in the percentage of
MaSCs has been observed in young but not old mice [22,
43, 44]. During pregnancy, MaSC expansion comes at a
cost of self-renewal capability. This was demonstrated
by Asselin-Labat et al. [42], who showed a defect in sec-
ondary gland reconstitution from donor cells taken from
pregnant mice. Thus, it is not surprising that by track-
ing MaSCs in individual mice using an in vivo model, a
smaller expansion of MaSCs has been observed in sec-
ond pregnancies [22].

Downstream of MaSCs, the progenitor/luminal popu-
lation also expands extensively and then involutes, but
with an understandably delayed onset compared to the
MaSCs [22]. By refining this population based on CD61
staining, it has been shown that the CD61" progenitors
do not rise in total number until later in pregnancy during
lactation [19, 42], which suggests that the first increase
in the combined CD24"CD29" population observed be-
fore pups are born [22] is likely to be CD61 cells. Since
CD61" progenitors do not express hormone receptors
but CD61  cells do [19], the initial rise of CD61 cells
is likely a direct effect of the hormone signaling, but the
second wave of CD61" proliferation is likely the result of
division of MaSCs into progenitors.

Given that mammary stem/progenitor cell dynamics
change extensively during puberty and pregnancy, it is
not surprising that the reproductive hormones estrogen,
progesterone and prolactin play important roles in this
regulation. In general, estrogen signaling is important
for ductal elongation during puberty [45] and also during
the early stages of pregnancy [40]; progesterone is also
important for the initial side branching observed early in
pregnancy [46] and prolactin is important for differentia-
tion late in pregnancy [47]. In each of these cases, indi-
rect paracrine signaling was shown to be important for
the expansion of the mammary gland, which is not sur-
prising since MaSCs and progenitors have been shown
to not express receptors for these hormones [19, 36] and
hormone receptor-positive cells generally do not read-
ily proliferate [48]. A number of regulators and down-
stream targets of these hormones have been identified
that control the growth and differentiation of MaSCs and
progenitors. For instance, the prolactin target STATSA
is necessary and sufficient for the formation of CD61"
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luminal progenitors in virgin mice [49, 50] while targets
ELF5 and GATA-3 are important during differentiation
of CD61" luminal progenitors during pregnancy [19, 51,
52]. With respect to MaSCs, the progesterone receptor
regulator C/EBPP is needed to maintain the MaSC pool
in virgin mice, and is also important during pregnancy [53,
54].

Another pathway that seems to be particularly im-
portant for MaSC expansion during pregnancy is the
RANK/NF-«xB pathway. It has been known that the
pregnancy-associated hormones progesterone, prolactin
and PTHrP increase the expression of the RANK ligand
(RANKL) [55] while knockout of RANK, RANKL or in-
hibition of the downstream kinase IKK results in a defect
in lobuloalveolar expansion and milk secretion during
pregnancy [55, 56]. This defect is largely due to impaired
activity of the cell cycle-promoting factor Cyclin D1
[56]. Recent evidence has begun to suggest this effect
is specific to MaSCs. Through expression profiling, it
was shown that RANK expression is elevated in MaSCs
during pregnancy or in response to hormone treatment,
while RANKL is expressed in luminal cells [42]. This
leads to the activation of the stem cell factor ID2 in
MaSCs. When pregnancy hormones were removed via
ovariectomy, a loss of RANK signaling was observed,
as well as a significant loss in the number of functional
MaSCs [42]. Notably, RANK inhibition directly limited
the colony-forming ability of sorted MaSC populations,
suggesting a functional role [42].

Given this evidence for the role of RANK/NF-«B sig-
naling in promoting alveolar cell proliferation through
activation of MaSCs, it is not surprising that this path-
way is often associated with breast cancer formation
[57]. Furthermore, this could help explain the propensity
for breast cancer metastasis to bone, since this pathway
constitutes an important part of the “vicious cycle” of
osteolytic bone metastasis [58]. Unfortunately, this path-
way is not alone among MaSC-regulatory factors that are
also important drivers of tumorigenesis. As such, mount-
ing evidence implicates a role for MaSC growth during
breast cancer formation.

MaSCs and breast cancer

Because of their relatively long life span and abil-
ity to undergo self-renewing divisions, adult stem cells
have been suggested as ideal candidates for the initial
transforming events that drive cancer formation. While
this has been demonstrated for leukemia [59], evidence
in solid tumors has not been as clear cut. It is impor-
tant to remember that breast cancer is a heterogeneous
set of diseases, each with their own etiology, course of

progression and outcome. Nevertheless, it is possible
that MaSCs could serve as the cell of origin for distinct
classes of breast cancer. Based on clustering analysis of
gene expression data from a cohort of human breast can-
cers, five major tumor types were identified [60, 61]. The
basal type of tumors is frequently (but not always) “triple
negative” for the expression of ER, PR and ErbB2/Neu.
Clinically this subtype of tumors is of great interest be-
cause it is associated with a poor patient prognosis [60,
61]. MaSCs also lack the expression of these receptors
[36], suggesting that they may be the tumor-initiating
cell. Additionally, a number of previously identified
regulators expressed by MaSCs such as Notch ligands,
p63 and components of the Wnt pathway are known to
be involved in basal-type tumors and are associated with
poor outcomes [62-64]. Furthermore, markers of the
epithelial-mesenchymal transition (EMT) are preferen-
tially expressed in the basal and claudin-low subtypes
of breast cancer [65-67]. Notably, multiple facets of the
EMT process are thought to play an important role in ex-
pansion and invasion of the MaSC-rich TEBs during de-
velopment [68], and it was also shown that forced EMT
produces mammary cells with stem cell and tumorigenic
characteristics [69]. More substantial investigation has
further implicated that transformation of mammary stem
or progenitor cells might drive tumorigenesis for dis-
tinct tumor types and ultimately effect patient prognosis.
Much of this evidence fits into the paradigm of tumor-
initiating cancer stem cells (CSCs).

It is believed that tumors, much like mature tissues and
organs, are comprised of a hierarchy of cells which con-
tain differing degrees of replicative and differentiation
capacity. CSCs are the subpopulation of a heterogeneous
tumor, which when separated and transplanted can self-
renew and differentiate into tumors matching the initial
degree of heterogeneity. The remaining tumor cells are
devoid of this property. By determining the identity of
the original cell population that was transformed to form
the CSC population, researchers will be able to identify
key steps early in the formation of various cancers, and
potentially reveal novel therapeutic targets which would
allow for analyzing the root cause of tumor formation.

Multiple features of stem/progenitor cells make them
likely candidates as the origin of CSCs. Stem/progenitor
cells generally are very long lived compared to com-
mitted cell populations, which would provide a greater
window for them to accumulate the multiple genetic
mutations necessary for transformation. Furthermore,
the self-renewal capability that stem/progenitor cells
possess predisposes them with the replicative potential
needed for overt tumor formation. Although stem cells
often have mechanisms to protect against DNA damage
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(such as asymmetric segregation of DNA strands), loss
of these protective mechanisms is often a hallmark of
tumor formation. Several lines of evidence suggest that
CSCs exist in tumors of other tissues/organs and may be
derived from stem/progenitor cells (reviewed in [70-72]);
however, only evidence concerning breast CSCs will be
discussed here.

In a landmark paper in 2003, Al Hajj et al. showed that
a subpopulation of human tumor cells with the surface
marker expression profile of CD44°CD24 " could form
heterogeneous tumors in serial transplantation assays
[73]. However, given the multiple mechanisms that can
drive breast cancer initiation, there are likely to be mul-
tiple different CSC populations with potentially different
cells of origin depending on the oncogenic event [7, 74].
Mouse models provide a simple way to evaluate different
transformation events. In p53” mice, there are elevated
numbers of MaSCs [31], and the MaSC marker profile
CD24°CD29" can enrich for breast CSCs [75]. However,
in the MMTV-WntI and p53” models, the mammary
progenitor marker CD61 enriched for breast CSCs [74].
Intriguingly, the CD61" cells in the MMTV-WntI tumors
showed some mammary repopulating ability normally
reserved for stem cell populations, suggesting that a re-
adoption or improper expression of stem cell characteris-
tics could be an early event during tumorigenesis in this
model. This could also explain the expansion of MaSCs
observed in pre-neoplastic tissue in this strain [7]. Breast
CSCs were also identified in MMTV-WntI mice by the
expression of CD24 and Thyl (Thyl has been used as a
stem cell marker in other tissues and organs). When pro-
filed, these cells produced a signature that was similar to
published MaSC gene expression signatures [76]. Other
global gene expression profiling analyses suggested that
the mouse MaSC signature correlated with not only the
MMTV-WntI tumors, but also p53” tumors [28]. The
CD61" luminal progenitor population most closely re-
sembled MMTV-Neu and MMTV-PyMT tumors, while
committed luminal cells resembled MMTV-Myc tumors
[28].

As for human breast tumors, a variety of evidence sug-
gests that MaSCs or progenitors may serve as the targets
for transformation. Because of the difficulty in perform-
ing transplantation experiments of pre-neoplastic tissue
with human tissues, gene expression profiling has often
been used as a surrogate to show common expression
patterns between normal mammary epithelial cells and
particular tumor types, suggesting a possible cell of ori-
gin. For instance, by globally profiling the miRNAs that
are differentially expressed between human breast CSCs
and non-CSCs, a set of miRNAs were identified that are
also differentially regulated between normal mammary
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gland stem/progenitor cells and committed cells [77]. In
particular, mir-200 was expressed in the non-stem cell
populations which suppressed Bmil expression that is
needed to promote self-renewal and block differentiation
[77]. Alternatively, a normal human MaSC signature was
shown to be up-regulated in either undifferentiated or
basal-like tumors [25]. However, using a different MaSC
isolation method, it was shown that MaSCs showed over-
lap in gene expression profiles with claudin-low/normal
breast-like tumors, while the luminal progenitors cor-
related highly with the basal cancer and committed lu-
minal cells looked most like the luminal subtype tumors
[27]. In the same study, Lim et al. were able to perform
transplantation experiments from pre-neoplastic tissue
similar to the experiments performed with mouse models
by taking tissues from breast cancer-susceptible Brcal
mutation carriers. It was suggested that in Brcal carriers
luminal progenitor cells served as the targets for tumori-
genesis [27]. Both BRCA1 and BRCA2 have previously
been implicated in the normal differentiation process of
the mammary gland [78, 79]. Interestingly, in the Lim et
al. study, the Brcal mutation carriers had lower MaSC
numbers but higher numbers of luminal progenitors in
normal glands. However, the progenitors from Brcal mu-
tation carriers showed higher colony-forming ability than
non-carriers (and even showed higher colony-forming
ability than MaSCs in the absence of the growth supple-
ment B27), suggesting an altered mammary hierarchy
resulting from either stem or progenitor cell dysfunction.
In addition to these experimental studies, a variety of
long-term observational studies have revealed associa-
tions suggesting that MaSCs or progenitor cells play an
important role during tumorigenesis. For instance, many
years after the massive radiation exposure of the nuclear
bombs dropped on Hiroshima and Nagasaki, the cohort
of women who showed the highest incidence of subse-
quent breast cancer development were those entering
puberty at the time of the bombs, when MaSC activity
is expected to be elevated [80, 81]. Additionally, breast
cancer was the most frequent cancer in women who re-
ceived chest irradiation during adolescence for treatment
of Hodgkin’s disease [82, 83]. Some of the strongest ob-
servational evidence, though connecting mammary stem/
progenitor cells with breast cancer, focuses on the role of
pregnancy in affecting breast cancer susceptibilities.

Pregnancy, breast cancer and MaSCs

For many years, epidemiological studies have dem-
onstrated that an early, full-term pregnancy at young
age is the only feature known to lower the lifetime risk
of breast cancer without respect to race or ethnicity [4,
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84-87]. Women who are younger than 24 years old at
the time of their first full-term pregnancy are protected
against developing breast cancer much later in life, while
women over the age of 35 are ultimately at an increased
risk [88, 89]. However, immediately following the first
full-term birth, women are at an increased risk of devel-
oping breast cancer [90], which in younger women lasts
around 10 years, but in older women lasts longer [91].
Pregnancy generally protects against the development
of ER/PR(+) tumors, while the tumors that form shortly
after pregnancy usually do not express these hormone
receptors [84, 92, 93] and are generally more aggressive.
Because pregnancy results in such a strong, universal
long-term protective effect against developing breast
cancer, understanding the mechanism behind this effect
could provide ideal targets to mimic this natural protec-
tive mechanism. Fortunately, this phenomenon is also
observed in a variety of rodent models of chemically in-
duced mammary tumors [4, 94], opening avenues to pur-
sue experimental channels to understand the mechanism.

In general, there are four somewhat overlapping expla-
nations to account for the protective effect (reviewed in
[84]), all of which involve the impact on MaSCs to vary-
ing degrees (and are not mutually exclusive). Pregnancy
could alter the levels of circulating hormones within the
mammary gland, alter the hormone responsiveness of the
cells within the gland itself, promote a more differenti-
ated, growth-refractory state of the gland as a whole, or
alter the number of MaSCs which could serve as the tar-
gets for transformation. Here, we will focus primarily on
the role of MaSCs as the targets for transformation and
how this may lead to an increased risk of developing ag-
gressive ER/PR(—) tumors shortly after pregnancy and a
decreased risk of developing ER/PR(+) tumors long after
weaning (Figure 2).

Two recent reports have shown in mouse models that
a significant expansion of MaSCs occurs during pregnan-
¢y, peaking before the time that pups are born [22, 42].
A number of features of tumors that form shortly after
pregnancy suggest that direct transformation and expan-
sion of MaSCs may drive the formation of these tumors.
As mentioned above, pregnancy-associated tumors are
ER/PR(-), similar to MaSCs themselves. Furthermore,
tumors forming shortly after pregnancy in humans show
elevated Her2 levels while showing decreased expression
of the cell cycle inhibitor p27 and decreased levels of the
p27 inducer BRCA1 [95]. Numerous pieces of evidence
suggest that these may be critical effectors in transform-
ing MaSCs during pregnancy.

With respect to Her2/Neu, tumors from MMTV-Neu
transgenic mice are ER(—) and are composed of a fairly
homogeneous population of luminal cells. Intriguingly,
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Figure 2 Potential roles of MaSCs during pregnancy and tum-
origenesis. (A) In the normal virgin mammary gland, ER/PR(-)
MaSCs (green) exist in a relative balance with ER/PR(+) mature
cells (blue, red). (B) During pregnancy, the number of MaSCs
expands due to symmetric self-renewing divisions. This large
pool of MaSCs may serve as the direct targets of transforma-
tion for ER/PR(-) tumors, leading to a short-term increased risk
of breast cancer. (C) After weaning, through differentiation and
involution, the number of MaSCs is lower than the resting gland
and the remaining MaSCs have lower self-renewal ability. This
lowers the overall risk for developing ER/PR(+) breast cancers,
which may result either from transformation of MaSCs, which
as they differentiate require additional oncogenic mutations to
compensate for the reduced self-renewal ability before forming
tumors, or from the direct transformation of ER/PR(+) commit-
ted cells.

pregnancy-associated tumors which arise in the MMTV-
Neu strain are derived from the stem cell-containing PI-
MEC population [96]. Within the MMTV-Neu tumors,
there are cells that could divide and produce cells which
simultaneously expressed both luminal and myoepithe-
lial cytokeratin markers, even though the tumors them-
selves were primarily luminal [97]. This suggested that
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the tumors retained some degree of stem/progenitor cell
activity, which is understandable given that MMTV-Neu
tumors show a loss of p53 which is linked to deregulated
stem cell asymmetric division [31].

One critical mediator of Neu-driven pregnancy-
associated breast cancer that affects MaSCs is Cyclin
D1. Cyclin D1 knockout mice show defects in lobuloal-
veolar development and lactation during pregnancy and
are refractory to tumor development when crossed with
the MMTV-Neu strain [98-100]. The inactive Cyclin
D1 KI112E mutant shows a specific defect in PI-MEC
cell self-renewal and differentiation during pregnancy
[101], suggesting lower numbers of cells susceptible to
tumor development. Not surprisingly, this strain also in-
hibits MMTV-Neu-driven tumor formation [101]. While
mammary glands from these mice showed lower mam-
mary reconstitution frequency, it appeared there was a
specific defect in colony-forming progenitor cells, rather
than MaSCs themselves [101]. Because the transgenic
MMTYV promoter for these experiments is pregnancy
hormone responsive, the data observed with the MMTV-
Neu mice in relation to pregnancy should be interpreted
cautiously until further confirmation is shown through
more advanced knockout, conditional overexpression or
lentiviral overexpression experiments.

In addition to Her2/Neu, another factor important for
MaSCs that may help explain the increased risk of devel-
oping aggressive tumors shortly after pregnancy is BR-
CA1l. BRCALI tumors are typically ER/PR negative bas-
al-type and tumor-initiating CSCs from BRCA1 mutation
carriers can be isolated using markers of normal MaSCs
[102]. BRCAL is expressed in MaSC-enriched TEBs of
the developing mouse mammary gland and its expression
is elevated during pregnancy by combined stimulation
of estrogen and progesterone [78]. Functionally, BRCA1
knockdown led to an increased amount of secondary and
tertiary mammosphere formation and led to improper
differentiation in vivo [103]. Not surprisingly, BRCA1
levels are reduced by 33% and p27 levels are reduced by
89% in pregnancy-associated breast cancers [95]. Taken
together, these observations suggest that changes in p53,
Her2/Neu and BRCAL1 expression in the expanded MaSC
compartment may contribute to the increased risk of de-
veloping tumors shortly after giving birth (Figure 2B).
These and other factors may also play a role in changing
MaSC levels to protect against developing breast cancer
long after pregnancy.

As mentioned above, many years after giving birth at
young age, women develop ER/PR(+) breast cancers at a
decreased rate compared to women who have not under-
gone a full-term pregnancy. Multiple studies have con-
firmed that in young mice, pregnancy ultimately decreas-
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es the number of MaSCs in the mammary gland [22, 44].
Again, if MaSCs are the targets for transformation, this
could help explain the lower breast cancer rates in wom-
en having undergone a full-term pregnancy. Notably, this
effect dissipates with increased age at the time of first
pregnancy [88, 104], and in the mouse model pregnancy
in older mice did not result in decreased MaSC numbers
[43]. However, unlike the tumors that form shortly after
pregnancy, the protective effect long after pregnancy is
against ER/PR(+) tumors, suggesting that in such cases
mutations that occur in MaSCs may not directly lead to
transformation, but could lead to tumor formation upon
further oncogenic challenges in downstream progenitors
(Figure 2C). This may partly be explained by the obser-
vation of altered self-renewal in MaSC populations after
one full-term pregnancy and smaller expansion in succes-
sive pregnancies [22, 42]. This suggests that the cells that
remain after involution of the gland are not as growth-
competent and thus it may take more oncogenic insults
to form tumors. A similar change in the characteristics
of MaSCs after pregnancy has been proposed in human
mammary glands, where pregnancy is known to result in
the progression of Lobl TDLUSs into more differentiated
Lob2, Lob3 and Lob4 structures. Russo et al. suggested
that pregnancy results in a conversion of “Stem Cells 1”
found in the undifferentiated Lobl structures into more
differentiated “Stem Cells 2” (roughly equivalent to
mouse PI-MECs) found in more differentiated structures
[4] which are resistant to tumor formation. When tumors
do arise in the more differentiated TDLUs, they are less
malignant.

If lowering the number of MaSCs is crucial for the
pregnancy-associated breast cancer protection, then de-
regulation of the apoptotic machinery in MaSCs during
involution or promotion of stem cell growth should cor-
relate with a loss of the protective effect. (It is already
known that improper apoptosis after hormone level de-
crease during the estrus cycle promotes tumorigenesis in
progenitor cells in a transgenic model [105].) Not sur-
prisingly, p53 activity, which is important for the normal
involution process after pregnancy, is required for parity-
dependent breast cancer protection, while loss of p53
leads to an increase in MaSC activity through increased
symmetric cell divisions [31, 106].

Perspectives

With the discovery of new markers to better iden-
tify and track MaSCs, clear insights have been gained
regarding the role of MaSCs during developmentally
important processes such as puberty and pregnancy.
However, our understanding of the role of MaSCs in tu-
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morigenesis remains opaque compared to other systems.
In order to better elucidate this role, future studies will
greatly benefit from attempts to further refine the makers
used to isolate MaSC populations to better purify MaSC
fractions (and possibly distinct fractions important for
gland elongation during puberty versus gland expansion
during pregnancy). Additionally, it will be important
to be able to better track MaSC populations in vivo to
directly test their susceptibility to transformation in par-
ticular forms of breast cancer. By doing so, researchers
will be able to ascertain how regulating MaSC numbers
during pregnancy ultimately impacts parity-associated
breast cancer risk and also begin to determine which of
the key signaling pathways important for MaSCs in de-
velopment also play a role during tumorigenesis. These
insights will be particularly important in coming years
given that women are electing to have children later in
life, which results in a decreased or mitigated protective
effect. Therefore, research to understand the mechanisms
behind the protective effect will hopefully lead to the
ability to better predict breast cancer susceptibility in
high-risk patient groups during pregnancy and potentially
even strategies to induce or enhance this protective effect
when needed.
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