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Summary
The mammary stem cell and its local microenvironment are central for the maintenance of proper
tissue homeostasis during normal development. Defining the hierarchical organization of the
epithelial subtypes in the mammary gland and the molecular pathways guiding their development
has begun to provide a framework for understanding how cancer stem cells sustain the progression
and heterogeneity of breast cancers. The Wnt pathway plays a fundamental role in multiple adult
stem cells, as well as in orchestrating proper mammary gland development and maintenance. These
processes are intricately guided by the influence of systemic hormones and local factors. Alterations
in Wnt signaling can skew the homeostatic balance of the mammary epithelium to drive malignant
progression; however, complexities of Wnt pathway components present a challenge in
understanding their physiological function.

Introduction
Both systemic hormones and local factors are essential for orchestrating the dynamic changes
that occur throughout stages of mammary development, particularly during puberty, estrous
cycling, and pregnancy. While systemic hormones act as global mediators within the mammary
gland, they rely on the production of local factors through paracrine interactions for the
coordination of proper morphogenesis and differentiation [1]. Mammary stem cells (MaSCs)
are the key drivers of self-renewal and differentiation throughout development, particularly in
active growth phases, but these cells are also essential for the maintenance of tissue homeostasis
[2]. The niche, hypothesized as the local tissue microenvironment, is essential to maintain and
regulate stem cells within the mammary gland [3]. The existence of MaSCs was demonstrated
many decades ago by reconstitution of the mammary gland after transplantation of a mammary
epithelial fragment into the cleared fat pad [4]. Recent studies have identified functional MaSCs
by surface marker expression followed by mammary reconstitution assays, leading to a
preliminary understanding of the hierarchical organization of epithelial subtypes that comprise
the mammary ductal tree [2]. This has facilitated the investigation of the molecular signaling
pathways regulating MaSC self-renewal and lineage commitment. Of interest, Wingless
Related Protein (Wnt) signaling is a likely niche factor and regulator of MaSC dynamics, yet
how these signals integrate with systemic hormones and local growth factors remains an
unresolved question.
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Similar to normal tissues, the cancer stem cell theory suggests the existence of cells within
breast cancers that possess “stem-like” qualities in their ability to self-renew and differentiate,
albeit in a deregulated manner, ultimately sustaining tumor progression and driving tumor
heterogeneity [5]. The fact that tumorigenesis, in many ways, may follow the hierarchical
nature of an adult tissue, suggests that similar or related pathways are involved in both MaSC
and cancer stem cell (CSC) dynamics. Specifically, Wnt signaling pathways play important
roles in multiple aspects of both MaSC and CSC biology. In this review, we will summarize
the recent literature on the contribution of Wnt signaling in mammary development and MaSC
dynamics, with an emphasis on how these factors are tightly integrated with hormonal cues,
as well as the relevance of Wnt pathway activation in breast cancer.

Estrogen(E) Receptor/Progesterone(P) Receptor and Mammary Epithelial
Cell Dynamics

The hierarchical model of mammary gland development proposes the existence of stem and
progenitor cells, which are under tight control of both cell intrinsic and extrinsic cues, and give
rise to the mature mammary epithelium of either the luminal or basal/myoepithelial lineage by
a series of lineage-restricted events [7]. The luminal compartment is divided into cells that are
either positive or negative for both the Estrogen Receptor α (ERα) and Progesterone Receptor
(PR), while the basal/myoepithelial compartment is negative for both ERα and PR. Though
ERα positive luminal cells rarely proliferate, they relay proliferative signals via local paracrine
factors to ERα negative cells in response to systemic ovarian hormones [8,9]. Currently,
significant challenges exist in understanding the complex interactions between MaSCs, their
more committed progeny, and differentiated epithelial cells, all of which are required to
maintain MaSC activity and the functional integrity of the mammary gland. To date, only a
few of the paracrine mediators of hormonal action have been identified, including
Amphiregulin [10,11], Receptor Activator for Nuclear Factor κB Ligand (RANKL) [12], and
Wnt4 [13,14]. Other Wnt proteins likely represent important mediators of hormone action, yet
their specific functional roles have yet to be defined.

Wnt Signaling
Wnts represent a family of secreted glycoproteins with diverse expression patterns and
functions. The best-characterized Wnt pathway is Wnt/ß-catenin-dependent signaling (Figure
1) (reviewed in [15]). This so-called “canonical” pathway signals through seven-pass-
transmembrane-spanning receptors, designated Frizzled (Fzd), in addition to co-receptors that
belong to the LDL-receptor-related protein family (Lrp5/6). When Wnts bind to this receptor
complex, the destruction of a multiprotein complex containing gycogen synthase kinase-ß
(GSK-3ß), axin, and adenomatous polyposis coli (APC) occurs, which stabilizes ß-catenin and
allows it to interact with the nuclear Lymphoid Enhancer Factor/T-Cell-Specific Transcription
Factor (LEF/TCF) family of transcription factors and activate downstream target genes. The
Wnt/ß-catenin-independent pathway, on the other hand, involves multiple receptors and
downstream signals distinct from ß-catenin (Figure 1) (reviewed in [15]). These pathways can
signal through Fzd receptors, independent of Lrp5/6, to mediate planar cell polarity or calcium
fluxes. In addition, the single-pass transmembrane receptor tyrosine kinases of the Ror and
Ryk families represent newly discovered Wnt/ß-catenin-independent receptors. Under cell-
type specific and context-dependent circumstances, Wnt/ß-catenin-independent pathways can
inhibit the Wnt/ß-catenin-dependent pathway. Moreover, secreted Wnt inhibitors such as Wnt
inhibitory factors (Wifs) and secreted frizzled-related proteins (Sfrps) can modulate Wnt
signaling by sequestering Wnts from their receptors. The large number of Wnt ligands, Fzd
receptors, co-receptors, co-mediators, and downstream effectors indicates the enormous
complexity of Wnt signaling. Wnt/ß-catenin-dependent and -independent signaling pathways
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are most likely highly integrated within any given context, dictated not only by the ligand-
receptor interaction, but the downstream effectors engaged [16].

Wnts in Mammary Development
Evidence for a role of Wnt signaling in mammary morphogenesis was first suggested by the
differential expression patterns of Wnt4, Wnt5a, Wnt5b, Wnt6, and Wnt7b at different stages
of development [17,18]. The temporal and spatial expression patterns of multiple Wnt ligands
highlight their potential non-redundant functions in patterning and tissue homeostasis. To
identify candidate regulators of branching morphogenesis, Werb and colleagues used genome-
wide transcript analysis to identify the spatial localization of individual Wnt proteins within
the mammary ductal tree [19], complementing earlier studies [20]. In situ hybridization
revealed specific enrichment and localization of Wnt2, Wnt5a, and Wnt7b to the terminal end
bud (TEB) microenvironment, while other Wnts (Wnt4, Wnt5b, Wnt6) were localized to both
the TEB microenvironment and mature ducts. More recently, Smalley and colleagues
demonstrated that Wnt4, Wnt5a, and Wnt7b were enriched within the luminal ERα positive
fraction of the mammary epithelium by transcriptome analysis of mammary epithelial
subpopulations [21], in agreement with another study by Visvader and colleagues [22]. These
data suggest a scenario where the ERα positive sensor cells [1] secrete specific Wnt ligands,
either directly or indirectly, in response to reproductive hormones (Figure 2). The identification
of the receiving cell within the epithelial hierarchy, along with the specific receptor milieu
present in these cells will be a critical first step to unraveling the possible Wnt/ß-catenin-
dependent and -independent interactions. Given the evidence for a role of Wnt signaling in the
development of many complex tissues [23], the involvement of individual Wnts in the
patterning of the mammary gland is highly likely.

Of the Wnt ligands expressed in the mammary gland, roles for Wnt4 and Wnt5a have been
assigned in directing branching morphogenesis during distinct developmental periods. During
pubertal development, Wnt5a regulates branching morphogenesis and terminal end bud
proliferation [24]. Historically a noncanonical Wnt, Wnt5a might function to negatively
modulate Wnt/ß-catenin activity and localization within the mammary gland. Wnt4, on the
other hand, is required downstream of progesterone to mediate the side branching that occurs
during early to mid pregnancy. Ectopic expression of Wnt4 via retroviral delivery is able to
induce precocious side branching in the virgin, similar to that seen in early pregnancy [25].
Moreover, Wnt4-/- mammary glands exhibit defects in branching morphogenesis in early
pregnancy, analogous to the PR knockout. Interestingly, both Wnt4 and PR colocalize to the
luminal compartment of the ductal epithelium [13].

Wnt Modulation of Hormonal Function
Developmental regulation of the mammary gland can be partitioned into stages that are either
estrogen-dependent (puberty) or those that are progesterone-dependent (pregnancy).
Expression of multiple Wnts during both puberty and pregnancy clearly suggest that they
mediate functional development, in some capacity, during these stages; however, Wnt signals
seem to primarily regulate progesterone function rather than estrogen function [13,14,26]. For
example, ectopic expression of Wnt1 is able to rescue the side-branching defect in PR-/-
mammary glands through a paracrine-mediated mechanism. Wnt4 is recognized as the
physiological Wnt involved in mediating progesterone action. Wnt4-/- glands early in
pregnancy are characterized by an absence of branching. Moreover, within the luminal
compartment, PR and Wnt4 are colocalized, and Wnt4 is induced by exogenous progesterone
stimulation [13,14,26].

In addition to signaling through Wnt4, PR seems to control the pattern of ß-catenin response
in the mammary epithelium. ß-catenin functions as a key effector of canonical Wnt signaling.
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While ectopic expression of a constitutively active ΔN89-ß-catenin induces precocious
alveolar development in the virgin, absence of PR restricts alveolar expansion to the ductal
tips [27,28]. Progesterone, therefore, dictates at least a subset of the ß-catenin response. From
these data, PR might orchestrate the patterning of ß-catenin responsive progenitor populations
along the lateral ducts (Figure 2) [27]. In the MMTV-ΔN89-ß-catenin model, activity of the
canonical Wnt reporter Conductin/Axin2-LacZ is observed solely within a hormone receptor
negative luminal population, presumably representing the alveolar progenitors [29].
Additionally, PR regulates another factor downstream of ß-catenin, pygopus homolog 2
(Pygo2), which is involved in controlling ß-catenin response in the nucleus [27,30]. Indeed,
other studies highlight ß-catenin as a necessary effector for alveolar development during
pregnancy, independent of side-branching. For example, inhibition of ß-catenin, either through
tetracyclineinducible expression of the negative regulator Axin, or a dominant-negative form
of ß-catenin, results in the inhibition of lobulo-alveolar development during pregnancy [31,
32]. Taken together, these results demonstrate the essential role for Wnt/ß-catenin dependent
signaling during pregnancy; however, the contribution of individual Wnts during pregnancy
is still not well defined.

Lrp5/6: Canonical Wnt in MaSC Self-Renewal
Perhaps the most definitive evidence for a role of Wnt/ß-catenin in MaSC dynamics comes
from loss-of-function studies of the Wnt co-receptors Lrp5 and Lrp6. Canonical Wnt signaling
requires the presence of Lrp5/6 in conjunction with Frizzled receptors, unlike Wnt/ß-catenin-
independent mechanisms. Lrp5-/- mammary glands exhibit fewer TEBs and diminished side
branching, presumably as a result of dampened Wnt/ß-catenin activity within MaSCs or
progenitors residing in the cap cell layer of the TEB [33]. Accordingly, Lrp5-/- cells display a
significant loss in repopulating ability by limiting dilution transplantation. Lrp6, like Lrp5, is
required for normal development, yet only TEB number and branching defects are evident in
Lrp6 deficient mammary glands [34]. Intriguingly, both Lrp5 and Lrp6 expression reside in
the basal compartment of the mammary epithelium, suggested to be the location of the MaSC
(Figure 2) [34,35]. When separated by the degree of Lrp5 expression, Lrp5 high cells exhibit
enriched MaSC activity [35], indicating that the Lrp5 high population represents the most
competent Wnt responsive cell fraction with increased repopulating ability due to its enhanced
self-renewing capacity. Moreover, ablation of Lrp5 significantly reduces the percentage of
cells within the basal compartment of the mammary gland, suggesting that Wnt/ß-catenin-
dependent signaling might also direct cell fate decisions in addition to conferring self-renewal
properties [35].

Hormones Modulate Stem Cells: Wnt Participation
Two recent studies have highlighted the direct influence of ovarian hormones on MaSC
function and the potential implications of this interaction on breast cancer risk. In a study by
Visvader and colleagues, ovariectomy drastically impaired MaSC activity, while E plus P
treatment were able to augment this activity [36]. Intriguingly, while ovariectomy reduced the
size of the luminal compartment (CD29loCD24+), the MaSC-enriched compartment
(CD29hiCD24+) remained unchanged. Upon transplantation of the MaSC-enriched
populations from ovariectomized and control mice into the cleared mammary fat pads of host
mice, the re-populating ability of the ovariectomized MaSC-enriched population decreased
4.3-fold relative to controls. While the MaSC fraction lacked ER/PR, this compartment was
highly responsive to alterations in hormone status, highlighting the need to identify the key
paracrine mediators of this regulation.

Similarly, a separate study evaluated MaSC changes throughout stages of estrous in the mouse
[37]. In particular, a 14-fold increase in the MaSC pool was observed at diestrous, when P
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levels peak. In agreement with previous studies [36], RANKL was identified as a putative
paracrine mediator of MaSC expansion in response to progesterone; however, Wnt effectors
were also identified. In particular, when sorted luminal and basal cell fractions from estrous-
staged or hormone-treated (E and P) mice were analyzed by quantitative gene analysis, Wnt4
and RANKL were induced solely in the luminal cell fraction, while Lrp5 was induced primarily
in the basal fraction. Moreover, the Wnt target Axin2 was induced in both luminal and basal
fractions with E and P treatment. Together, the data emphasize that hormones strikingly
modulate MaSC dynamics, and though indirect, RANKL and Wnt effectors act as primary
mediators of steroid hormone signals [37]. Since Wnts are implicated in this response, this
suggests that sustained exposure to hormones over repeated estrous cycles, or in the short-term
during pregnancy, might confer an increased breast cancer risk as a result of deregulation in
self-renewal pathways over time.

When Wnt Signaling Goes Awry: Implications in Breast Cancer
In many malignancies, mutations in Wnt pathway mediators like Adenomatous polyposis coli
(APC), Ctnnb1(ß-catenin), and Axin, are frequently observed and play a critical role in their
pathogenesis; however, these overt Wnt pathway mutations are rarely observed in breast
cancer. Instead, excessive Wnt pathway activation is likely to contribute to the pathogenesis
of breast cancer. For example, the downregulation of the secreted Wnt inhibitors, secreted
frizzled-related proteins (Sfrps), are observed in breast cancer [38-40]. Mouse models
expressing both Wnt1 and stabilized ß-catenin (ΔN89-ß-catenin) in the mammary gland have
provided strong evidence for the implications of excessive Wnt pathway activation in breast
cancer. In particular, while these models seem to target two distinct progenitor compartments
and activate the Wnt/ß-catenin pathway in each [29], they both exhibit an enrichment in stem/
progenitor cell fractions, likely by altering self-renewal and differentiation networks within
these populations [29,41-44]. From a therapeutic standpoint, there is also ample evidence that
demonstrates Wnt/ß-catenin signaling mediates the radiation-resistance of mammary
progenitor cell populations [45,46].

Interestingly, Lrp6 expression is now recognized to be higher in triple-negative breast cancers,
lacking ER, PR and HER2 [47]. The inhibition or overexpression of Lrp6 attenuates or
augments, respectively, Wnt activation, proliferation, and in vivo tumor growth, emphasizing
the potential therapeutic benefit of targeting Lrp6 in triple-negative forms of breast cancer. An
independent study also has documented the elevated expression of Lrp6 particularly within
basal-like/triple-negative breast cancers, with Lrp5 showing a similar correlation [34].
Moreover, a Wnt signature derived from lung metastases in an orthotopic model of human
breast cancer strongly overlaps with the same breast cancer subtype [48]. These data suggest
that Lrp6, in particular, might promote the de-regulated self-renewal and differentiation of
tumors categorized within the basal-like/triple-negative group. Nuclear and cytoplasmic
accumulation of the Wnt effector ß-catenin is also preferentially associated with basal-like
breast cancers [49]. Both cytoplasmic and nuclear localization of ß-catenin were able to predict
poor survival. Moreover, simultaneous expression of nuclear/cytoplasmic ß-catenin along with
CD44+/CD24- cell populations indicates that these tumors are also enriched for CSCs. While
ß-catenin localization alone does not necessarily dictate Wnt/ß-catenin activity, together with
Lrp6 expression in basal-like/triple-negative breast cancers, these data strongly suggest the
importance of Wnt/ß-catenin activity within this breast cancer subtype. This is consistent with
the hypothesis that Wnt signals support the growth of hormone-independent breast cancers and
may provide a therapeutic opportunity specifically for the basal-like/triple-negative breast
cancers, where steroid hormone receptor and HER2-based therapies are ineffective.
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Conclusions
MaSC and CSC populations exhibit striking parallels in their self-renewal and differentiation
capabilities. Just like the MaSC is able to give rise to more differentiated progeny that
comprises the ductal, alveolar, and myoepithelial lineages, CSCs differentiate into
phenotypically diverse populations with limited proliferative potential that comprise the tumor
bulk. Wnt signaling clearly represents a pathway that regulates normal MaSC dynamics, and
its dysregulation results in neoplastic transformation. We have provided a picture where Wnt
signals, at multiple levels, seem to be intricately involved in the hormonal cues governing
mammary development and tumorigenesis. Importantly, not all Wnts and their receptors are
created equal. Current characterization of Wnts in MaSC and CSC biology largely describes
the Wnt/ß-catenin-dependent arm of signaling; however, the identification and characterization
of ß-catenin-independent components is still evolving. Unraveling the complexities of Wnt
pathway components in both MaSC and CSC dynamics should shed some light on potential
therapeutic applications of targeting this important pathway in breast cancer.
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Figure 1. Wnt Signaling: A Basic View
Wnt signaling is broadly divided into ß-catenin-dependent and ß-catenin-independent
pathways. The ß-catenin-dependent pathway is involved in the stabilization of ß-catenin by
the dissociation of a destruction complex that normally phosphorylates and targets ß-catenin
for degradation. These signals require Fzd receptors to recruit the LRP co-receptor. ß-catenin-
independent pathways encompass a broad range of outputs, dictated by the receptor context
and downstream signals chosen. The newly discovered receptor tyrosine kinases Ror and Ryk
provide another level of Wnt regulation in addition to Fzd. Within the Wnt family, there are
19 individual Wnt genes along with 10 different Frizzled receptors, illustrating the complexity
governing this pathway and the multitude of Wnt-receptor combinations. The secreted Wnt
inhibitors, Sfrps and Wifs, can regulate signaling in the extracellular space by sequestering
Wnts away from their receptors. Wnt/ß-catenin-independent pathways can antagonize the ß-
catenin-dependent pathway, revealing that these pathways are far more integrated than
originally thought.
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Figure 2. Wnts as Paracrine Mediators
ERα/PR positive cells provide extrinsic cues to ERα/PR negative cells to allow them to
proliferate (Ki67). In addition to known paracrine mediators of hormonal action in the
mammary gland, such as amphiregulin downstream of estrogen (E-dependent) and RANKL
downstream of progesterone (P-dependent), Wnt ligands represent candidate mediators of
mammary development. Wnt4 is the best-characterized Wnt, known to facilitate progesterone
actions. The role of other Wnts remains unclear. The biological output of secreted Wnts
depends on the receptor repertoire of the receiving cell along with the given developmental
context. Lrp5/6 resides in the basal cell layer and is a marker of MaSCs, indicating the presence
of Wnt/ß-catenin-dependent signaling in this compartment. Secreted inhibitors like Sfrps and
Wifs can also modulate Wnt signaling by sequestering Wnts from their receptors (not shown).
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