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Abstract: The Wnt pathway has emerged as a key signaling cascade participating in mammary
organogenesis and breast oncogenesis. In this review, we will summarize the current knowledge of
how the pathway regulates stem cells and normal development of the mammary gland, and discuss
how its various components contribute to breast carcinoma pathology.
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1. Introduction

The mouse mammary gland has been extensively studied as a model for breast cancer, for
investigating the mechanisms underlying branching morphogenesis, as well as for studying adult
stem cell behaviors orchestrated by systemic hormones and local growth factors (reviewed in [1–3]).
It was through scrutinizing certain strains of laboratory mice that were highly susceptible to mammary
tumors, in which the disease was usually transmitted from mothers to progeny through their milk, that
the Mouse Mammary Tumor Virus (MMTV) was identified [4–6]. To identify genes that were activated
due to viral insertion, MMTV mammary tumors and normal mammary tissues were compared, leading
to the discovery of the first mammalian Wnt gene, int-1, later called Wnt1 [7]. The identification of
the Wnt1 gene was amongst the great advances in the discovery of proto-oncogenes; it also represents
the starting point of the Wnt field [8]. Wnt1 encodes a secreted growth factor that activates a highly
conserved signaling cascade. Since 1982 many Wnt family members and pathway components
have been uncovered and implicated in a broad spectrum of biological events. In this review, we
will summarize the recent literature on the prominent contribution of Wnt signaling to mammary
development, with an emphasis on recent studies that provide insights into how Wnt signaling is
integrally involved in mammary stem cell maintenance, basal cell fate determination, and basal-like
type breast cancer.

2. Wnt Signaling Cascades

Human and most mammalian genomes harbor 19 Wnt genes, falling into 12 evolutionarily
conserved Wnt subfamilies [9]. Wnt proteins are secreted cysteine-rich glycoproteins sharing a
high degree of sequence homology. Wnt ligands initiate signal transduction through engaging a
heterodimeric receptor complex consisting of a Frizzled (Fzd) family transmembrane receptor and a
member of Lrp5/6 (low density lipoprotein related proteins 5 or 6) family. Wnt-Fzd interactions are
promiscuous in nature, with a single Wnt capable of binding to multiple Fzd proteins and vice versa.
The intracellular signaling activated by Wnt proteins is organized into two categories: canonical and

Cancers 2016, 8, 65; doi:10.3390/cancers8070065 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
http://www.mdpi.com/journal/cancers


Cancers 2016, 8, 65 2 of 26

non-canonical. These mechanisms have been the subject of numerous reviews [9–12] and therefore
will only be described here briefly.

2.1. Canonical Wnt Signaling

The defining feature of activated canonical Wnt signaling is the nuclear accumulation of β-catenin,
hence canonical Wnt signaling is often referred to as Wnt/β-catenin signaling. Thus far, Wnt/β-catenin
signaling remains the most studied and the best understood response to Wnt ligand stimulation.
In brief, in the absence of Wnt ligand binding, newly synthesized β-catenin is targeted for destruction
by a complex comprising two scaffolding proteins: tumor suppressors adenomatous polyposis coli
(APC) and Axin (Axin1 or Axin2); and two kinases: casein kinase 1(CK1) and glycogen synthase
kinase 3β (GSK3β). β-Catenin is sequentially phosphorylated by the kinases [13], followed by
ubiquitination and subsequent degradation by the 26S proteasome [14]. Upon Wnt binding to the
receptor complex, phosphorylated Lrp5/6 receptor directly interacts with Axin, while Fzd binds to
an Axin-binding protein, Dishevelled (Dvl), resulting in the inactivation of the destruction complex,
hence inhibiting β-catenin degradation. Consequently, β-catenin accumulates in the cytoplasm and
enters the nucleus where it binds a TCF (T-cell factor)/Lef family transcription factor for target gene
activation [15]. The vertebrate genome encodes four highly similar TCF/Lef proteins. In the absence of
β-catenin, TCF/Lef proteins repress target genes through direct association with co-repressors such as
Groucho. Once β-catenin enters the nucleus, it replaces Groucho and interacts directly with TCF/Lef
factors as well as co-activators such as B-cell lymphoma 9/Legless (BCL9/LGS) and Pygopus (pygo),
promoting transcription of target genes [16]. The canonical Wnt cascade participates in a broad range
of biological processes by regulating a large number of target genes. In the context of the mammary
gland, microarray profiling has been performed in MMTV-Wnt1 mammary tissue [17] and in normal
mammary cells cultured with Wnt3a [18]. Numerous Wnt target genes have also been documented
in individual studies (see Table 1 for a partial list). Some of these are known to be direct targets of
β-catenin/TCF binding, while others may be upregulated by indirect mechanisms. As research in this
field advances, this target gene list is being continuously revised and expanded.

Table 1. Wnt target genes in the mammary gland.

Gene Name Species Reference

Lef1 (Lymphoid enhancer binding factor 1) Mouse, Human [19,20]
Fzd7 (Frizzled class receptor 7) Mouse, Human [21]
Axin2 Mouse, Human [20,22–24]
Ccnd1 (Cyclin D1) Mouse, Human [20,23]
c-Myc (Myelocytomatosis oncogene) Mouse, Human [20,23]
Dkk1(Dickkopf Wnt signaling pathway inhibitor 1) Mouse, Human [20]
LBH (Limb bud and head) Mouse, Human [25,26]
Lgr5 (Leucine rich repeat containing G protein coupled receptor 5) Mouse, Human [20]
Tgif1 (TGF β-induced factor homeobox 1) Mouse, Human [20]
Cox-2 (Cyclooxygenase-2) Mouse [27]
EphrinB1 Mouse [28]
Msln (Mesothelin) Mouse [29]
Postn (Periostin) Mouse [30]
Procr (Protein C Receptor) Mouse [18]
Stromelysin-1 (Mmp3, Matrix metallopeptidase3) Mouse [29]
Wisp1 (Wnt-1 induced secreted protein 1) Mouse [31]
Wrch1 (Rhou, ras homolog family member U) Mouse [32]
VIM (VIMENTIN) Human [33]
TWIST Human [34,35]
SLUG (SNAI2, snail family zinc finger 2) Human [34]
WISP2 (Wnt-1 induced secreted protein 2) Human [36,37]
STRA6 (Stimulated by retinoic acid gene 6) Human [38]

* Mouse nomenclature is shown when the same Wnt target gene is reported in both mouse and human.
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Various natural inhibitors (e.g., Frizzled related proteins (sFRPs), Dickkopf family proteins (DKK)
and Wnt-inhibitory factor family proteins (WIF) and agonists (e.g., Norrin and R-spondins) that
regulate the Wnt ligand-receptor complex and signal transduction have been identified (reviewed
in [9]). The R-spondin family (Rspos) consisting of four Rspo proteins (Rspo1–4) has attracted much
attention in the past decade [39]. Rspos were first reported to synergize Wnt signaling by antagonizing
the Dkk1-Lrp6 interaction [40]. Later it was revealed that Rspos are actually ligands for the orphan
Leucine-rich repeat-containing G-protein-coupled receptors, Lgr4, Lgr5 and Lgr6 [41–44]. Rspo/Lgr
complexes act by neutralizing the negative effect of Rnf43 and Znrf3, two transmembrane E3 ubiquitin
ligases that target Wnt receptors for removal from the stem cell surface, as a result canonical Wnt
signaling becomes activated [45,46].

2.2. Non-Canonical Wnt Pathway

Non-canonical Wnt pathways do not involve β-catenin, and in some contexts, do not even involve
Wnt ligands. Several non-canonical Wnt pathways have been described. One is the Wnt/Planar Cell
Polarity (PCP) pathway, in which Frizzled receptors are implicated in the establishment of planar cell
polarity and in the control of polarized cell migration (reviewed in [47]). In flies, but not vertebrates,
these responses appear to occur independently of a Wnt ligand. The establishment of PCP is thought to
involve a set of distinct downstream messengers that include Dvl and small Rho GTPases to modulate
cytoskeletal factors including RhoA, and Jnk (reviewed in [48,49]). In some cases, Frizzled receptors can
induce Ca2+ fluxes (Wnt/Ca2+ pathway) [50,51]. A non-canonical Wnt intracellular response utilizes
the receptor tyrosine kinase (RTK) Ror2 to inhibit β-catenin/TCF signaling and activate Jnk [52].
Another pathway is activated when Wnt proteins bind to Ryk RTKs, mostly in the context of neuronal
development, resulting in the activation of Src proteins (reviewed in [53]).

Of note, researchers have attempted to subdivide Wnt ligands into two groups, “canonical”
or “non-canonical”. However, the intracellular response to an individual Wnt member is strongly
context-specific. Wnts that have been documented to activate non-canonical Wnt pathways are also
reported to fulfill dual roles during development [53]. For example, Wnt5a can engage Ror2 to inhibit
the canonical Wnt signaling pathway, while paradoxically Wnt5a can also activate the canonical
pathway by directly engaging Fz4 [54] and Fz5 [55]. These studies underscore that the signaling
output reflects the combination of receptors that a Wnt encounters, rather than the intrinsic nature
of the Wnt itself. Another case is seen with Wnt11. Typically considered to be a non-canonical Wnt,
due to its function in convergent extension movements during gastrulation in amphibians [56–59],
maternally contributed Wnt11 also initiates axis formation in the early Xenopus embryo by causing
a local accumulation of β-catenin [60]. Wnt4 has also been reported to generate diverse outputs in
different model systems. zWnt4 mRNA or mWnt4 injected into zebrafish embryos results in cyclopia
and notochord malformation, implying activation of a non-canonical Wnt pathway [61]. Wnt4 has
also been previously implicated in the PCP pathway in murine hematopoietic progenitor cells [62].
In contrast, canonical Wnt/β-catenin signaling can also be activated by Wnt4 in many tissues, including
kidney [63–65], muscle [66], blood [67] and Drosophila mid gut [68]. In mammary cells, Wnt4 can
also activate Wnt/β-catenin canonical signaling as seen by activation of a TCF-dependent luciferase
reporter and Axin2 expression, while both of the above activities can be suppressed by Dkk1 [69].
Therefore, in light of such knowledge, we suggest that it would be overly simplified and improper to
refer to an individual given Wnt as participating in only a “canonical” or “non-canonical” pathway.

3. Wnt Signaling in Mammary Development

Wnt signaling pathways have been implicated in almost all stages of mammary development
and play instrumental roles in regulating mammary stem cells (MaSCs) (reviewed in [70–72]). During
various stages of mammary morphogenesis, the presence of numerous members of the Wnt signaling
pathway has been documented, including a wide range of Wnt ligands, receptors, downstream
effectors and DNA-binding proteins. Studies have been conducted in order to elucidate the Wnt
signaling activities that influence mammary development.
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3.1. Wnt Signaling in Embryonic Mammary Development

Wnt signaling is pivotal for specification and morphogenesis of the mammary gland [71,73].
Murine mammary morphogenesis initiates on embryonic day 10.5 (E10.5), characterized by
invaginations of the epidermis (Figure 1A). Canonical Wnt signaling activities define the cells that will
form mammary lines and later becomes restricted to the cells forming placodes. By E12, two mammary
lines have formed, each giving rise longitudinally to five distinctive mammary placodes [74]. Wnt10b
expression is detected within the forming mammary lines and represents the earliest discernible event
in murine embryonic mammary gland development [75]. In addition, Wnt6 is initially expressed in
the surface ectoderm as a broader band surrounding the Wnt10b-expressing mammary lines. Both
Wnt10b and Wnt6 expression patterns are refined to placodes 1.5 days later [75]. Cultured embryos
supplemented with Wnt3a or lithium chloride (LiCl), a potent Wnt activator, exhibited the formation
of efficient placode-like structures with augmented Wnt10b expression, suggesting that canonical Wnt
signaling regulates placode development. Interfering with positive regulators of the Wnt pathway,
e.g., Lrp6, Lrp5, Lef1 and Pygo2, results in placodal impairments, ranging from loss to reduced size
and degeneration. In contrast, stimulating β-catenin signaling leads to the accelerated induction
of placodes and placodal markers (Wnt10b and T-box transcription factor-3) [76–79]. Embryos of
genetically modified mouse models, in which either Dkk1 is overexpressed or Lrp6 or Lef1 is deficient,
have been reported to have missing placodes [78–80]. Lef1 appears to be a key Wnt component
required for early mammary morphogenesis. Lef1 protein is first expressed in the mammary epithelial
cells at E11/12. Later at E14/15, Lef1 expression is found to be restricted to mesenchyme surrounding
each bud [81].
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Figure 1. The expression of Wnts at various stages of mammary development. Expression pattern
of Wnt members documented at key morphogenesis stages, including mammary line, placodes,
and mammary bud formation during embryogenesis (A); and puberty, adult and pregnancy stages
during postnatal development (B).
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This induction of altered expression between cell lineages has been shown to be a result of
paracrine communication from the mammary epithelium to surrounding mesenchyme, mediated
by parathyroid hormone-related peptide (PTHrP) [81]. The induction of Lef1 in mesenchyme is
crucial for the maintenance of mammary epithelial fate and further ductal morphogenesis at E16,
indicating precise temporally controlled Wnt signaling. The next stage of mammary morphogenesis
occurs after placodes invaginate to form mammary buds, and then subsequently primary sprouts,
a process also dependent on canonical Wnt signaling. Bud invagination is dependent upon mammary
mesenchyme specification, while activation of Wnt/β-catenin signaling in mesenchyme is dependent
on PTHrP [81–86]. While recombinant Wnt3a accelerates the placode invagination process, placodes
from Lef1´/´ mice fails to invaginate further [19,79,87]. In both Pygo2´/´ mice and Lrp6´/´ mice,
the processes of sprouting into the mesenchyme and branching are impaired [76,77]. Once sprouting is
completed, a primitive ductal tree has formed.

3.2. Wnt Signaling in Postnatal Mammary Development

The majority of mammary development occurs postnatally in several dynamic processes. At the
onset of puberty at around 3 weeks of age in mice, in response to ovarian hormones, the preexisting
rudimentary ductal tree rapidly expands and extends across the fat pad, occupying the whole
mammary fat pad by approximately 7 weeks of age (Figure 1B). Terminal end buds (TEBs) are highly
proliferative, club-shaped structures formed at the tips of growing ducts for penetrating the fat pad,
particularly during puberty. The outer cell layer of the TEB, also called cap cells, differentiates into basal
cells, together with the inner-layer luminal cells forming the bilayered ductal tube. Highly elongated
basal cells and cuboidal luminal cells compose the two main cellular lineages of the nulliparous
and non-pregnant mammary gland. The primary ductal structure is generated by TEB bifurcation.
Secondary branches sprout laterally from the primary ducts, forming a tree-like pattern of ductal
networks. Short tertiary branches forms during each estrous cycle under cyclical ovarian hormone
stimulation, while extensive structural remodeling and full maturation of the alveolar buds into units
capable of milk secretion occur during pregnancy and lactation. The process of involution is initiated
post weaning, whereby the gland is remodeled back to its pre-pregnancy state (reviewed in [88]).

Both canonical and non-canonical signaling play important roles in the robust pubertal ductal
growth phase and in adult mammary epithelium maintenance. Several members of the Wnt ligand
family are expressed in the pubertal mammary gland, with a few Wnts showing peaks of expression
during adolescence, including Wnt5a and Wnt7b, which are particularly enriched in the highly
proliferative TEB structures, and Wnt2 in surrounding stroma (Figure 1) [89,90]. The expression of
multiple Wnt members is detected in adult mammary tissues as well as a range of Fzd receptors [91–93].
In addition, secreted inhibitors of Wnt signaling, such as sFRP family, WIF1 and Dkk1 may also be
functionally involved (reviewed in [1]). Recent studies using isolated basal and luminal cells to profile
Wnts and Wnt partners have offered information at a higher level of resolution [69,94]. In the adult
mammary gland, Wnt2, Wnt5a and Wnt11 are the highest expressed Wnts in stromal cells; Wnt5a,
Wnt5b, Wnt10a, Wnt11 and the antagonists, Dkk3 and Sfrp1, are detected in basal cells; Wnt4, Wnt5a,
Wnt5b, Wnt7b and the agonist, Rspo1 are expressed in luminal cells [69].

More direct evidence for the significance of Wnt signaling has emerged from studies using
transgenic mouse models, with the earliest being the MMTV-Wnt1 model, where accelerated ductal
outgrowth was observed as early as 1–2 weeks of age [95]. However, the principal phenotype
of ectopic Wnt1 and Wnt10b expression in transgenic strains is lobuloalveolar hyperplasia rather
than ductal hyper-growth [92,95,96], highlighting a need for investigation into the action of other
endogenous Wnts in the mammary gland. Ectopic side-branches were observed in transplantation
assays upon Wnt4 overexpression [97]. On the other hand, MMTV-Wnt4 transgenic mice display no
phenotype [61]. Studies using a Wnt4 loss of function strategy yield more consistent results. Early
pregnancy side-branching defects in Wnt4 null (Wnt4´/´) transplants have been reported [98]. A recent
study further demonstrated the significance of Wnt4 in mammary development. The compromised
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regenerative ability of a Wnt4 null epithelium becomes apparent in the 3rd passage of in vivo serial
transplantation [99]. Another study reports the synergistic action of Wnt4 and Rspo1, as knockdown
of Wnt4 and Rspo1 expression can completely abolish the regenerative capability of the mammary
cells in primary transplantation [69]. Canonical Wnt signaling has been implicated as the key signaling
pathway for basal cell fate determination and mammary stem cell self-renewal, a topic on which we
will elaborate in the next section.

Non-canonical Wnt signaling has been shown to participate in the negative regulation of
mammary epithelial outgrowths, adding another level of complexity. Mice with disrupted expression
of Wnt5a (Wnt5a´/´) displayed precocious and extended developmental capacity with larger terminal
end buds (TEBs), rapid ductal elongation and increased branching frequency, hence suggesting
the inhibitory role of Wnt5a during normal mammary development is necessary to ensure proper
branching morphogenesis [100]. TGFβ has been identified as the upstream factor that induces Wnt5a
expression in the mammary gland [100]. A recent study found Ror2 as the receptor for mediating
Wnt5 (Wnt5a and Wnt5b) induced non-canonical Wnt signal transduction in mammary cells [94].
Ror2 is predominantly expressed in both basal and luminal cells. Deletion of Ror2 results in increased
branching at the expense of ductal elongation [94]. The mechanism of Wnt5 induced mammary growth
inhibition has also been linked to an extracellular proteinase effector matrix metalloproteinase 3
(MMP3). Through a yeast two-hybrid screen, specific interactions between MMP3 and both Wnt5
members were identified. MMP3 inhibits the ligand activity of Wnt5a and Wnt5b by sequestration
and proteolytic cleavage of Wnt5’s C-terminal domain. MMP3 is predominantly expressed in stromal
cells, while both Wnt5a and Wnt5b are mainly expressed in luminal cells. It is proposed that Wnt5 and
MMP3 both function in a paracrine manner, targeting cells in the basal layer, which harbors mammary
stem cells (MaSCs). MMP3 induces hypermorphic epithelial growth and activation of canonical Wnt
signaling. Thus MMP3 might skew the balance between canonical and non-canonical Wnt signaling in
favor of the promotion of growth and tumor formation [101].

3.3. Wnt/β-Catenin Signaling in MaSC Regulation and Basal Cell Fate Determination

MaSCs are the key drivers of mammary gland self-renewal and differentiation throughout
development, not only in active growth phases, but also for the maintenance of tissue homeostasis [102].
The existence of MaSCs was demonstrated many decades ago by reconstitution of the mammary gland
after transplantation of a mammary epithelial fragment into a cleared fat pad [103]. Recent advances
have identified functional MaSC-enriched populations using selection based on cell surface marker
expression, followed by mammary reconstitution assays, laying the groundwork for establishing
the cellular hierarchy of the mammary epithelium. These surface markers for mouse basal cells
are CD24+, CD29hi/CD49hi [104,105] and the human counterparts are CD49fhi, EpCAM´ [106,107].
A recent study suggests that a further enriched MaSC group within the basal population can be
identified by utilizing an additional surface marker Protein C Receptor (Procr) [18]. The use of
surface markers for isolation and enrichment of stem cells has facilitated the investigation of the
molecular signaling pathways regulating MaSC self-renewal and lineage commitment. A growing
body of evidence indicates that Wnt is a niche factor and Wnt signaling is a key regulator of MaSC
activities [18,21,22,69,108,109]. It should be noted that the terms “MaSCs” and “MaSC-enriched basal
cells” have appeared interchangeably in many studies in the past decade, when describing cells capable
of in vitro colony formation or repopulation after transplantation, or both. Indeed, recent lineage
tracing studies have reinforced that basal cell populations harbor bipotent stem cells able to give
rise to basal and luminal progeny [18,110]. Some confusion arises from the term “basal stem cell”,
referring to unipotent stem cells which contribute predominantly to basal cells in lineage tracing,
yet they are capable of generating both basal and luminal cells upon transplantation [108,111–114].
In parallel, the unipotent stem cells residing in the luminal layer are also referred to as luminal
progenitors [110]. In light of the distinct contributions revealed by lineage tracing studies, it is clear
that “basal stem cell” is not equivalent to “MaSC”, and probably “basal stem/progenitor cell” is a
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more accurate term to reflect the cells that contribute only to basal cells. For the purpose of this review,
we will use “basal cells” if the subject has only been analyzed by surface marker expression (CD24+,
CD29hi/CD49hi); we will use “MaSCs” or “MaSC-enriched basal cells” dependent on the context, if the
subject has been examined by ex vivo and in vivo functional assays.

Studies have directly addressed Wnts as niche factors for MaSCs [22,69]. In 3D Matrigel cultures,
addition of Wnt3a protein to basal cell primary cultures results in a 7-fold increase in the number of
secondary colonies. Cells cultured with Wnt3a showed continued expansion while going through
multiple passages, producing increasing number of colonies. Moreover, to test the stem cell capabilities
of the in vitro cultured cells, such colonies were transplanted in vivo, revealing that they retained
the ability to reconstitute mammary glands efficiently [22]. It is important to note that, despite its
potent effects in vitro, Wnt3A is not expressed in the mammary gland [93]. Wnt4 and Rspo1 secreted
from luminal cells appear to represent the in vivo Wnt signal regulating MaSCs. Expansion of basal
colony numbers is observed when co-culturing with luminal cells overexpressing Wnt4, reminiscent of
the Wnt3a effect. In contrast, overexpression of Wnt7b, another Wnt member displaying a luminal
expression pattern, cannot recapitulate the colony expansion phenomenon [69]. Hence MaSCs within
the basal cell cultures can be directly targeted by certain Wnt proteins and Wnt signaling is instrumental
for MaSC self-renewal and expansion activities.

In an attempt to identify Wnt targets specifically expressed in MaSCs, microarray analysis of
cultured MaSC-enriched basal cells was performed, leading to the discovery of Procr, a surface marker
that can be used to further enrich for MaSCs [18]. Of note, known Wnt targets, such as Axin2 also
exhibit elevated expression in basal cells cultured with Wnt3a [18]. Procr+ basal cells exhibit 5-fold
higher colony formation efficiency in primary cell culture and about 6-fold higher repopulating
frequency in transplantation when compared to total basal cells. Studies using a Procr-tdTomato
knock-in allele demonstrate that Procr+ MaSCs can reside in both duct or tip regions in perinatal or
newborn mammary glands, however Procr is excluded from the TEB, a highly proliferative structure at
the growing tips of the ducts during puberty [18]. Interestingly, the two Wnt-responsive populations,
Procr+ and Axin2+ cells, are in two distinct compartments during puberty. TEBs represent active
zones for Wnt/β-catenin activity with robust Axin2 expression [94,108]. In post-puberty mature
mammary glands, after the TEB structures have vanished, Axin2 and Procr still mark different
basal subpopulations [18]. The factors that specify the distinction between the two Wnt-responsive
populations during mammary development remain to be determined. It is very likely that Procr+

MaSCs receive other niche cues in addition to Wnt signals, which would jointly define the identity of
these MaSCs [115]. It is not surprising that a hierarchy exists within the Wnt-responsive mammary
cells, considering that they vary in repopulating efficiencies and in lineage commitments [18,22,108].
A comparison of their robustness in stem cell assays will be further discussed in the next section
together with results of lineage tracing experiments.

Based on the lineage hierarchy that has been delineated in other tissues, below the multipotent
stem cells exists a population of cycling stem/progenitor cells (transient amplifying cells) (reviewed
in [116]). It has been proposed that the basal cells of the TEB (cap cells) represent a MaSC reservoir
that drives the formation of more mature epithelial lineages during ductal extension and primary
branch formation [117,118]. Given their repopulating ability, their highly proliferative nature, and
their robustness in response to Wnt signals, cap cells are reminiscent of cycling stem/progenitor cells.
A recent report demonstrates that Wnt signaling in dividing cap cells is elevated by a mechanism
dependent on Cyclin Y (Ccny) and Cyclin Y-like 1 (Ccnyl1) [119]. During mitosis, Ccny localized
at the plasma membrane recruits Cyclin-dependent kinase 14 (Cdk14) for the phosphorylation of
Lrp6 on PPPSP motifs, which sensitizes Lrp6 for upcoming Wnt signals [120,121]. Ccny/Ccnyl1
expression and phosphorylated Lrp6 levels are elevated in mitotic mammary cells. In particular,
Ccnyl1 expression is enriched in cap cells, colocalizing with Axin2 expression. Deletion of Ccnys
diminishes the regenerative capability of MaSC-enriched basal cells in transplantation and lineage
tracing experiments. Hence, the enhancement of Wnt signaling in mitosis is essential for the
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stem/progenitor cell property maintenance during division [119]. This study uncovers a cell cycle and
Wnt signaling feed forward mechanism in cycling stem/progenitor cells for their expansion, shedding
new light on the molecular mechanisms orchestrating cell cycle progression and maintenance of
stem cell properties. In addition to Axin2 and Ccnyl1, s-ship has also been reported to be expressed
in cap cells of TEBs [122]. The number of s-Ship-expressing cells expands in MMTV-Wnt1 tumors
but not in MMTV-ErbB2 tumors, suggesting that this population is regulated by Wnt signaling.
s-Ship-expressing cells were seen in mammary buds at embryonic development, TEBs at puberty
and alveolar buds in pregnancy mammary glands visualized by a transgenic GFP reporter inserted
after the s-SHIP promoter. In contrast, expression was not observed in mature mammary glands or
during other developmental stages such as lactation, involution and post-involution, in which MaSCs
are relatively quiescent. s-Ship-expressing cap cells possess regenerative capacity as demonstrated
by serial transplantation experiments. These observations suggest that s-Ship-expressing cells are
enriched for active MaSCs [122].

In line with the notion that Wnt/β-catenin signaling promotes MaSC self-renewal and expansion,
it has been reported that attenuating Wnt/β-catenin signaling limits MaSC self-renewal. Slit2, secreted
from luminal and basal cells, binds to the Robo1 receptor, whose expression is restricted to basal
cells and is upregulated by TGFβ [123,124]. It is noteworthy that TGFβ induces Wnt5a expression in
luminal cells [100], while inducing Robo1 expression in basal cells [123]. Slit/Robo1 signaling inhibits
Wnt/β-catenin signaling through increasing the cytoplasmic and membrane pools of β-catenin at
the expense of its nuclear pool, thus limiting basal cell proliferation [123]. Interestingly, loss of either
Robo1 or Robo2 similarly increases nuclear β-catenin levels in mammary basal cells, but with very
different outcomes: loss of Robo1 leads to increased basal cell proliferation [123], whereas loss of Robo2
results in increased MaSC self-renewal, as evidenced by an increase in the number of generations
that MaSCs can be serially transplanted [125]. It was further shown that Slit/Robo2 counteracts the
Wnt-mediated repression of p16INK4a expression, as a result promoting MaSC senescence and impairing
self-renewal [125]. These studies support the notion that Wnt/β-catenin signaling is involved in the
dynamics of distinct basal cell subpopulations, one which is likely MaSC and another which could be
a more differentiated basal subpopulation.

In general, Wnt/β-catenin signaling plays critical roles in the determination of mammary basal
cell fate [21,25,126], with the exception that Wnt-responsive Axin2+ cells in embryonic stages are
implicated in luminal lineage specification (see next section). The Notch signaling pathway dictates
luminal lineage determination [127–129]. Coordinated efforts of multiple epithelial cell lineages are
essential for establishing an organized bilayered ductal network. The significance of the Wnt and Notch
balance is best illustrated by a recent finding that the histone methylation reader Pygo2 is necessary
for suppressing luminal and alveolar differentiation of the MaSC/basal population by coordinating
the activity of the Wnt and Notch pathways [126]. Pygo2, previously known as context-dependent
transcriptional Wnt/β-catenin signaling co-activator, is required for β-catenin association with both
Axin2 and Notch3 gene regulatory regions. Pygo2 within the MaSC/basal cells engages β-catenin to
bind to the Notch3 locus, retaining Notch3 in a “bivalent” yet repressed chromatin structure, thereby
tilting the Wnt and Notch signaling balance towards promoting a basal-favorable status by actively
suppressing luminal differentiation [126]. In the absence of Pygo2, the MaSC/basal cells adopts a
more luminal-like cell phenotype, further reinforcing the role of Pygo2/β-catenin in ensuring basal
cell identity.

A recent report indicates that ∆Np63, the ∆N isoform of p63, plays a prominent role in basal cell
fate determination through modulation of Fzd7 expression and Wnt signaling activities [21]. ∆Np63 is
predominantly expressed in basal cells. Suppressing ∆Np63 expression results in diminished MaSC
repopulating ability and delays in mammary development. Strikingly, overexpression of ∆Np63
enables luminal cells to generate outgrowths in transplantation assays, suggesting that ∆Np63 can
induce luminal cells to acquire MaSC properties. Fzd7, identified as a direct target of ∆Np63, is the
major downstream effector of ∆Np63 in basal cells. Overexpression of Fzd7 in ∆Np63-deficient
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mammary cells leads to partial rescue of the loss of MaSC phenotypes in culture and in repopulation
assays [21]. The significance of ∆Np63 in basal cell fate determination has also been documented
in a recent study associated with LBH (limb bud and head) [25]. The expression of LBH, a target
of Wnt signaling, is restricted to basal and stromal cell populations. Inactivation of LBH results in
delays in mammary development and increased luminal differentiation at the expense of basal lineage
specification. It is proposed that LBH induces ∆Np63 expression to promote a MaSC/basal fate and
repress luminal differentiation [25]. The above studies summarize recent advance in understanding
the mechanisms though which Wnt/β-catenin signaling governs basal cell fate decision.

3.4. Lineage Tracing Employing Wnt-Targets

The approach of using transplantation and ex vivo assays to examine the cell fate of freshly
dissociated mammary epithelial cells enables quantification of MaSC regenerative capacities. It has
been suggested that such transplantation assays may not reflect the true behavior of stem cells,
as the stress induced by the process of tissue dissociation and transplantation into a cleared fat
pad may result in cell plasticity, and impart properties that they would not normally exhibit
in intact tissues (reviewed in [129]). Recent lineage tracing studies have bypassed such tissue
manipulation and have revolutionized our knowledge of Wnt-responsive cell behaviors during
mammary development [18,108,110,111,113].

The regenerative capacity of Axin2+ mammary cells has been demonstrated in transplantation
experiments [22]. To assess the contribution of Wnt-responsive (Axin2+) cells in development,
van Amerongen and colleagues have used an Axin2CreERT2 knockin mouse model to label cells
throughout mammary gland development. Labeling Axin2+ cells in the embryo predominantly
yielded cells of the luminal lineage in the adult mammary gland, whereas cells labeled in prepubescent
(2-week-old pups) resulted in tracing of only basal cells. These results highlight the cell fate switching
of Axin2+ cells, in another words, Wnt/β-catenin signal activation in distinct cells at different stage of
mammary development. Indeed, in puberty, Axin2 expression is detected in both basal and luminal
cells of TEBs. Tracing of Axin2+ cells at this stage resulted in labeling of both basal and luminal
cells in adults. When tracing in nulliparous adults, a stage when Axin2 expression remains restricted
mainly to the basal layer, labeling is seen predominantly in basal cells. Although not observed through
immunostaining, it is noteworthy that a small fraction (1.5%) of labeled cells are detected in the
luminal cell compartment by FACS analysis. Interestingly, these rare potentially bipotent events can be
better visualized when the traced animal is pregnant, during which labeled luminal cells are detected
adjacent to labeled basal cells, implying that these labeled cells originated from a bipotent MaSC [108].

Lgr5, a recognized Wnt target and stem cell marker in the intestine [130], also exhibits an
expression pattern switch during mammary development. In newborns, Lgr5 expression is restricted
to the luminal layer and lineage tracing experiments using the Lgr5CreERT2 knock in mouse model
indicate the luminal fate of the progeny in adult mammary glands. However, in prepubescent
animals, the expression of Lgr5 is switched to the basal compartment, and labeling initiated at
postnatal day 12 reveals only basal cells when analyzed in adults [111]. It is unclear whether Lgr5
is a Wnt/β-catenin target in the mammary gland based on some recent lines of evidence (reviewed
in [129]). First, Lgr5+ cells were not enriched for expression of the Wnt pathway target gene Axin2 [112].
Second, in microarray analysis of cultured MaSC-enriched basal cells, Lgr5 was not detected among
the candidates including Axin2 and Procr, whose expressions are upregulated in the presence of
Wnt3a proteins [18]. In contrast, a recent study reported the upregulation of Lgr5 expression in
MMTV-Wnt1 mammary tumor cells and in human breast cancer cell lines when incubated with
Wnt3a [20]. Nevertheless, despite the uncertainty of the upstream regulation of Lgr5 expression in
mammary cells, it is intriguing that Lgr5 and Axin2 exhibit a similar expression pattern switch from
luminal- to basal-specific in prepubescent animals, suggesting a common regulatory mechanism in
these two populations.
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Recent work by Wang et al. identified Procr as a novel Wnt target in mammary cells [18].
Procr expression is detected in both mesenchymal and basal cells, yet excluded from luminal cells
throughout mammary development. The percentage of Procr+ basal cells remains stable, consisting of
3%–8% of basal cells (depending on the genetic background) during various developmental stages.
Lineage-tracing studies using ProcrCreERT2 knock in mice revealed that Procr+ cells contribute to both
basal and luminal lineages at all developmental stages. Ablation of Procr+ cells during puberty using
diphtheria toxin fragment A (DTA) resulted in delayed epithelial extension reflecting their essential
role in mammary development [18]. This study identified Procr+ basal cells as multipotent MaSCs.
Moreover, Procr+ MaSCs exhibit partial EMT characteristics and have 2-fold lower expression of
basal keratins (K14 and K5), as well as 3-fold lower expression of smooth muscle related factors
(Acta2 and Myh11) compared to the rest of the basal cell population [18,131]. These differences in
marker expression may explain the inefficiency of tracking these multipotent MaSCs [113,114] and the
conflicting results obtained [110,113] when using keratin-based or SMA-based lineage tracing.

Some special effort has been put towards addressing the relationship between different basal
subpopulations. FACS analysis using an Lgr5-EGFP mouse in combination with a Procr antibody
demonstrated that Lgr5+ and Procr+ basal cells are distinct populations [18]. RNAseq and qPCR
analysis on isolated Procr+ and Procr´ basal cells confirmed that Lgr5 is expressed in the Procr´

cells [18]. Of relevance, Procr+ MaSCs demonstrate the highest repopulation efficiency, and Lgr5+ basal
cells repopulate at a ten-fold lower efficacy [18]. This finding about Lgr5 is different from a previous
report [112], yet is consistent with two other studies [110,111]. Importantly, Procr´, Lgr5´ cells failed
to repopulate in vitro or in vivo, suggesting MaSCs are depleted in this population [18].

In parallel, experiments have also been carried out to compare the Procr+ and Axin2+ populations.
Procr+ cells are not enriched for the expression of Axin2 as shown by RNAseq and qPCR analyses,
suggesting these two populations are largely not overlapping [18]. To further characterize the extent of
overlap, Procr+ and Procr´ basal cells were FACS-isolated from Axin2lacZ/+ 8-week old nulliparous
mammary glands for X-gal staining. A very small percentage of Procr+ cells (about 0.045%–0.12% of
basal cells, given that Procr+ cells are about 3%–8% of basal cells) were found to express Axin2lacZ [18].
This may explain that the rare bipotent events observed in lineage tracing experiments using Axin2CreER

mice were likely Procr-expressing Axin2+ cells [108].
These lineage tracing and transplantation studies underscore the hierarchy existing within basal

populations. Specifically, transplantation experiments indicate that there are multiple, molecularly
distinct, basal cell subpopulations that are capable of repopulation, though the robustness varies.
Lineage tracing studies suggest that Wnt/β-cat signaling is involved in both multipotent MaSC and
lineage committed stem/progenitor dynamics, highlighting that lineage tracing is a very powerful
technique to interrogate cell fate in its native habitat.

3.5. Hormones Acting through Local Wnt Factors Regulate MaSC Behavior

The concerted action of systemic hormones and local growth factors tightly and precisely regulate
mammary gland development and function throughout reproductive life. Estrogen and growth
hormones drive ductal elongation at the onset of puberty, whereas oscillations of estrogen and
progesterone sustain the ductal network remodeling during each estrus cycle. Progesterone and
prolactin induce the formation of alveolar structures capable of milk production during pregnancy
(Reviewed in [132–135]). The natural estrous cycle in mice can be divided into four stages, proestrus,
estrus, metoestrus and dioestrus. Proestrus and estrus in rodents are comparable to the follicular
phase of the human menstrual cycle, featuring increased estrogen levels. Metoestrus and dioestrus
in mice are similar to the luteal phase in humans, which is characterized by elevated levels of
progesterone [136–138]. The receptors for estrogen and progesterone, ER and PR respectively, are
expressed in between 30% and 50% of the luminal cells, and basal cell populations in which MaSCs
reside lack both ER and PR (reviewed in [2]). Hormones non-autonomously govern the behavior of
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MaSCs through local Wnt factors. Recent research has put Wnt4 in the spotlight as a mediator of
hormonal actions on MaSCs [69,99].

The expression of Wnt4 is regulated by both estrogen and progesterone. Wnt4 mRNA expression
is induced by progesterone and its level peaks at mid pregnancy in mice (day 10.5) [69,98]. Estrogen is
involved in Wnt4 protein regulation, inducing elevated Wnt4 protein levels in vitro, and allowing Wnt4
proteins to continue to accumulate until the beginning of late pregnancy (day 15.5) [69]. The population
of MaSC-enriched basal cells expands in number during pregnancy and during each dioestrus [139,140].
In nulliparous mammary glands, Wnt4 levels are correlated with the pace of basal cell expansion,
exhibiting the highest expression in the dioestrus phase [69]. In situ hybridization reveled that Wnt4 is
expressed in PR+ luminal cells. The ability of Wnt4 to regulate MaSCs was demonstrated by in vitro
culture and transplantation experiments, in which Wnt4 protein could maintain the regenerative
capacity of cultured basal cells when assessed with transplantation. Likely due to the redundancy
of Wnts in the mammary gland, Wnt4 deficiency resulted in rather normal mammary outgrowths in
virgins and during pregnancy, either by transplantation using Wnt4 null mammary epithelium [98],
or using mammary cells with Wnt4 knocked down by shRNA in transplantation assays [69]. It was
through serial transplantation, an assay more challenging to the long-term regenerative capacity of
MaSCs, that the significance of Wnt4 deletion was revealed. While wildtype epithelial cells can be
serially transplanted for up to seven cycles [141], Wnt4 null epithelium exhibits reduced regenerative
abilities, occupying only 10% of the fat pad by the 3rd transplant [99].

Rspo1 is another critical Wnt signaling component in MaSCs that is regulated by hormones.
In situ hybridization revealed that Rspo1 is expressed in PR- luminal cells. Rspo1 levels are
indirectly influenced by estrogen through a paracrine factor emanated from hormone receptor-positive
luminal cells [142]. Rspo1 exhibits robust expression during pregnancy and diestrus phase, perfectly
synchronized with Wnt4 levels [69]. Rspo1 can amplify Wnt4 activities in mammary cell culture,
as revealed through TCF-reporter activation and clonogenicity of basal cells. Interestingly, although
Rspo1 is positioned as a helper of Wnt4, Rspo1 deficiency resulted in a stronger mammary phenotype
compared to deletion of Wnt4, as evidenced by fewer side-branches in virgin animal, alveologenesis
defects during pregnancy, and reduced numbers of stem cells as seen by a decreased repopulating
frequency [69,143]. Wnt4 and Rspo1 double knockdown led to a failure to generate mammary
outgrowths in primary transplants, demonstrating the synergistic effort of Wnt4 and Rspo1 in
regulating MaSCs [69]. Interestingly, elevated Rspo1 and Wnt4 also occur during the estrus phase and
late pregnancy when estrogen levels surge, suggesting additional physiological roles of Rspo1 and
Wnt4, e.g., regulation of luminal cell proliferation. Indeed, recent studies have reported the effect of
Wnt4 and Rspo1 on luminal cells [140,144].

RANKL (receptor activator of NF-kB ligand) is another downstream target of progesterone that has
been proposed to be a hormone-mediated local factor for MaSCs [139]. However, serial transplantation
experiments in a recent study using RANKL+/+ and RANKL´/´ mammary epithelium demonstrated
equal regenerative potential, indicating that RANKL is dispensable in MaSC regulation [99]. This is
supported by MaSC culture experiments using recombinant RANKL, in which MaSC properties could
not be maintained and the cultured cells lost their reconstitution abilities when transplanted [69].
The current consensus is that the RANKL pathway is essential in mammary alveologenesis [145,146].
A recent study has connected the RANKL pathway with Wnt signaling activities at this stage in
mammary basal cells and luminal progenitors [144]. Deletion of the RANK receptor in K5-Cre; Rankfl/fl

mammary cells resulted in loss of progesterone-induced alveolar differentiation, accompanied by a
reduction of Axin2 and Rspo1 expression. Injection of Rspo1 proteins could rescue alveolar development
and reactivate Wnt/β-catenin signaling (Axin2 expression) in these animals. Therefore, it is proposed
that RANKL/RANK signaling is one of the upstream pathways to induce Rspo1 expression, thus
activating Wnt/β-catenin signaling during alveogenesis [144].
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3.6. In Vitro Culture of Mascs using Wnts and Hormones

Steered by the prominent role of Wnt signaling in stem cell maintenance, Sato et al. employed
Rspo1 to augment Wnt signaling and successfully expanded Lgr5+ intestinal stem cells in culture [147].
Subsequently, expansion of Lgr5+ adult stem cells of stomach and liver tissue was also accomplished
by using Rspo1 [148,149]. MaSCs can be expanded in vitro under serum-free and feeder-free defined
conditions when supplemented with Wnt3a [22]. A subsequent study demonstrated that Wnt4, the
endogenous Wnt regulating MaSCs in vivo, can also expand MaSCs in culture [69]. However, the
purification of Wnts has proven to be difficult and the availability of purified and biologically active
Wnt proteins is limited. Although Rspo1 synergizes with Wnt4 in vivo in regulating MaSCs, given the
rapid decrease of endogenous Wnt4 expression in mammary cell culture [69], Rspo1 is predicted to
have a limited application in creating a Wnt-augmented condition as it does for intestine, stomach and
liver stem cell culture [147–150]. Taking advantage of the fact that both Wnt4 and Rspo1 are under
hormonal regulation, estrogen and progesterone can be engaged to recapitulate Wnt-induced MaSC
expansion in vitro. In a basal and luminal cell co-culture system, hormones were applied to stimulate
the endogenous expression of Wnt4 and Rspo1 in luminal cells, and MaSCs were successfully expand
in culture, notably maintaining the full development potential when examined in transplantation
assays [69]. This approach accurately recapitulates the in vivo physiological situation in vitro.

4. Wnt Signaling and Breast Cancer

Studies in mice strongly suggest that dysregulation of Wnt signaling increases breast cancer
risk. Starting from the discovery of the oncogenic role of Wnt1 in murine MMTV-Wnt1 mammary
tumors [7,96], a growing body of evidence has implicated Wnt/β-catenin signaling in human
breast tumorigenesis. Wnt10b transgenic expression was shown to produce similar effects as
MMTV-Wnt1 [92]. In addition, overexpression of Lrp6 or stabilized β-catenin, or loss of APC, resulted
in mouse mammary hyperplasia or tumors (reviewed in [71]). Wnt agonist Rspo proteins have been
implicated in promoting mammary tumor formation. In MMTV insertional mutagenesis screening
studies involved in mammary tumorigenesis, activation of the Rspo2 and Rspo3 genes has been
observed [151,152]. In addition, overexpression of Wnt1 and Rspo2 in mammary epithelial cells,
individually or together, leads to mammary tumor formation and cells exhibit a strong EMT phenotype
and are highly metastatic to lung and spleen [153]. It is noteworthy that the murine MMTV-Wnt1
model of mammary cancer shares transcriptional patterns with, and exhibits hallmarks of, human
triple-negative breast cancer (TNBC)/basal-like breast cancers [154]. Furthermore several studies have
reinforced the link of Lrp6 and nuclear β-catenin with TNBC [34,155,156].

Although Wnt pathway mutations are rarely found in human breast cancer, hyperactive
signaling is apparent, particularly in TNBC or basal-like types (reviewed in [157]). TNBCs are
clinically defined by the lack of expression of estrogen receptor (ER), progesterone receptor (PR),
and the absence of amplification or overexpression of HER2 [158]. This subtype accounts for 15%
to 20% of newly diagnosed breast cancer cases, is associated with a higher grade, stem cell-like
characteristics, aggressive behavior, distinct patterns of metastasis, and poor patient survival [158–160].
Wnt/β-catenin signal activation, as defined by nuclear β-catenin and overexpression of the Wnt
target cyclin D1, was preferentially found in the invasive TNBC subgroup [156], in association
with poor prognosis [161,162]. Moreover, DKK1, a direct downstream target of the Wnt/β-catenin
pathway [163–165], was found overexpressed in TNBC breast cancer as a consequence of the
hyperactivation of Wnt/β-catenin signaling, also in association with poor outcome [166–168].
It is noteworthy that the terminology relating to TNBC and basal-like cancers tends to be used
interchangeably, although they are not entirely synonymous. The first definition of basal breast cancer
came from a genomics study in 2000, in which five molecular subtypes of breast cancer were recognized
based on their gene expression patterns [169,170]. Genomically defined basal tumors and clinically
defined TNBCs are largely overlapping types, with up to 20% of basal-like cancers expressing ER/PR
or overexpressing HER2 [158,171].
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Genetic mutations of APC or the β-catenin encoding gene CTNNB1, which are the major
causal factors for hepatic and colorectal cancers [9], are not typically associated with breast cancer.
Approximately 6% of breast tumors contain mutations in the APC gene and thus far there are no
reports indicating CTNNB1 mutation in cases of breast cancer [172–178]. In contrast to the absence of
molecular lesions, downregulation or epigenetic silencing of these genes occurs in up to 70% of human
breast cancer cell lines and cancers [173,179–189].

The epigenetic inactivation of extracellular antagonists of the Wnt pathway occurs frequently
and such events have been recognized as strong prognostic markers of poor outcome in breast
cancers. Methylation of DKK1 and DKK3 promoters has been reported in breast cancers [31,190]. More
frequently, loss of an extracellular antagonist by epigenetic silencing of the genes encoding sFRP family
members (in particular sFRP1, sFRP2 and sFRP5) by DNA methylation has also been observed in breast
cancer and is associated with an unfavorable prognosis [31,191,192]. Ectopically expressed sFRP1,
which binds to and effectively competes with the FZD receptor for Wnt ligands, in the TNBC cell
line MDA-MB-231, hindered primary tumor formation in mammary fat pads and compromised lung
metastasis [193]. Another Wnt antagonist, WIF1, was also found reduced in 60% of breast cancers [194],
due to hypermethylation of its promoter [190,195].

Modulation of receptor activation could be a causal factor for hyperactive Wnt/β-catenin signaling
in breast cancer. An aberrant splicing of LRP5, which removes the coding region of LRP5 that interacts
with the extracellular antagonist DKK1, has been reported in human breast cancer [196]. Several
studies have reported tumor suppressive effects following interference with the receptor and its
association with Wnt ligands. Expression of FZD7 Wnt receptor is a characteristic of TNBC [197]. As a
proof of principle, knockdown of FZD7 in the TNBC cell lines, MDA-MD-231 and BT-20, could reduce
the nuclear accumulation of β-catenin, inhibit transcriptional activity of TCF7, and reduce TNBC
tumorigenic abilities in vitro and in recipient mice [33]. The source of Wnt ligand in these studies
could arise from the cancer cells, as autocrine Wnt signaling has been reported in a panel of breast
cancer cell lines including MDA-MD-231 cells [198,199]. A pharmacological approach has also been
explored to inhibit the ligand-receptor interaction. Injection of peptides containing the CRD region of
FZD8 fused with Fc region of IgG (FZD8CRD-hFc) could inhibit tumor formation in the MMTV-Wnt1
model [200].

Upregulation of Dvl, a cytosolic positive regulator of Wnt/β-catenin signaling, has been found
in primary breast cancers [201,202]. Moreover, genes encoding several inhibitors of Dvl were found
to be epigenetically silenced in breast cancer. The naked cuticle homolog 2 (NKD2) antagonizes
Wnt/β-catenin signaling by interacting with Dvl [203,204]. NKD2 promoter methylation, associated
with a reduction of NKD2 expression and activation of Wnt/β-catenin signaling, has been observed in
more than 50% of human primary breast cancer samples [205]. DACT1 (Dapper/Frodo) is another
antagonist of Wnt/β-catenin signaling acting through Dvl. DACT1 is frequently silenced in breast
cancer cell lines, and its protein levels were noticeably reduced in breast tumors [206]. The above
studies demonstrated that Wnt signaling antagonists could function as tumor suppressors, and which
are frequently downregulated in breast cancer.

In the nucleus, the expression of BCL9, a co-factor that binds β-catenin and Pygo, has been found
significantly increased in basal-like subtypes of breast cancer. Elevated BCL9 could modulate Wnt
signaling by enhancing β-catenin targeted transcription [207]. In addition, the transcription factor LBH
was found to be a direct transcriptional target of Wnt/β-catenin signaling in breast cancer cells [25,26].
LBH was found aberrantly overexpressed in MMTV-Wnt1 mammary tumors and in human basal
breast cancers that display Wnt/β-catenin hyperactivation. Overexpression studies indicate that LBH
suppresses mammary epithelial cell differentiation, an effect that could contribute to Wnt-induced
tumorigenesis [26]. Moreover, SOX9, which is a Wnt-target in intestinal crypts [208], is also highly
expressed in basal-like breast cancers. SOX9 enhanced TCF4 transcription and Wnt/β-catenin signaling
in breast cancer [209]. These studies highlight the possibility of using Wnt/β-catenin target genes as
potential new markers for therapeutically challenging basal-like breast cancers.
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5. Wnt Signaling and Breast Cancer Stem Cells

Normal tissue stem cells with active mechanisms for self-renewal were postulated to be obvious
candidates for accumulating genetic mutations, initiating a malignant cell population and constituting
highly tumorigenic subpopulation of cancer cells. This is the basis of the original concept of cancer
stem cells (CSC) (reviewed in [210]). The CSC hypothesis has now evolved to be more complex than
a simple model, with CSCs situated on top of the hierarchy. CSCs include non-stem cells that have
acquire tumorigenic properties through de-differentiation either as a result of genetic mutation or in
a microenvironment-dependent manner (reviewed in [211]). The term CSC is used interchangeably
with tumor-initiating cells (T-IC). Numerous studies indicate that Wnt signaling contributes to cancer
progression through the maintenance of CSC or T-IC. Studies of leukemia have provided the most
extensive evidence for the significance of Wnt signaling in CSCs [212–214].

Wnt signaling also supports the action of malignant mammary stem cells in mouse models.
The stem cell-enriched basal population was expanded in MMTV-Wnt1 mammary tumors, but not
when MMTV was used to drive the expression of Hras, Erbb2 (also known as Neu and Her2), or Polyoma
middle T antigen (PyMT) [104,215], consistent with the idea that Wnt signaling activity is essential for
stem cell maintenance. Various CSC populations have been described in different mammary tumor
models. Using the MMTV-Wnt1 model, Cho et al. reported that the thymocyte antigen (Thy1)+, CD24+

population is enriched for CSCs. The Thy1+, CD24+ population makes up 1%–4% of total tumor cells
and is endowed with increased tumorigenic capacity [216]. Zhang et al. demonstrated that CSCs can be
identified by Wnt pathway reporter top-GFP+ in p53 null tumors [217]. A more recent study suggested
that ∆Np63 governs tumor-initiating activity in MMTV-Wnt1 and MMTV-Myc tumors, through a Wnt
signaling dependent mechanism involving Fzd7 expression [21]. Loss of ∆Np63 reduced expansion
of the MaSC-enriched basal population in pre-neoplastic mammary hyperplasia, as well as led to a
reduction of the Thy1+ CSC population in MMTV-Wnt1 tumors [21]. Of note, ∆Np63 has also been
implicated in CSC regulation in MMTV-ErbB2 tumors, which are classified with human luminal type
carcinomas, through regulation of Sonic Hedgehog (Hh) signaling pathway [218].

The first identification of CSCs in human breast cancer was achieved over ten years ago.
Al-Hajj et al. demonstrated that human breast cancer cells grown as xenografts contain a subset of
CD24´, CD44+ cells with increased tumorigenic capacity when compared to the remaining population.
The CSC subset could be serially passaged and xenografts that were generated were histologically
heterogeneous, resembling the parent tumor from which they were derived [219]. Additionally,
aldehyde dehydrogenase (ALDH) was identified as a potential marker for human breast CSCs [220].
Current evidence suggests that they are two distinct CSC populations, as CD24´, CD44+ cells
represent a quiescent mesenchymal-like population, whereas ALDH+ cells are a cycling, epithelial-like
population [221]. One caveat of these studies is that variability among different breast cancer subtypes
is likely extensive, and it may thus be challenging and inaccurate to designate a single CSC subset
for all breast cancers. Future studies should investigate CSCs with greater resolution in each distinct
breast cancer subtype, thereby providing a foundation for revealing the connection of CSCs with
Wnt signaling.

6. Concluding Remarks

In summary, controlled activation of the Wnt signaling cascade is fundamental in embryonic
organogenesis and homeostatic maintenance of the mammary gland, while its deviations associate
strongly with breast tumorigenesis, especially the aggressive basal-like subtype. Significant advances
have been made in the past decade towards defining the heterogeneity of mammary cells. The markers
of different epithelial subpopulations and stem cells are continually being refined. With the discovery
of new markers to better identify MaSCs, clear insights have been gained regarding the role of
different population of MaSCs and lineage-committed stem/progenitor cells during development.
The hierarchical relationships between the various recently identified populations have not been
fully delineated. It remains elusive how Wnt and other signals are coordinated in vivo to determine
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the different populations. Thus our understanding of the role of MaSC and lineage-committed
stem/progenitor cells in breast tumorigenesis remains obscure. Further studies are needed to address
these questions, and understanding these questions will go a long way towards comprehending the
underlying etiology of breast cancers.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (31530045
and 31371500 to Y.A.Z., 31401245 to Q.C.Y.), the Ministry of Science and Technology of China (2014CB964800 and
2012CB945000 to Y.A.Z.), the Chinese Academy of Sciences (XDA01010307 to Y.A.Z.) and Chinese Society of Cell
Biology (Early Career Fellowship to Q.C.Y.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brennan, K.R.; Brown, A.M. Wnt proteins in mammary development and cancer. J. Mammary Gland
Biol. Neoplasia 2004, 9, 119–131. [CrossRef] [PubMed]

2. Brisken, C.; Hess, K.; Jeitziner, R. Progesterone and overlooked endocrine pathways in breast cancer
pathogenesis. Endocrinology 2015, 156, 3442–3450. [CrossRef] [PubMed]

3. Turashvili, G.; Bouchal, J.; Burkadze, G.; Kolar, Z. Wnt signaling pathway in mammary gland development
and carcinogenesis. Pathobiology 2006, 73, 213–223. [CrossRef] [PubMed]

4. Bittner, J.J. Some possible effects of nursing on the mammary gland tumor incidence in mice. Science 1936,
84, 162. [CrossRef] [PubMed]

5. Korteweg, R. Genetically determined differences in hormone production a possible factor influencing the
susceptibility to mammary cancer in mice. Br. J. Cancer 1948, 2, 91–94. [CrossRef] [PubMed]

6. Lyons, M.J.; Moore, D.H. Purification of the mouse mammary tumour virus. Nature 1962, 194, 1141–1142.
[CrossRef] [PubMed]

7. Nusse, R.; Varmus, H.E. Many tumors induced by the mouse mammary tumor virus contain a provirus
integrated in the same region of the host genome. Cell 1982, 31, 99–109. [CrossRef]

8. Nusse, R.; Varmus, H. Three decades of wnts: A personal perspective on how a scientific field developed.
EMBO J. 2012, 31, 2670–2684. [CrossRef] [PubMed]

9. Clevers, H.; Nusse, R. Wnt/beta-catenin signaling and disease. Cell 2012, 149, 1192–1205. [CrossRef]
[PubMed]

10. Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 2006, 127, 469–480. [CrossRef]
[PubMed]

11. Gomez-Orte, E.; Saenz-Narciso, B.; Moreno, S.; Cabello, J. Multiple functions of the noncanonical wnt
pathway. Trends Genet. 2013, 29, 545–553. [CrossRef] [PubMed]

12. Logan, C.Y.; Nusse, R. The wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol.
2004, 20, 781–810. [CrossRef] [PubMed]

13. Liu, C.; Li, Y.; Semenov, M.; Han, C.; Baeg, G.H.; Tan, Y.; Zhang, Z.; Lin, X.; He, X. Control of beta-catenin
phosphorylation/degradation by a dual-kinase mechanism. Cell 2002, 108, 837–847. [CrossRef]

14. Aberle, H.; Bauer, A.; Stappert, J.; Kispert, A.; Kemler, R. Beta-catenin is a target for the ubiquitin-proteasome
pathway. EMBO J. 1997, 16, 3797–3804. [CrossRef] [PubMed]

15. Eastman, Q.; Grosschedl, R. Regulation of lef-1/tcf transcription factors by wnt and other signals.
Curr. Opin. Cell Biol. 1999, 11, 233–240. [CrossRef]

16. Kikuchi, A.; Yamamoto, H.; Kishida, S. Multiplicity of the interactions of wnt proteins and their receptors.
Cell. Signal. 2007, 19, 659–671. [CrossRef] [PubMed]

17. Huang, S.; Li, Y.; Chen, Y.; Podsypanina, K.; Chamorro, M.; Olshen, A.B.; Desai, K.V.; Tann, A.; Petersen, D.;
Green, J.E.; et al. Changes in gene expression during the development of mammary tumors in mmtv-wnt-1
transgenic mice. Genome Biol 2005, 6, R84. [CrossRef] [PubMed]

18. Wang, D.; Cai, C.; Dong, X.; Yu, Q.C.; Zhang, X.O.; Yang, L.; Zeng, Y.A. Identification of multipotent
mammary stem cells by protein c receptor expression. Nature 2015, 517, 81–84. [CrossRef] [PubMed]

19. Boras-Granic, K.; Chang, H.; Grosschedl, R.; Hamel, P.A. Lef1 is required for the transition of wnt signaling
from mesenchymal to epithelial cells in the mouse embryonic mammary gland. Dev. Biol. 2006, 295, 219–231.
[CrossRef] [PubMed]

http://dx.doi.org/10.1023/B:JOMG.0000037157.94207.33
http://www.ncbi.nlm.nih.gov/pubmed/15300008
http://dx.doi.org/10.1210/en.2015-1392
http://www.ncbi.nlm.nih.gov/pubmed/26241069
http://dx.doi.org/10.1159/000098207
http://www.ncbi.nlm.nih.gov/pubmed/17314492
http://dx.doi.org/10.1126/science.84.2172.162
http://www.ncbi.nlm.nih.gov/pubmed/17793252
http://dx.doi.org/10.1038/bjc.1948.12
http://www.ncbi.nlm.nih.gov/pubmed/18098496
http://dx.doi.org/10.1038/1941141a0
http://www.ncbi.nlm.nih.gov/pubmed/14467651
http://dx.doi.org/10.1016/0092-8674(82)90409-3
http://dx.doi.org/10.1038/emboj.2012.146
http://www.ncbi.nlm.nih.gov/pubmed/22617420
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://www.ncbi.nlm.nih.gov/pubmed/22682243
http://dx.doi.org/10.1016/j.cell.2006.10.018
http://www.ncbi.nlm.nih.gov/pubmed/17081971
http://dx.doi.org/10.1016/j.tig.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23846023
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.113126
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://dx.doi.org/10.1016/S0092-8674(02)00685-2
http://dx.doi.org/10.1093/emboj/16.13.3797
http://www.ncbi.nlm.nih.gov/pubmed/9233789
http://dx.doi.org/10.1016/S0955-0674(99)80031-3
http://dx.doi.org/10.1016/j.cellsig.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17188462
http://dx.doi.org/10.1186/gb-2005-6-10-r84
http://www.ncbi.nlm.nih.gov/pubmed/16207355
http://dx.doi.org/10.1038/nature13851
http://www.ncbi.nlm.nih.gov/pubmed/25327250
http://dx.doi.org/10.1016/j.ydbio.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16678815


Cancers 2016, 8, 65 16 of 26

20. Zhang, M.Z.; Ferrigno, O.; Wang, Z.; Ohnishi, M.; Prunier, C.; Levy, L.; Razzaque, M.; Horne, W.C.;
Romero, D.; Tzivion, G.; et al. Tgif governs a feed-forward network that empowers wnt signaling to
drive mammary tumorigenesis. Cancer Cell 2015, 27, 547–560. [CrossRef] [PubMed]

21. Chakrabarti, R.; Wei, Y.; Hwang, J.; Hang, X.; Andres Blanco, M.; Choudhury, A.; Tiede, B.; Romano, R.A.;
DeCoste, C.; Mercatali, L.; et al. Deltanp63 promotes stem cell activity in mammary gland development and
basal-like breast cancer by enhancing fzd7 expression and wnt signalling. Nat. Cell Biol. 2014, 16, 1004–1015,
1001–1013. [CrossRef] [PubMed]

22. Zeng, Y.A.; Nusse, R. Wnt proteins are self-renewal factors for mammary stem cells and promote their
long-term expansion in culture. Cell Stem Cell 2010, 6, 568–577. [CrossRef] [PubMed]

23. Zhang, J.; Li, Y.; Liu, Q.; Lu, W.; Bu, G. Wnt signaling activation and mammary gland hyperplasia in
mmtv-lrp6 transgenic mice: Implication for breast cancer tumorigenesis. Oncogene 2010, 29, 539–549.
[CrossRef] [PubMed]

24. Lustig, B.; Jerchow, B.; Sachs, M.; Weiler, S.; Pietsch, T.; Karsten, U.; van de Wetering, M.; Clevers, H.;
Schlag, P.M.; Birchmeier, W.; et al. Negative feedback loop of wnt signaling through upregulation of
conductin/axin2 in colorectal and liver tumors. Mol. Cell. Biol. 2002, 22, 1184–1193. [CrossRef] [PubMed]

25. Lindley, L.E.; Curtis, K.M.; Sanchez-Mejias, A.; Rieger, M.E.; Robbins, D.J.; Briegel, K.J. The wnt-controlled
transcriptional regulator lbh is required for mammary stem cell expansion and maintenance of the basal
lineage. Development 2015, 142, 893–904. [CrossRef] [PubMed]

26. Rieger, M.E.; Sims, A.H.; Coats, E.R.; Clarke, R.B.; Briegel, K.J. The embryonic transcription cofactor lbh is a
direct target of the wnt signaling pathway in epithelial development and in aggressive basal subtype breast
cancers. Mol. Cell. Biol. 2010, 30, 4267–4279. [CrossRef] [PubMed]

27. Howe, L.R.; Subbaramaiah, K.; Chung, W.J.; Dannenberg, A.J.; Brown, A.M. Transcriptional activation of
cyclooxygenase-2 in wnt-1-transformed mouse mammary epithelial cells. Cancer Res. 1999, 59, 1572–1577.
[PubMed]

28. Tice, D.A.; Szeto, W.; Soloviev, I.; Rubinfeld, B.; Fong, S.E.; Dugger, D.L.; Winer, J.; Williams, P.M.; Wieand, D.;
Smith, V.; et al. Synergistic induction of tumor antigens by wnt-1 signaling and retinoic acid revealed by
gene expression profiling. J. Biol. Chem. 2002, 277, 14329–14335. [CrossRef] [PubMed]

29. Prieve, M.G.; Moon, R.T. Stromelysin-1 and mesothelin are differentially regulated by wnt-5a and wnt-1 in
c57mg mouse mammary epithelial cells. BMC Dev. Biol. 2003, 3, 2. [CrossRef] [PubMed]

30. Haertel-Wiesmann, M.; Liang, Y.; Fantl, W.J.; Williams, L.T. Regulation of cyclooxygenase-2 and periostin by
wnt-3 in mouse mammary epithelial cells. J. Biol. Chem. 2000, 275, 32046–32051. [CrossRef] [PubMed]

31. Suzuki, H.; Toyota, M.; Carraway, H.; Gabrielson, E.; Ohmura, T.; Fujikane, T.; Nishikawa, N.; Sogabe, Y.;
Nojima, M.; Sonoda, T.; et al. Frequent epigenetic inactivation of wnt antagonist genes in breast cancer.
Br. J. Cancer 2008, 98, 1147–1156. [CrossRef] [PubMed]

32. Tao, W.; Pennica, D.; Xu, L.; Kalejta, R.F.; Levine, A.J. Wrch-1, a novel member of the rho gene family that is
regulated by wnt-1. Genes Dev. 2001, 15, 1796–1807. [CrossRef] [PubMed]

33. Yang, L.; Wu, X.; Wang, Y.; Zhang, K.; Wu, J.; Yuan, Y.C.; Deng, X.; Chen, L.; Kim, C.C.; Lau, S.; et al. Fzd7 has
a critical role in cell proliferation in triple negative breast cancer. Oncogene 2011, 30, 4437–4446. [CrossRef]
[PubMed]

34. DiMeo, T.A.; Anderson, K.; Phadke, P.; Fan, C.; Perou, C.M.; Naber, S.; Kuperwasser, C. A novel lung
metastasis signature links wnt signaling with cancer cell self-renewal and epithelial-mesenchymal transition
in basal-like breast cancer. Cancer Res. 2009, 69, 5364–5373. [CrossRef] [PubMed]

35. Howe, L.R.; Watanabe, O.; Leonard, J.; Brown, A.M. Twist is up-regulated in response to wnt1 and inhibits
mouse mammary cell differentiation. Cancer Res. 2003, 63, 1906–1913. [PubMed]

36. Haque, I.; Banerjee, S.; Mehta, S.; De, A.; Majumder, M.; Mayo, M.S.; Kambhampati, S.; Campbell, D.R.;
Banerjee, S.K. Cysteine-rich 61-connective tissue growth factor-nephroblastoma-overexpressed 5
(ccn5)/wnt-1-induced signaling protein-2 (wisp-2) regulates microrna-10b via hypoxia-inducible
factor-1alpha-twist signaling networks in human breast cancer cells. J. Biol. Chem. 2011, 286, 43475–43485.
[CrossRef] [PubMed]

37. Ji, J.; Jia, S.; Ji, K.; Jiang, W.G. Wnt1 inducible signalling pathway protein-2 (wisp2/ccn5): Roles and
regulation in human cancers (review). Oncol. Rep. 2014, 31, 533–539. [PubMed]

http://dx.doi.org/10.1016/j.ccell.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25873176
http://dx.doi.org/10.1038/ncb3040
http://www.ncbi.nlm.nih.gov/pubmed/25241036
http://dx.doi.org/10.1016/j.stem.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20569694
http://dx.doi.org/10.1038/onc.2009.339
http://www.ncbi.nlm.nih.gov/pubmed/19881541
http://dx.doi.org/10.1128/MCB.22.4.1184-1193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11809809
http://dx.doi.org/10.1242/dev.110403
http://www.ncbi.nlm.nih.gov/pubmed/25655704
http://dx.doi.org/10.1128/MCB.01418-09
http://www.ncbi.nlm.nih.gov/pubmed/20606007
http://www.ncbi.nlm.nih.gov/pubmed/10197631
http://dx.doi.org/10.1074/jbc.M200334200
http://www.ncbi.nlm.nih.gov/pubmed/11832495
http://dx.doi.org/10.1186/1471-213X-3-2
http://www.ncbi.nlm.nih.gov/pubmed/12697065
http://dx.doi.org/10.1074/jbc.M000074200
http://www.ncbi.nlm.nih.gov/pubmed/10884377
http://dx.doi.org/10.1038/sj.bjc.6604259
http://www.ncbi.nlm.nih.gov/pubmed/18283316
http://dx.doi.org/10.1101/gad.894301
http://www.ncbi.nlm.nih.gov/pubmed/11459829
http://dx.doi.org/10.1038/onc.2011.145
http://www.ncbi.nlm.nih.gov/pubmed/21532620
http://dx.doi.org/10.1158/0008-5472.CAN-08-4135
http://www.ncbi.nlm.nih.gov/pubmed/19549913
http://www.ncbi.nlm.nih.gov/pubmed/12702582
http://dx.doi.org/10.1074/jbc.M111.284158
http://www.ncbi.nlm.nih.gov/pubmed/22020939
http://www.ncbi.nlm.nih.gov/pubmed/24337439


Cancers 2016, 8, 65 17 of 26

38. Szeto, W.; Jiang, W.; Tice, D.A.; Rubinfeld, B.; Hollingshead, P.G.; Fong, S.E.; Dugger, D.L.; Pham, T.;
Yansura, D.G.; Wong, T.A.; et al. Overexpression of the retinoic acid-responsive gene stra6 in human cancers
and its synergistic induction by wnt-1 and retinoic acid. Cancer Res. 2001, 61, 4197–4205. [PubMed]

39. Kim, K.A.; Zhao, J.; Andarmani, S.; Kakitani, M.; Oshima, T.; Binnerts, M.E.; Abo, A.; Tomizuka, K.;
Funk, W.D. R-spondin proteins: A novel link to beta-catenin activation. Cell Cycle 2006, 5, 23–26. [CrossRef]
[PubMed]

40. Kim, K.A.; Wagle, M.; Tran, K.; Zhan, X.; Dixon, M.A.; Liu, S.; Gros, D.; Korver, W.; Yonkovich, S.;
Tomasevic, N.; et al. R-spondin family members regulate the wnt pathway by a common mechanism.
Mol. Biol. Cell 2008, 19, 2588–2596. [CrossRef] [PubMed]

41. Carmon, K.S.; Gong, X.; Lin, Q.; Thomas, A.; Liu, Q. R-spondins function as ligands of the orphan receptors
lgr4 and lgr5 to regulate wnt/beta-catenin signaling. Proc. Natl. Acad. Sci. USA 2011, 108, 11452–11457.
[CrossRef] [PubMed]

42. de Lau, W.; Barker, N.; Low, T.Y.; Koo, B.K.; Li, V.S.; Teunissen, H.; Kujala, P.; Haegebarth, A.; Peters, P.J.;
van de Wetering, M.; et al. Lgr5 homologues associate with wnt receptors and mediate r-spondin signalling.
Nature 2011, 476, 293–297. [CrossRef] [PubMed]

43. Glinka, A.; Dolde, C.; Kirsch, N.; Huang, Y.L.; Kazanskaya, O.; Ingelfinger, D.; Boutros, M.; Cruciat, C.M.;
Niehrs, C. Lgr4 and lgr5 are r-spondin receptors mediating wnt/beta-catenin and wnt/pcp signalling.
EMBO Rep. 2011, 12, 1055–1061. [CrossRef] [PubMed]

44. Gong, X.; Carmon, K.S.; Lin, Q.; Thomas, A.; Yi, J.; Liu, Q. Lgr6 is a high affinity receptor of r-spondins and
potentially functions as a tumor suppressor. PLoS ONE 2012, 7, e37137. [CrossRef] [PubMed]

45. Koo, B.K.; Spit, M.; Jordens, I.; Low, T.Y.; Stange, D.E.; van de Wetering, M.; van Es, J.H.; Mohammed, S.;
Heck, A.J.; Maurice, M.M.; et al. Tumour suppressor rnf43 is a stem-cell e3 ligase that induces endocytosis of
wnt receptors. Nature 2012, 488, 665–669. [CrossRef] [PubMed]

46. de Lau, W.; Peng, W.C.; Gros, P.; Clevers, H. The r-spondin/lgr5/rnf43 module: Regulator of wnt signal
strength. Genes Dev. 2014, 28, 305–316. [CrossRef] [PubMed]

47. Simons, M.; Mlodzik, M. Planar cell polarity signaling: From fly development to human disease.
Annu. Rev. Genet. 2008, 42, 517–540. [CrossRef] [PubMed]

48. Choi, S.C.; Han, J.K. Xenopus cdc42 regulates convergent extension movements during gastrulation through
wnt/ca2+ signaling pathway. Dev. Biol. 2002, 244, 342–357. [CrossRef] [PubMed]

49. Schambony, A.; Kunz, M.; Gradl, D. Cross-regulation of wnt signaling and cell adhesion. Differ. Res.
Biol. Divers. 2004, 72, 307–318. [CrossRef] [PubMed]

50. Kuhl, M.; Sheldahl, L.C.; Malbon, C.C.; Moon, R.T. Ca(2+)/calmodulin-dependent protein kinase II is
stimulated by wnt and frizzled homologs and promotes ventral cell fates in xenopus. J. Biol. Chem. 2000,
275, 12701–12711. [CrossRef] [PubMed]

51. Westfall, T.A.; Brimeyer, R.; Twedt, J.; Gladon, J.; Olberding, A.; Furutani-Seiki, M.; Slusarski, D.C.
Wnt-5/pipetail functions in vertebrate axis formation as a negative regulator of wnt/beta-catenin activity.
J. Cell Biol. 2003, 162, 889–898. [CrossRef] [PubMed]

52. Minami, Y.; Oishi, I.; Endo, M.; Nishita, M. Ror-family receptor tyrosine kinases in noncanonical wnt
signaling: Their implications in developmental morphogenesis and human diseases. Dev. Dyn. 2010,
239, 1–15. [CrossRef] [PubMed]

53. Van Amerongen, R.; Nusse, R. Towards an integrated view of wnt signaling in development. Development
2009, 136, 3205–3214. [CrossRef] [PubMed]

54. Mikels, A.J.; Nusse, R. Purified wnt5a protein activates or inhibits beta-catenin-tcf signaling depending on
receptor context. PLoS Biol. 2006, 4, e115. [CrossRef] [PubMed]

55. He, F.; Xiong, W.; Yu, X.; Espinoza-Lewis, R.; Liu, C.; Gu, S.; Nishita, M.; Suzuki, K.; Yamada, G.;
Minami, Y.; et al. Wnt5a regulates directional cell migration and cell proliferation via ror2-mediated
noncanonical pathway in mammalian palate development. Development 2008, 135, 3871–3879. [CrossRef]
[PubMed]

56. Heisenberg, C.P.; Tada, M.; Rauch, G.J.; Saude, L.; Concha, M.L.; Geisler, R.; Stemple, D.L.; Smith, J.C.;
Wilson, S.W. Silberblick/wnt11 mediates convergent extension movements during zebrafish gastrulation.
Nature 2000, 405, 76–81. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11358845
http://dx.doi.org/10.4161/cc.5.1.2305
http://www.ncbi.nlm.nih.gov/pubmed/16357527
http://dx.doi.org/10.1091/mbc.E08-02-0187
http://www.ncbi.nlm.nih.gov/pubmed/18400942
http://dx.doi.org/10.1073/pnas.1106083108
http://www.ncbi.nlm.nih.gov/pubmed/21693646
http://dx.doi.org/10.1038/nature10337
http://www.ncbi.nlm.nih.gov/pubmed/21727895
http://dx.doi.org/10.1038/embor.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/21909076
http://dx.doi.org/10.1371/journal.pone.0037137
http://www.ncbi.nlm.nih.gov/pubmed/22615920
http://dx.doi.org/10.1038/nature11308
http://www.ncbi.nlm.nih.gov/pubmed/22895187
http://dx.doi.org/10.1101/gad.235473.113
http://www.ncbi.nlm.nih.gov/pubmed/24532711
http://dx.doi.org/10.1146/annurev.genet.42.110807.091432
http://www.ncbi.nlm.nih.gov/pubmed/18710302
http://dx.doi.org/10.1006/dbio.2002.0602
http://www.ncbi.nlm.nih.gov/pubmed/11944942
http://dx.doi.org/10.1111/j.1432-0436.2004.07207002.x
http://www.ncbi.nlm.nih.gov/pubmed/15554942
http://dx.doi.org/10.1074/jbc.275.17.12701
http://www.ncbi.nlm.nih.gov/pubmed/10777564
http://dx.doi.org/10.1083/jcb.200303107
http://www.ncbi.nlm.nih.gov/pubmed/12952939
http://dx.doi.org/10.1002/dvdy.21991
http://www.ncbi.nlm.nih.gov/pubmed/19530173
http://dx.doi.org/10.1242/dev.033910
http://www.ncbi.nlm.nih.gov/pubmed/19736321
http://dx.doi.org/10.1371/journal.pbio.0040115
http://www.ncbi.nlm.nih.gov/pubmed/16602827
http://dx.doi.org/10.1242/dev.025767
http://www.ncbi.nlm.nih.gov/pubmed/18948417
http://dx.doi.org/10.1038/35011068
http://www.ncbi.nlm.nih.gov/pubmed/10811221


Cancers 2016, 8, 65 18 of 26

57. Marlow, F.; Topczewski, J.; Sepich, D.; Solnica-Krezel, L. Zebrafish rho kinase 2 acts downstream of wnt11
to mediate cell polarity and effective convergence and extension movements. Curr. Biol. 2002, 12, 876–884.
[CrossRef]

58. Smith, J.C.; Conlon, F.L.; Saka, Y.; Tada, M. Xwnt11 and the regulation of gastrulation in xenopus.
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2000, 355, 923–930. [CrossRef] [PubMed]

59. Tada, M.; Smith, J.C. Xwnt11 is a target of xenopus brachyury: Regulation of gastrulation movements via
dishevelled, but not through the canonical wnt pathway. Development 2000, 127, 2227–2238. [PubMed]

60. Tao, Q.; Yokota, C.; Puck, H.; Kofron, M.; Birsoy, B.; Yan, D.; Asashima, M.; Wylie, C.C.; Lin, X.; Heasman, J.
Maternal wnt11 activates the canonical wnt signaling pathway required for axis formation in xenopus
embryos. Cell 2005, 120, 857–871. [CrossRef] [PubMed]

61. Kim, Y.C.; Clark, R.J.; Pelegri, F.; Alexander, C.M. Wnt4 is not sufficient to induce lobuloalveolar mammary
development. BMC Dev. Biol. 2009, 9, 55. [CrossRef] [PubMed]

62. Heinonen, K.M.; Vanegas, J.R.; Lew, D.; Krosl, J.; Perreault, C. Wnt4 enhances murine hematopoietic
progenitor cell expansion through a planar cell polarity-like pathway. PLoS ONE 2011, 6, e19279. [CrossRef]
[PubMed]

63. Dirocco, D.P.; Kobayashi, A.; Taketo, M.M.; McMahon, A.P.; Humphreys, B.D. Wnt4/beta-catenin signaling
in medullary kidney myofibroblasts. J. Am. Soc. Nephrol. 2013. [CrossRef] [PubMed]

64. Park, J.S.; Valerius, M.T.; McMahon, A.P. Wnt/beta-catenin signaling regulates nephron induction during
mouse kidney development. Development 2007, 134, 2533–2539. [CrossRef] [PubMed]

65. Lyons, J.P.; Mueller, U.W.; Ji, H.; Everett, C.; Fang, X.; Hsieh, J.C.; Barth, A.M.; McCrea, P.D. Wnt-4 activates
the canonical beta-catenin-mediated wnt pathway and binds frizzled-6 crd: Functional implications of
wnt/beta-catenin activity in kidney epithelial cells. Exp. Cell Res 2004, 298, 369–387. [CrossRef] [PubMed]

66. Bernardi, H.; Gay, S.; Fedon, Y.; Vernus, B.; Bonnieu, A.; Bacou, F. Wnt4 activates the canonical beta-catenin
pathway and regulates negatively myostatin: Functional implication in myogenesis. Am. J. Physiol.
Cell Physiol. 2011, 300, C1122–C1138. [CrossRef] [PubMed]

67. Tran, H.T.; Sekkali, B.; Van Imschoot, G.; Janssens, S.; Vleminckx, K. Wnt/beta-catenin signaling is involved in
the induction and maintenance of primitive hematopoiesis in the vertebrate embryo. Proc. Natl. Acad. Sci. USA
2010, 107, 16160–16165. [CrossRef] [PubMed]

68. Kuroda, J.; Nakamura, M.; Yoshida, M.; Yamamoto, H.; Maeda, T.; Taniguchi, K.; Nakazawa, N.; Hatori, R.;
Ishio, A.; Ozaki, A.; et al. Canonical wnt signaling in the visceral muscle is required for left-right asymmetric
development of the drosophila midgut. Mech. Dev. 2012, 128, 625–639. [CrossRef] [PubMed]

69. Cai, C.; Yu, Q.C.; Jiang, W.; Liu, W.; Song, W.; Yu, H.; Zhang, L.; Yang, Y.; Zeng, Y.A. R-spondin1 is a
novel hormone mediator for mammary stem cell self-renewal. Genes Dev. 2014, 28, 2205–2218. [CrossRef]
[PubMed]

70. Wend, P.; Holland, J.D.; Ziebold, U.; Birchmeier, W. Wnt signaling in stem and cancer stem cells.
Semin. Cell Dev. Biol. 2010, 21, 855–863. [CrossRef] [PubMed]

71. Incassati, A.; Chandramouli, A.; Eelkema, R.; Cowin, P. Key signaling nodes in mammary gland development
and cancer: Beta-catenin. Breast Cancer Res. 2010, 12, 213. [CrossRef] [PubMed]

72. Roarty, K.; Rosen, J.M. Wnt and mammary stem cells: Hormones cannot fly wingless. Curr. Opin. Pharmacol.
2010, 10, 643–649. [CrossRef] [PubMed]

73. Cowin, P.; Wysolmerski, J. Molecular mechanisms guiding embryonic mammary gland development.
Cold Spring Harb. Perspect. Biol. 2010, 2, a003251. [CrossRef] [PubMed]

74. Veltmaat, J.M.; Mailleux, A.A.; Thiery, J.P.; Bellusci, S. Mouse embryonic mammogenesis as a model for the
molecular regulation of pattern formation. Differ. Res. Biol. Divers. 2003, 71, 1–17. [CrossRef] [PubMed]

75. Veltmaat, J.M.; Van Veelen, W.; Thiery, J.P.; Bellusci, S. Identification of the mammary line in mouse by
wnt10b expression. Dev. Dyn. 2004, 229, 349–356. [CrossRef] [PubMed]

76. Gu, B.; Sun, P.; Yuan, Y.; Moraes, R.C.; Li, A.; Teng, A.; Agrawal, A.; Rheaume, C.; Bilanchone, V.;
Veltmaat, J.M.; et al. Pygo2 expands mammary progenitor cells by facilitating histone h3 k4 methylation.
J. Cell Biol. 2009, 185, 811–826. [CrossRef] [PubMed]

77. Lindvall, C.; Evans, N.C.; Zylstra, C.R.; Li, Y.; Alexander, C.M.; Williams, B.O. The wnt signaling receptor
lrp5 is required for mammary ductal stem cell activity and wnt1-induced tumorigenesis. J. Biol. Chem. 2006,
281, 35081–35087. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0960-9822(02)00864-3
http://dx.doi.org/10.1098/rstb.2000.0627
http://www.ncbi.nlm.nih.gov/pubmed/11128985
http://www.ncbi.nlm.nih.gov/pubmed/10769246
http://dx.doi.org/10.1016/j.cell.2005.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15797385
http://dx.doi.org/10.1186/1471-213X-9-55
http://www.ncbi.nlm.nih.gov/pubmed/19878558
http://dx.doi.org/10.1371/journal.pone.0019279
http://www.ncbi.nlm.nih.gov/pubmed/21541287
http://dx.doi.org/10.1681/ASN.2012050512
http://www.ncbi.nlm.nih.gov/pubmed/23766539
http://dx.doi.org/10.1242/dev.006155
http://www.ncbi.nlm.nih.gov/pubmed/17537789
http://dx.doi.org/10.1016/j.yexcr.2004.04.036
http://www.ncbi.nlm.nih.gov/pubmed/15265686
http://dx.doi.org/10.1152/ajpcell.00214.2010
http://www.ncbi.nlm.nih.gov/pubmed/21248078
http://dx.doi.org/10.1073/pnas.1007725107
http://www.ncbi.nlm.nih.gov/pubmed/20805504
http://dx.doi.org/10.1016/j.mod.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22198363
http://dx.doi.org/10.1101/gad.245142.114
http://www.ncbi.nlm.nih.gov/pubmed/25260709
http://dx.doi.org/10.1016/j.semcdb.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20837152
http://dx.doi.org/10.1186/bcr2723
http://www.ncbi.nlm.nih.gov/pubmed/21067528
http://dx.doi.org/10.1016/j.coph.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20810315
http://dx.doi.org/10.1101/cshperspect.a003251
http://www.ncbi.nlm.nih.gov/pubmed/20484386
http://dx.doi.org/10.1046/j.1432-0436.2003.700601.x
http://www.ncbi.nlm.nih.gov/pubmed/12558599
http://dx.doi.org/10.1002/dvdy.10441
http://www.ncbi.nlm.nih.gov/pubmed/14745960
http://dx.doi.org/10.1083/jcb.200810133
http://www.ncbi.nlm.nih.gov/pubmed/19487454
http://dx.doi.org/10.1074/jbc.M607571200
http://www.ncbi.nlm.nih.gov/pubmed/16973609


Cancers 2016, 8, 65 19 of 26

78. Lindvall, C.; Zylstra, C.R.; Evans, N.; West, R.A.; Dykema, K.; Furge, K.A.; Williams, B.O. The wnt co-receptor
lrp6 is required for normal mouse mammary gland development. PLoS ONE 2009, 4, e5813. [CrossRef]
[PubMed]

79. van Genderen, C.; Okamura, R.M.; Farinas, I.; Quo, R.G.; Parslow, T.G.; Bruhn, L.; Grosschedl, R.
Development of several organs that require inductive epithelial-mesenchymal interactions is impaired
in lef-1-deficient mice. Genes Dev. 1994, 8, 2691–2703. [CrossRef] [PubMed]

80. Andl, T.; Reddy, S.T.; Gaddapara, T.; Millar, S.E. Wnt signals are required for the initiation of hair follicle
development. Dev. Cell 2002, 2, 643–653. [CrossRef]

81. Foley, J.; Dann, P.; Hong, J.; Cosgrove, J.; Dreyer, B.; Rimm, D.; Dunbar, M.; Philbrick, W.; Wysolmerski, J.
Parathyroid hormone-related protein maintains mammary epithelial fate and triggers nipple skin
differentiation during embryonic breast development. Development 2001, 128, 513–525. [PubMed]

82. Abdalkhani, A.; Sellers, R.; Gent, J.; Wulitich, H.; Childress, S.; Stein, B.; Boissy, R.E.; Wysolmerski, J.J.;
Foley, J. Nipple connective tissue and its development: Insights from the k14-pthrp mouse. Mech. Dev. 2002,
115, 63–77. [CrossRef]

83. Dunbar, M.E.; Dann, P.R.; Robinson, G.W.; Hennighausen, L.; Zhang, J.P.; Wysolmerski, J.J. Parathyroid
hormone-related protein signaling is necessary for sexual dimorphism during embryonic mammary
development. Development 1999, 126, 3485–3493. [PubMed]

84. Hens, J.R.; Dann, P.; Zhang, J.P.; Harris, S.; Robinson, G.W.; Wysolmerski, J. Bmp4 and pthrp interact to
stimulate ductal outgrowth during embryonic mammary development and to inhibit hair follicle induction.
Development 2007, 134, 1221–1230. [CrossRef] [PubMed]

85. Wysolmerski, J.J.; McCaughern-Carucci, J.F.; Daifotis, A.G.; Broadus, A.E.; Philbrick, W.M. Overexpression
of parathyroid hormone-related protein or parathyroid hormone in transgenic mice impairs branching
morphogenesis during mammary gland development. Development 1995, 121, 3539–3547. [PubMed]

86. Wysolmerski, J.J.; Philbrick, W.M.; Dunbar, M.E.; Lanske, B.; Kronenberg, H.; Broadus, A.E. Rescue of the
parathyroid hormone-related protein knockout mouse demonstrates that parathyroid hormone-related
protein is essential for mammary gland development. Development 1998, 125, 1285–1294. [PubMed]

87. Chu, E.Y.; Hens, J.; Andl, T.; Kairo, A.; Yamaguchi, T.P.; Brisken, C.; Glick, A.; Wysolmerski, J.J.; Millar, S.E.
Canonical wnt signaling promotes mammary placode development and is essential for initiation of mammary
gland morphogenesis. Development 2004, 131, 4819–4829. [CrossRef] [PubMed]

88. Macias, H.; Hinck, L. Mammary gland development. Wiley Interdiscip. Rev. Dev. Biol. 2012, 1, 533–557.
[CrossRef] [PubMed]

89. Buhler, T.A.; Dale, T.C.; Kieback, C.; Humphreys, R.C.; Rosen, J.M. Localization and quantification of wnt-2
gene expression in mouse mammary development. Dev. Biol. 1993, 155, 87–96. [CrossRef] [PubMed]

90. Kouros-Mehr, H.; Werb, Z. Candidate regulators of mammary branching morphogenesis identified by
genome-wide transcript analysis. Dev. Dyn. 2006, 235, 3404–3412. [CrossRef] [PubMed]

91. Gavin, B.J.; McMahon, A.P. Differential regulation of the wnt gene family during pregnancy and lactation
suggests a role in postnatal development of the mammary gland. Mol. Cell. Biol. 1992, 12, 2418–2423.
[CrossRef] [PubMed]

92. Lane, T.F.; Leder, P. Wnt-10b directs hypermorphic development and transformation in mammary glands of
male and female mice. Oncogene 1997, 15, 2133–2144. [CrossRef] [PubMed]

93. Weber-Hall, S.J.; Phippard, D.J.; Niemeyer, C.C.; Dale, T.C. Developmental and hormonal regulation of wnt
gene expression in the mouse mammary gland. Differentiation 1994, 57, 205–214. [CrossRef] [PubMed]

94. Roarty, K.; Shore, A.N.; Creighton, C.J.; Rosen, J.M. Ror2 regulates branching, differentiation, and
actin-cytoskeletal dynamics within the mammary epithelium. J. Cell Biol. 2015, 208, 351–366. [CrossRef]
[PubMed]

95. Lin, T.P.; Guzman, R.C.; Osborn, R.C.; Thordarson, G.; Nandi, S. Role of endocrine, autocrine, and paracrine
interactions in the development of mammary hyperplasia in wnt-1 transgenic mice. Cancer Res. 1992,
52, 4413–4419. [PubMed]

96. Tsukamoto, A.S.; Grosschedl, R.; Guzman, R.C.; Parslow, T.; Varmus, H.E. Expression of the int-1 gene in
transgenic mice is associated with mammary gland hyperplasia and adenocarcinomas in male and female
mice. Cell 1988, 55, 619–625. [CrossRef]

97. Bradbury, J.M.; Edwards, P.A.; Niemeyer, C.C.; Dale, T.C. Wnt-4 expression induces a pregnancy-like growth
pattern in reconstituted mammary glands in virgin mice. Dev. Biol. 1995, 170, 553–563. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0005813
http://www.ncbi.nlm.nih.gov/pubmed/19503830
http://dx.doi.org/10.1101/gad.8.22.2691
http://www.ncbi.nlm.nih.gov/pubmed/7958926
http://dx.doi.org/10.1016/S1534-5807(02)00167-3
http://www.ncbi.nlm.nih.gov/pubmed/11171335
http://dx.doi.org/10.1016/S0925-4773(02)00092-8
http://www.ncbi.nlm.nih.gov/pubmed/10409496
http://dx.doi.org/10.1242/dev.000182
http://www.ncbi.nlm.nih.gov/pubmed/17301089
http://www.ncbi.nlm.nih.gov/pubmed/8582268
http://www.ncbi.nlm.nih.gov/pubmed/9477327
http://dx.doi.org/10.1242/dev.01347
http://www.ncbi.nlm.nih.gov/pubmed/15342465
http://dx.doi.org/10.1002/wdev.35
http://www.ncbi.nlm.nih.gov/pubmed/22844349
http://dx.doi.org/10.1006/dbio.1993.1009
http://www.ncbi.nlm.nih.gov/pubmed/8416847
http://dx.doi.org/10.1002/dvdy.20978
http://www.ncbi.nlm.nih.gov/pubmed/17039550
http://dx.doi.org/10.1128/MCB.12.5.2418
http://www.ncbi.nlm.nih.gov/pubmed/1373817
http://dx.doi.org/10.1038/sj.onc.1201593
http://www.ncbi.nlm.nih.gov/pubmed/9393971
http://dx.doi.org/10.1046/j.1432-0436.1994.5730205.x
http://www.ncbi.nlm.nih.gov/pubmed/7988795
http://dx.doi.org/10.1083/jcb.201408058
http://www.ncbi.nlm.nih.gov/pubmed/25624393
http://www.ncbi.nlm.nih.gov/pubmed/1386556
http://dx.doi.org/10.1016/0092-8674(88)90220-6
http://dx.doi.org/10.1006/dbio.1995.1236
http://www.ncbi.nlm.nih.gov/pubmed/7649383


Cancers 2016, 8, 65 20 of 26

98. Brisken, C.; Heineman, A.; Chavarria, T.; Elenbaas, B.; Tan, J.; Dey, S.K.; McMahon, J.A.; McMahon, A.P.;
Weinberg, R.A. Essential function of wnt-4 in mammary gland development downstream of progesterone
signaling. Genes Dev. 2000, 14, 650–654. [PubMed]

99. Rajaram, R.D.; Buric, D.; Caikovski, M.; Ayyanan, A.; Rougemont, J.; Shan, J.; Vainio, S.J.; Yalcin-Ozuysal, O.;
Brisken, C. Progesterone and wnt4 control mammary stem cells via myoepithelial crosstalk. EMBO J. 2015,
34, 641–652. [CrossRef] [PubMed]

100. Roarty, K.; Serra, R. Wnt5a is required for proper mammary gland development and tgf-beta-mediated
inhibition of ductal growth. Development 2007, 134, 3929–3939. [CrossRef] [PubMed]

101. Kessenbrock, K.; Dijkgraaf, G.J.; Lawson, D.A.; Littlepage, L.E.; Shahi, P.; Pieper, U.; Werb, Z. A role for matrix
metalloproteinases in regulating mammary stem cell function via the wnt signaling pathway. Cell Stem Cell
2013, 13, 300–313. [CrossRef] [PubMed]

102. Visvader, J.E. Keeping abreast of the mammary epithelial hierarchy and breast tumorigenesis. Genes Dev.
2009, 23, 2563–2577. [CrossRef] [PubMed]

103. Deome, K.B.; Faulkin, L.J., Jr.; Bern, H.A.; Blair, P.B. Development of mammary tumors from hyperplastic
alveolar nodules transplanted into gland-free mammary fat pads of female c3h mice. Cancer Res. 1959,
19, 515–520. [PubMed]

104. Shackleton, M.; Vaillant, F.; Simpson, K.J.; Stingl, J.; Smyth, G.K.; Asselin-Labat, M.L.; Wu, L.; Lindeman, G.J.;
Visvader, J.E. Generation of a functional mammary gland from a single stem cell. Nature 2006, 439, 84–88.
[CrossRef] [PubMed]

105. Stingl, J.; Eirew, P.; Ricketson, I.; Shackleton, M.; Vaillant, F.; Choi, D.; Li, H.I.; Eaves, C.J. Purification and
unique properties of mammary epithelial stem cells. Nature 2006, 439, 993–997. [CrossRef] [PubMed]

106. Eirew, P.; Stingl, J.; Raouf, A.; Turashvili, G.; Aparicio, S.; Emerman, J.T.; Eaves, C.J. A method for quantifying
normal human mammary epithelial stem cells with in vivo regenerative ability. Nat. Med. 2008, 14, 1384–1389.
[CrossRef] [PubMed]

107. Lim, E.; Vaillant, F.; Wu, D.; Forrest, N.C.; Pal, B.; Hart, A.H.; Asselin-Labat, M.L.; Gyorki, D.E.; Ward, T.;
Partanen, A.; et al. Aberrant luminal progenitors as the candidate target population for basal tumor
development in brca1 mutation carriers. Nat. Med. 2009, 15, 907–913. [CrossRef] [PubMed]

108. van Amerongen, R.; Bowman, A.N.; Nusse, R. Developmental stage and time dictate the fate of
wnt/beta-catenin-responsive stem cells in the mammary gland. Cell Stem Cell 2012, 11, 387–400. [CrossRef]
[PubMed]

109. Badders, N.M.; Goel, S.; Clark, R.J.; Klos, K.S.; Kim, S.; Bafico, A.; Lindvall, C.; Williams, B.O.; Alexander, C.M.
The wnt receptor, lrp5, is expressed by mouse mammary stem cells and is required to maintain the basal
lineage. PLoS ONE 2009, 4, e6594. [CrossRef] [PubMed]

110. Rios, A.C.; Fu, N.Y.; Lindeman, G.J.; Visvader, J.E. In situ identification of bipotent stem cells in the mammary
gland. Nature 2014. [CrossRef] [PubMed]

111. de Visser, K.E.; Ciampricotti, M.; Michalak, E.M.; Tan, D.W.; Speksnijder, E.N.; Hau, C.S.; Clevers, H.;
Barker, N.; Jonkers, J. Developmental stage-specific contribution of lgr5(+) cells to basal and luminal
epithelial lineages in the postnatal mammary gland. J. Pathol. 2012, 228, 300–309. [CrossRef] [PubMed]

112. Plaks, V.; Brenot, A.; Lawson, D.A.; Linnemann, J.R.; Van Kappel, E.C.; Wong, K.C.; de Sauvage, F.; Klein, O.D.;
Werb, Z. Lgr5-expressing cells are sufficient and necessary for postnatal mammary gland organogenesis.
Cell Rep. 2013, 3, 70–78. [CrossRef] [PubMed]

113. Van Keymeulen, A.; Rocha, A.S.; Ousset, M.; Beck, B.; Bouvencourt, G.; Rock, J.; Sharma, N.; Dekoninck, S.;
Blanpain, C. Distinct stem cells contribute to mammary gland development and maintenance. Nature 2011,
479, 189–193. [CrossRef] [PubMed]

114. Prater, M.D.; Petit, V.; Alasdair Russell, I.; Giraddi, R.R.; Shehata, M.; Menon, S.; Schulte, R.; Kalajzic, I.;
Rath, N.; Olson, M.F.; et al. Mammary stem cells have myoepithelial cell properties. Nat. Cell Biol. 2014,
16, 942–950. [CrossRef] [PubMed]

115. Dong, X.; Zeng, Y.A.; Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China. Unpublished, 2016.

116. Li, L.; Clevers, H. Coexistence of quiescent and active adult stem cells in mammals. Science 2010, 327, 542–545.
[CrossRef] [PubMed]

117. Williams, J.M.; Daniel, C.W. Mammary ductal elongation: Differentiation of myoepithelium and basal lamina
during branching morphogenesis. Dev. Biol. 1983, 97, 274–290. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10733525
http://dx.doi.org/10.15252/embj.201490434
http://www.ncbi.nlm.nih.gov/pubmed/25603931
http://dx.doi.org/10.1242/dev.008250
http://www.ncbi.nlm.nih.gov/pubmed/17898001
http://dx.doi.org/10.1016/j.stem.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23871604
http://dx.doi.org/10.1101/gad.1849509
http://www.ncbi.nlm.nih.gov/pubmed/19933147
http://www.ncbi.nlm.nih.gov/pubmed/13663040
http://dx.doi.org/10.1038/nature04372
http://www.ncbi.nlm.nih.gov/pubmed/16397499
http://dx.doi.org/10.1038/nature04496
http://www.ncbi.nlm.nih.gov/pubmed/16395311
http://dx.doi.org/10.1038/nm.1791
http://www.ncbi.nlm.nih.gov/pubmed/19029987
http://dx.doi.org/10.1038/nm.2000
http://www.ncbi.nlm.nih.gov/pubmed/19648928
http://dx.doi.org/10.1016/j.stem.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://dx.doi.org/10.1371/journal.pone.0006594
http://www.ncbi.nlm.nih.gov/pubmed/19672307
http://dx.doi.org/10.1038/nature12948
http://www.ncbi.nlm.nih.gov/pubmed/24463516
http://dx.doi.org/10.1002/path.4096
http://www.ncbi.nlm.nih.gov/pubmed/22926799
http://dx.doi.org/10.1016/j.celrep.2012.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23352663
http://dx.doi.org/10.1038/nature10573
http://www.ncbi.nlm.nih.gov/pubmed/21983963
http://dx.doi.org/10.1038/ncb3025
http://www.ncbi.nlm.nih.gov/pubmed/25173976
http://dx.doi.org/10.1126/science.1180794
http://www.ncbi.nlm.nih.gov/pubmed/20110496
http://dx.doi.org/10.1016/0012-1606(83)90086-6


Cancers 2016, 8, 65 21 of 26

118. Srinivasan, K.; Strickland, P.; Valdes, A.; Shin, G.C.; Hinck, L. Netrin-1/neogenin interaction stabilizes
multipotent progenitor cap cells during mammary gland morphogenesis. Dev. Cell 2003, 4, 371–382.
[CrossRef]

119. Zeng, L.; Cai, C.; Li, S.; Wang, W.; Li, Y.; Chen, J.; Zhu, X.; Zeng, Y.A. Essential roles of cyclin y-like 1
and cyclin y in dividing wnt-responsive mammary stem/progenitor cells. PLoS Genet. 2016, 12, e1006055.
[CrossRef] [PubMed]

120. Davidson, G.; Shen, J.; Huang, Y.L.; Su, Y.; Karaulanov, E.; Bartscherer, K.; Hassler, C.; Stannek, P.; Boutros, M.;
Niehrs, C. Cell cycle control of wnt receptor activation. Dev. Cell 2009, 17, 788–799. [CrossRef] [PubMed]

121. Jiang, M.; Gao, Y.; Yang, T.; Zhu, X.; Chen, J. Cyclin y, a novel membrane-associated cyclin, interacts with
pftk1. FEBS Lett. 2009, 583, 2171–2178. [CrossRef] [PubMed]

122. Bai, L.; Rohrschneider, L.R. S-ship promoter expression marks activated stem cells in developing mouse
mammary tissue. Genes Dev. 2010, 24, 1882–1892. [CrossRef] [PubMed]

123. Macias, H.; Moran, A.; Samara, Y.; Moreno, M.; Compton, J.E.; Harburg, G.; Strickland, P.; Hinck, L. Slit/robo1
signaling suppresses mammary branching morphogenesis by limiting basal cell number. Dev. Cell 2011,
20, 827–840. [CrossRef] [PubMed]

124. Strickland, P.; Shin, G.C.; Plump, A.; Tessier-Lavigne, M.; Hinck, L. Slit2 and netrin 1 act synergistically as
adhesive cues to generate tubular bi-layers during ductal morphogenesis. Development 2006, 133, 823–832.
[CrossRef] [PubMed]

125. Harburg, G.; Compton, J.; Liu, W.; Iwai, N.; Zada, S.; Marlow, R.; Strickland, P.; Zeng, Y.A.; Hinck, L.
Slit/robo2 signaling promotes mammary stem cell senescence by inhibiting wnt signaling. Stem Cell Rep.
2014, 3, 385–393. [CrossRef] [PubMed]

126. Gu, B.; Watanabe, K.; Sun, P.; Fallahi, M.; Dai, X. Chromatin effector pygo2 mediates wnt-notch crosstalk
to suppress luminal/alveolar potential of mammary stem and basal cells. Cell Stem Cell 2013, 13, 48–61.
[CrossRef] [PubMed]

127. Robinson, G.W. Using notches to track mammary epithelial cell homeostasis. Cell Stem Cell 2008, 3, 359–360.
[CrossRef] [PubMed]

128. Fu, N.; Lindeman, G.J.; Visvader, J.E. The mammary stem cell hierarchy. Curr. Top. Dev. Biol. 2014,
107, 133–160. [PubMed]

129. Visvader, J.E.; Stingl, J. Mammary stem cells and the differentiation hierarchy: Current status and
perspectives. Genes Dev. 2014, 28, 1143–1158. [CrossRef] [PubMed]

130. Barker, N.; van Es, J.H.; Kuipers, J.; Kujala, P.; van den Born, M.; Cozijnsen, M.; Haegebarth, A.; Korving, J.;
Begthel, H.; Peters, P.J.; et al. Identification of stem cells in small intestine and colon by marker gene lgr5.
Nature 2007, 449, 1003–1007. [CrossRef] [PubMed]

131. Wang, D.; Zeng, Y.A.; Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China. Unpublished, 2016.

132. Brisken, C.; O’Malley, B. Hormone action in the mammary gland. Cold Spring Harb. Perspect. Biol. 2010,
2, a003178. [CrossRef] [PubMed]

133. Tornillo, G.; Smalley, M.J. Errrr...Where are the progenitors? Hormone receptors and mammary cell
heterogeneity. J. Mammary Gland Biol. Neoplasia 2015, 20, 63–73. [CrossRef] [PubMed]

134. Hovey, R.C.; Trott, J.F.; Vonderhaar, B.K. Establishing a framework for the functional mammary gland: From
endocrinology to morphology. J. Mammary Gland Biol. Neoplasia 2002, 7, 17–38. [CrossRef] [PubMed]

135. Howlin, J.; McBryan, J.; Martin, F. Pubertal mammary gland development: Insights from mouse models.
J. Mammary Gland Biol. Neoplasia 2006, 11, 283–297. [CrossRef] [PubMed]

136. Schedin, P.; Mitrenga, T.; Kaeck, M. Estrous cycle regulation of mammary epithelial cell proliferation,
differentiation, and death in the sprague-dawley rat: A model for investigating the role of estrous cycling in
mammary carcinogenesis. J. Mammary Gland Biol. Neoplasia 2000, 5, 211–225. [CrossRef] [PubMed]

137. Fata, J.E.; Chaudhary, V.; Khokha, R. Cellular turnover in the mammary gland is correlated with systemic
levels of progesterone and not 17beta-estradiol during the estrous cycle. Biol. Reprod. 2001, 65, 680–688.
[CrossRef] [PubMed]

138. Walmer, D.K.; Wrona, M.A.; Hughes, C.L.; Nelson, K.G. Lactoferrin expression in the mouse reproductive
tract during the natural estrous cycle: Correlation with circulating estradiol and progesterone. Endocrinology
1992, 131, 1458–1466. [PubMed]

http://dx.doi.org/10.1016/S1534-5807(03)00054-6
http://dx.doi.org/10.1371/journal.pgen.1006055
http://www.ncbi.nlm.nih.gov/pubmed/27203244
http://dx.doi.org/10.1016/j.devcel.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/20059949
http://dx.doi.org/10.1016/j.febslet.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19524571
http://dx.doi.org/10.1101/gad.1932810
http://www.ncbi.nlm.nih.gov/pubmed/20810647
http://dx.doi.org/10.1016/j.devcel.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21664580
http://dx.doi.org/10.1242/dev.02261
http://www.ncbi.nlm.nih.gov/pubmed/16439476
http://dx.doi.org/10.1016/j.stemcr.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25241737
http://dx.doi.org/10.1016/j.stem.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23684539
http://dx.doi.org/10.1016/j.stem.2008.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18940725
http://www.ncbi.nlm.nih.gov/pubmed/24439805
http://dx.doi.org/10.1101/gad.242511.114
http://www.ncbi.nlm.nih.gov/pubmed/24888586
http://dx.doi.org/10.1038/nature06196
http://www.ncbi.nlm.nih.gov/pubmed/17934449
http://dx.doi.org/10.1101/cshperspect.a003178
http://www.ncbi.nlm.nih.gov/pubmed/20739412
http://dx.doi.org/10.1007/s10911-015-9336-1
http://www.ncbi.nlm.nih.gov/pubmed/26193872
http://dx.doi.org/10.1023/A:1015766322258
http://www.ncbi.nlm.nih.gov/pubmed/12160083
http://dx.doi.org/10.1007/s10911-006-9024-2
http://www.ncbi.nlm.nih.gov/pubmed/17089203
http://dx.doi.org/10.1023/A:1026447506666
http://www.ncbi.nlm.nih.gov/pubmed/11149574
http://dx.doi.org/10.1095/biolreprod65.3.680
http://www.ncbi.nlm.nih.gov/pubmed/11514328
http://www.ncbi.nlm.nih.gov/pubmed/1505477


Cancers 2016, 8, 65 22 of 26

139. Asselin-Labat, M.L.; Vaillant, F.; Sheridan, J.M.; Pal, B.; Wu, D.; Simpson, E.R.; Yasuda, H.; Smyth, G.K.;
Martin, T.J.; Lindeman, G.J.; et al. Control of mammary stem cell function by steroid hormone signalling.
Nature 2010, 465, 798–802. [CrossRef] [PubMed]

140. Joshi, P.A.; Jackson, H.W.; Beristain, A.G.; Di Grappa, M.A.; Mote, P.A.; Clarke, C.L.; Stingl, J.;
Waterhouse, P.D.; Khokha, R. Progesterone induces adult mammary stem cell expansion. Nature 2010,
465, 803–807. [CrossRef] [PubMed]

141. Daniel, C.W. Finite growth span of mouse mammary gland serially propagated in vivo. Experientia 1973,
29, 1422–1424. [CrossRef] [PubMed]

142. Cai, C.; Zeng, Y.A.; Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China. Unpublished, 2016.

143. Chadi, S.; Buscara, L.; Pechoux, C.; Costa, J.; Laubier, J.; Chaboissier, M.C.; Pailhoux, E.; Vilotte, J.L.;
Chanat, E.; Le Provost, F. R-spondin1 is required for normal epithelial morphogenesis during mammary
gland development. Biochem. Biophys. Res. Commun. 2009, 390, 1040–1043. [CrossRef] [PubMed]

144. Joshi, P.A.; Waterhouse, P.D.; Kannan, N.; Narala, S.; Fang, H.; Di Grappa, M.A.; Jackson, H.W.;
Penninger, J.M.; Eaves, C.; Khokha, R. Rank signaling amplifies wnt-responsive mammary progenitors
through r-spondin1. Stem Cell Rep. 2015, 5, 31–44. [CrossRef] [PubMed]

145. Beleut, M.; Rajaram, R.D.; Caikovski, M.; Ayyanan, A.; Germano, D.; Choi, Y.; Schneider, P.;
Brisken, C. Two distinct mechanisms underlie progesterone-induced proliferation in the mammary gland.
Proc. Natl. Acad. Sci. USA 2010, 107, 2989–2994. [CrossRef] [PubMed]

146. Fata, J.E.; Kong, Y.Y.; Li, J.; Sasaki, T.; Irie-Sasaki, J.; Moorehead, R.A.; Elliott, R.; Scully, S.; Voura, E.B.;
Lacey, D.L.; et al. The osteoclast differentiation factor osteoprotegerin-ligand is essential for mammary gland
development. Cell 2000, 103, 41–50. [CrossRef]

147. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, J.H.; Abo, A.;
Kujala, P.; Peters, P.J.; et al. Single lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal
niche. Nature 2009, 459, 262–265. [CrossRef] [PubMed]

148. Barker, N.; Huch, M.; Kujala, P.; van de Wetering, M.; Snippert, H.J.; van Es, J.H.; Sato, T.; Stange, D.E.;
Begthel, H.; van den Born, M.; et al. Lgr5(+ve) stem cells drive self-renewal in the stomach and build
long-lived gastric units in vitro. Cell Stem Cell 2010, 6, 25–36. [CrossRef] [PubMed]

149. Huch, M.; Dorrell, C.; Boj, S.F.; van Es, J.H.; Li, V.S.; van de Wetering, M.; Sato, T.; Hamer, K.; Sasaki, N.;
Finegold, M.J.; et al. In vitro expansion of single lgr5(+) liver stem cells induced by wnt-driven regeneration.
Nature 2013. [CrossRef] [PubMed]

150. Kim, K.A.; Kakitani, M.; Zhao, J.; Oshima, T.; Tang, T.; Binnerts, M.; Liu, Y.; Boyle, B.; Park, E.; Emtage, P.; et al.
Mitogenic influence of human r-spondin1 on the intestinal epithelium. Science 2005, 309, 1256–1259.
[CrossRef] [PubMed]

151. Theodorou, V.; Kimm, M.A.; Boer, M.; Wessels, L.; Theelen, W.; Jonkers, J.; Hilkens, J. Mmtv insertional
mutagenesis identifies genes, gene families and pathways involved in mammary cancer. Nat. Genet. 2007,
39, 759–769. [CrossRef] [PubMed]

152. Lowther, W.; Wiley, K.; Smith, G.H.; Callahan, R. A new common integration site, int7, for the mouse
mammary tumor virus in mouse mammary tumors identifies a gene whose product has furin-like and
thrombospondin-like sequences. J. Virol. 2005, 79, 10093–10096. [CrossRef] [PubMed]

153. Klauzinska, M.; Baljinnyam, B.; Raafat, A.; Rodriguez-Canales, J.; Strizzi, L.; Greer, Y.E.; Rubin, J.S.;
Callahan, R. Rspo2/int7 regulates invasiveness and tumorigenic properties of mammary epithelial cells.
J. Cell. Physiol. 2012, 227, 1960–1971. [CrossRef] [PubMed]

154. Herschkowitz, J.I.; Simin, K.; Weigman, V.J.; Mikaelian, I.; Usary, J.; Hu, Z.; Rasmussen, K.E.; Jones, L.P.;
Assefnia, S.; Chandrasekharan, S.; et al. Identification of conserved gene expression features between murine
mammary carcinoma models and human breast tumors. Genome Biol. 2007, 8, R76. [CrossRef] [PubMed]

155. Liu, C.C.; Prior, J.; Piwnica-Worms, D.; Bu, G. Lrp6 overexpression defines a class of breast cancer subtype
and is a target for therapy. Proc. Natl. Acad. Sci. USA 2010, 107, 5136–5141. [CrossRef] [PubMed]

156. Khramtsov, A.I.; Khramtsova, G.F.; Tretiakova, M.; Huo, D.; Olopade, O.I.; Goss, K.H. Wnt/beta-catenin
pathway activation is enriched in basal-like breast cancers and predicts poor outcome. Am. J. Pathol. 2010,
176, 2911–2920. [CrossRef] [PubMed]

157. Polakis, P. Wnt signaling in cancer. Cold Spring Harb. Perspect. Biol. 2012, 4. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature09027
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://dx.doi.org/10.1038/nature09091
http://www.ncbi.nlm.nih.gov/pubmed/20445538
http://dx.doi.org/10.1007/BF01922854
http://www.ncbi.nlm.nih.gov/pubmed/4761262
http://dx.doi.org/10.1016/j.bbrc.2009.10.104
http://www.ncbi.nlm.nih.gov/pubmed/19857464
http://dx.doi.org/10.1016/j.stemcr.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26095608
http://dx.doi.org/10.1073/pnas.0915148107
http://www.ncbi.nlm.nih.gov/pubmed/20133621
http://dx.doi.org/10.1016/S0092-8674(00)00103-3
http://dx.doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995
http://dx.doi.org/10.1016/j.stem.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://dx.doi.org/10.1038/nature11826
http://www.ncbi.nlm.nih.gov/pubmed/23354049
http://dx.doi.org/10.1126/science.1112521
http://www.ncbi.nlm.nih.gov/pubmed/16109882
http://dx.doi.org/10.1038/ng2034
http://www.ncbi.nlm.nih.gov/pubmed/17468756
http://dx.doi.org/10.1128/JVI.79.15.10093-10096.2005
http://www.ncbi.nlm.nih.gov/pubmed/16014973
http://dx.doi.org/10.1002/jcp.22924
http://www.ncbi.nlm.nih.gov/pubmed/21732367
http://dx.doi.org/10.1186/gb-2007-8-5-r76
http://www.ncbi.nlm.nih.gov/pubmed/17493263
http://dx.doi.org/10.1073/pnas.0911220107
http://www.ncbi.nlm.nih.gov/pubmed/20194742
http://dx.doi.org/10.2353/ajpath.2010.091125
http://www.ncbi.nlm.nih.gov/pubmed/20395444
http://dx.doi.org/10.1101/cshperspect.a008052
http://www.ncbi.nlm.nih.gov/pubmed/22438566


Cancers 2016, 8, 65 23 of 26

158. Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-negative breast cancer. N. Engl. J. Med. 2010, 363, 1938–1948.
[CrossRef] [PubMed]

159. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies.
J. Clin. Investig. 2011, 121, 2750–2767. [CrossRef] [PubMed]

160. Carey, L.; Winer, E.; Viale, G.; Cameron, D.; Gianni, L. Triple-negative breast cancer: Disease entity or title of
convenience? Nat. Rev. Clin. Oncol. 2010, 7, 683–692. [CrossRef] [PubMed]

161. Lin, S.Y.; Xia, W.; Wang, J.C.; Kwong, K.Y.; Spohn, B.; Wen, Y.; Pestell, R.G.; Hung, M.C. Beta-catenin,
a novel prognostic marker for breast cancer: Its roles in cyclin d1 expression and cancer progression.
Proc. Natl. Acad. Sci. USA 2000, 97, 4262–4266. [CrossRef] [PubMed]

162. Lopez-Knowles, E.; Zardawi, S.J.; McNeil, C.M.; Millar, E.K.; Crea, P.; Musgrove, E.A.; Sutherland, R.L.;
O’Toole, S.A. Cytoplasmic localization of beta-catenin is a marker of poor outcome in breast cancer patients.
Cancer Epidemiol. Biomark. Prev. 2010, 19, 301–309. [CrossRef] [PubMed]

163. Niida, A.; Hiroko, T.; Kasai, M.; Furukawa, Y.; Nakamura, Y.; Suzuki, Y.; Sugano, S.; Akiyama, T. Dkk1,
a negative regulator of wnt signaling, is a target of the beta-catenin/tcf pathway. Oncogene 2004, 23, 8520–8526.
[CrossRef] [PubMed]

164. Gonzalez-Sancho, J.M.; Aguilera, O.; Garcia, J.M.; Pendas-Franco, N.; Pena, C.; Cal, S.; Garcia de Herreros, A.;
Bonilla, F.; Munoz, A. The wnt antagonist dickkopf-1 gene is a downstream target of beta-catenin/tcf and is
downregulated in human colon cancer. Oncogene 2005, 24, 1098–1103. [CrossRef] [PubMed]

165. Chamorro, M.N.; Schwartz, D.R.; Vonica, A.; Brivanlou, A.H.; Cho, K.R.; Varmus, H.E. Fgf-20 and dkk1 are
transcriptional targets of beta-catenin and fgf-20 is implicated in cancer and development. EMBO J. 2005,
24, 73–84. [CrossRef] [PubMed]

166. Forget, M.A.; Turcotte, S.; Beauseigle, D.; Godin-Ethier, J.; Pelletier, S.; Martin, J.; Tanguay, S.; Lapointe, R.
The wnt pathway regulator dkk1 is preferentially expressed in hormone-resistant breast tumours and in
some common cancer types. Br. J. Cancer 2007, 96, 646–653. [CrossRef] [PubMed]

167. Bu, G.; Lu, W.; Liu, C.C.; Selander, K.; Yoneda, T.; Hall, C.; Keller, E.T.; Li, Y. Breast cancer-derived dickkopf1
inhibits osteoblast differentiation and osteoprotegerin expression: Implication for breast cancer osteolytic
bone metastases. Int. J. Cancer 2008, 123, 1034–1042. [CrossRef] [PubMed]

168. Xu, W.H.; Liu, Z.B.; Yang, C.; Qin, W.; Shao, Z.M. Expression of dickkopf-1 and beta-catenin related to the
prognosis of breast cancer patients with triple negative phenotype. PLoS ONE 2012, 7, e37624. [CrossRef]
[PubMed]

169. Perou, C.M.; Sorlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.;
Johnsen, H.; Akslen, L.A.; et al. Molecular portraits of human breast tumours. Nature 2000, 406, 747–752.
[CrossRef] [PubMed]

170. Sorlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.;
Jeffrey, S.S.; et al. Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical
implications. Proc. Natl. Acad. Sci. USA 2001, 98, 10869–10874. [CrossRef] [PubMed]

171. Bertucci, F.; Finetti, P.; Birnbaum, D. Basal breast cancer: A complex and deadly molecular subtype.
Curr. Mol. Med. 2012, 12, 96–110. [CrossRef] [PubMed]

172. Geyer, F.C.; Lacroix-Triki, M.; Savage, K.; Arnedos, M.; Lambros, M.B.; MacKay, A.; Natrajan, R.;
Reis-Filho, J.S. Beta-catenin pathway activation in breast cancer is associated with triple-negative phenotype
but not with ctnnb1 mutation. Modern Pathol. 2011, 24, 209–231. [CrossRef] [PubMed]

173. Jonsson, M.; Borg, A.; Nilbert, M.; Andersson, T. Involvement of adenomatous polyposis coli
(apc)/beta-catenin signalling in human breast cancer. Eur. J. Cancer 2000, 36, 242–248. [CrossRef]

174. Sorlie, T.; Bukholm, I.; Borresen-Dale, A.L. Truncating somatic mutation in exon 15 of the apc gene is a rare
event in human breast carcinomas. Mutations in brief no. 179. Online. Hum. Mutat. 1998, 12, 215. [PubMed]

175. Schlosshauer, P.W.; Brown, S.A.; Eisinger, K.; Yan, Q.; Guglielminetti, E.R.; Parsons, R.; Ellenson, L.H.;
Kitajewski, J. Apc truncation and increased beta-catenin levels in a human breast cancer cell line.
Carcinogenesis 2000, 21, 1453–1456. [CrossRef] [PubMed]

176. Furuuchi, K.; Tada, M.; Yamada, H.; Kataoka, A.; Furuuchi, N.; Hamada, J.; Takahashi, M.; Todo, S.;
Moriuchi, T. Somatic mutations of the apc gene in primary breast cancers. Am. J. Pathol. 2000, 156, 1997–2005.
[CrossRef]

http://dx.doi.org/10.1056/NEJMra1001389
http://www.ncbi.nlm.nih.gov/pubmed/21067385
http://dx.doi.org/10.1172/JCI45014
http://www.ncbi.nlm.nih.gov/pubmed/21633166
http://dx.doi.org/10.1038/nrclinonc.2010.154
http://www.ncbi.nlm.nih.gov/pubmed/20877296
http://dx.doi.org/10.1073/pnas.060025397
http://www.ncbi.nlm.nih.gov/pubmed/10759547
http://dx.doi.org/10.1158/1055-9965.EPI-09-0741
http://www.ncbi.nlm.nih.gov/pubmed/20056651
http://dx.doi.org/10.1038/sj.onc.1207892
http://www.ncbi.nlm.nih.gov/pubmed/15378020
http://dx.doi.org/10.1038/sj.onc.1208303
http://www.ncbi.nlm.nih.gov/pubmed/15592505
http://dx.doi.org/10.1038/sj.emboj.7600460
http://www.ncbi.nlm.nih.gov/pubmed/15592430
http://dx.doi.org/10.1038/sj.bjc.6603579
http://www.ncbi.nlm.nih.gov/pubmed/17245340
http://dx.doi.org/10.1002/ijc.23625
http://www.ncbi.nlm.nih.gov/pubmed/18546262
http://dx.doi.org/10.1371/journal.pone.0037624
http://www.ncbi.nlm.nih.gov/pubmed/22649545
http://dx.doi.org/10.1038/35021093
http://www.ncbi.nlm.nih.gov/pubmed/10963602
http://dx.doi.org/10.1073/pnas.191367098
http://www.ncbi.nlm.nih.gov/pubmed/11553815
http://dx.doi.org/10.2174/156652412798376134
http://www.ncbi.nlm.nih.gov/pubmed/22082486
http://dx.doi.org/10.1038/modpathol.2010.205
http://www.ncbi.nlm.nih.gov/pubmed/21076461
http://dx.doi.org/10.1016/S0959-8049(99)00276-2
http://www.ncbi.nlm.nih.gov/pubmed/10660330
http://dx.doi.org/10.1093/carcin/21.7.1453
http://www.ncbi.nlm.nih.gov/pubmed/10874025
http://dx.doi.org/10.1016/S0002-9440(10)65072-9


Cancers 2016, 8, 65 24 of 26

177. Thompson, A.M.; Morris, R.G.; Wallace, M.; Wyllie, A.H.; Steel, C.M.; Carter, D.C. Allele loss from 5q21
(apc/mcc) and 18q21 (dcc) and dcc mrna expression in breast cancer. Br. J. Cancer 1993, 68, 64–68. [CrossRef]
[PubMed]

178. Kashiwaba, M.; Tamura, G.; Ishida, M. Aberrations of the apc gene in primary breast carcinoma.
J. Cancer Res. Clin. Oncol. 1994, 120, 727–731. [CrossRef] [PubMed]

179. Abraham, S.C.; Reynolds, C.; Lee, J.H.; Montgomery, E.A.; Baisden, B.L.; Krasinskas, A.M.; Wu, T.T.
Fibromatosis of the breast and mutations involving the apc/beta-catenin pathway. Hum. Pathol. 2002,
33, 39–46. [CrossRef] [PubMed]

180. Ozaki, S.; Ikeda, S.; Ishizaki, Y.; Kurihara, T.; Tokumoto, N.; Iseki, M.; Arihiro, K.; Kataoka, T.; Okajima, M.;
Asahara, T. Alterations and correlations of the components in the wnt signaling pathway and its target genes
in breast cancer. Oncol. Rep. 2005, 14, 1437–1443. [CrossRef] [PubMed]

181. Prasad, C.P.; Mirza, S.; Sharma, G.; Prashad, R.; DattaGupta, S.; Rath, G.; Ralhan, R. Epigenetic alterations of
cdh1 and apc genes: Relationship with activation of wnt/beta-catenin pathway in invasive ductal carcinoma
of breast. Life Sci. 2008, 83, 318–325. [CrossRef] [PubMed]

182. Sarrio, D.; Moreno-Bueno, G.; Hardisson, D.; Sanchez-Estevez, C.; Guo, M.; Herman, J.G.; Gamallo, C.;
Esteller, M.; Palacios, J. Epigenetic and genetic alterations of apc and cdh1 genes in lobular breast cancer:
Relationships with abnormal e-cadherin and catenin expression and microsatellite instability. Int. J. Cancer
2003, 106, 208–215. [CrossRef] [PubMed]

183. Medeiros, A.C.; Nagai, M.A.; Neto, M.M.; Brentani, R.R. Loss of heterozygosity affecting the apc and mcc
genetic loci in patients with primary breast carcinomas. Cancer Epidemiol. Biomark. Prev. 1994, 3, 331–333.

184. Ho, K.Y.; Kalle, W.H.; Lo, T.H.; Lam, W.Y.; Tang, C.M. Reduced expression of apc and dcc gene protein in
breast cancer. Histopathology 1999, 35, 249–256. [CrossRef] [PubMed]

185. Webster, M.T.; Rozycka, M.; Sara, E.; Davis, E.; Smalley, M.; Young, N.; Dale, T.C.; Wooster, R. Sequence
variants of the axin gene in breast, colon, and other cancers: An analysis of mutations that interfere with
gsk3 binding. Genes Chromosomes Cancer 2000, 28, 443–453. [CrossRef]

186. Jin, Z.; Tamura, G.; Tsuchiya, T.; Sakata, K.; Kashiwaba, M.; Osakabe, M.; Motoyama, T. Adenomatous
polyposis coli (apc) gene promoter hypermethylation in primary breast cancers. Br. J. Cancer 2001, 85, 69–73.
[CrossRef] [PubMed]

187. Virmani, A.K.; Rathi, A.; Sathyanarayana, U.G.; Padar, A.; Huang, C.X.; Cunnigham, H.T.; Farinas, A.J.;
Milchgrub, S.; Euhus, D.M.; Gilcrease, M.; et al. Aberrant methylation of the adenomatous polyposis coli
(apc) gene promoter 1a in breast and lung carcinomas. Clin. Cancer Res. 2001, 7, 1998–2004. [PubMed]

188. Roh, M.S.; Hong, S.H.; Jeong, J.S.; Kwon, H.C.; Kim, M.C.; Cho, S.H.; Yoon, J.H.; Hwang, T.H. Gene
expression profiling of breast cancers with emphasis of beta-catenin regulation. J. Korean Med. Sci. 2004,
19, 275–282. [CrossRef] [PubMed]

189. Van der Auwera, I.; van Laere, S.J.; van den Bosch, S.M.; van den Eynden, G.G.; Trinh, B.X.; van Dam, P.A.;
Colpaert, C.G.; van Engeland, M.; van Marck, E.A.; Vermeulen, P.B.; et al. Aberrant methylation of
the adenomatous polyposis coli (apc) gene promoter is associated with the inflammatory breast cancer
phenotype. Br. J. Cancer 2008, 99, 1735–1742. [CrossRef] [PubMed]

190. Veeck, J.; Wild, P.J.; Fuchs, T.; Schuffler, P.J.; Hartmann, A.; Knuchel, R.; Dahl, E. Prognostic relevance
of wnt-inhibitory factor-1 (wif1) and dickkopf-3 (dkk3) promoter methylation in human breast cancer.
BMC Cancer 2009, 9, 217. [CrossRef] [PubMed]

191. Veeck, J.; Geisler, C.; Noetzel, E.; Alkaya, S.; Hartmann, A.; Knuchel, R.; Dahl, E. Epigenetic inactivation of
the secreted frizzled-related protein-5 (sfrp5) gene in human breast cancer is associated with unfavorable
prognosis. Carcinogenesis 2008, 29, 991–998. [CrossRef] [PubMed]

192. Klopocki, E.; Kristiansen, G.; Wild, P.J.; Klaman, I.; Castanos-Velez, E.; Singer, G.; Stohr, R.; Simon, R.;
Sauter, G.; Leibiger, H.; et al. Loss of sfrp1 is associated with breast cancer progression and poor prognosis
in early stage tumors. Int. J. Oncol. 2004, 25, 641–649. [CrossRef] [PubMed]

193. Matsuda, Y.; Schlange, T.; Oakeley, E.J.; Boulay, A.; Hynes, N.E. Wnt signaling enhances breast cancer
cell motility and blockade of the wnt pathway by sfrp1 suppresses mda-mb-231 xenograft growth.
Breast Cancer Res. 2009, 11, R32. [CrossRef] [PubMed]

194. Ai, L.; Tao, Q.; Zhong, S.; Fields, C.R.; Kim, W.J.; Lee, M.W.; Cui, Y.; Brown, K.D.; Robertson, K.D. Inactivation
of wnt inhibitory factor-1 (wif1) expression by epigenetic silencing is a common event in breast cancer.
Carcinogenesis 2006, 27, 1341–1348. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjc.1993.287
http://www.ncbi.nlm.nih.gov/pubmed/8318422
http://dx.doi.org/10.1007/BF01194271
http://www.ncbi.nlm.nih.gov/pubmed/7798298
http://dx.doi.org/10.1053/hupa.2002.30196
http://www.ncbi.nlm.nih.gov/pubmed/11823972
http://dx.doi.org/10.3892/or.14.6.1437
http://www.ncbi.nlm.nih.gov/pubmed/16273236
http://dx.doi.org/10.1016/j.lfs.2008.06.019
http://www.ncbi.nlm.nih.gov/pubmed/18662704
http://dx.doi.org/10.1002/ijc.11197
http://www.ncbi.nlm.nih.gov/pubmed/12800196
http://dx.doi.org/10.1046/j.1365-2559.1999.00725.x
http://www.ncbi.nlm.nih.gov/pubmed/10469217
http://dx.doi.org/10.1002/1098-2264(200008)28:4&lt;443::AID-GCC10&gt;3.0.CO;2-D
http://dx.doi.org/10.1054/bjoc.2001.1853
http://www.ncbi.nlm.nih.gov/pubmed/11437404
http://www.ncbi.nlm.nih.gov/pubmed/11448917
http://dx.doi.org/10.3346/jkms.2004.19.2.275
http://www.ncbi.nlm.nih.gov/pubmed/15082903
http://dx.doi.org/10.1038/sj.bjc.6604705
http://www.ncbi.nlm.nih.gov/pubmed/18841156
http://dx.doi.org/10.1186/1471-2407-9-217
http://www.ncbi.nlm.nih.gov/pubmed/19570204
http://dx.doi.org/10.1093/carcin/bgn076
http://www.ncbi.nlm.nih.gov/pubmed/18356147
http://dx.doi.org/10.3892/ijo.25.3.641
http://www.ncbi.nlm.nih.gov/pubmed/15289865
http://dx.doi.org/10.1186/bcr2317
http://www.ncbi.nlm.nih.gov/pubmed/19473496
http://dx.doi.org/10.1093/carcin/bgi379
http://www.ncbi.nlm.nih.gov/pubmed/16501252


Cancers 2016, 8, 65 25 of 26

195. Wissmann, C.; Wild, P.J.; Kaiser, S.; Roepcke, S.; Stoehr, R.; Woenckhaus, M.; Kristiansen, G.; Hsieh, J.C.;
Hofstaedter, F.; Hartmann, A.; et al. Wif1, a component of the wnt pathway, is down-regulated in prostate,
breast, lung, and bladder cancer. J. Pathol. 2003, 201, 204–212. [CrossRef] [PubMed]

196. Bjorklund, P.; Svedlund, J.; Olsson, A.K.; Akerstrom, G.; Westin, G. The internally truncated lrp5 receptor
presents a therapeutic target in breast cancer. PLoS ONE 2009, 4, e4243. [CrossRef] [PubMed]

197. Sorlie, T.; Tibshirani, R.; Parker, J.; Hastie, T.; Marron, J.S.; Nobel, A.; Deng, S.; Johnsen, H.; Pesich, R.;
Geisler, S.; et al. Repeated observation of breast tumor subtypes in independent gene expression data sets.
Proc. Natl. Acad. Sci. USA 2003, 100, 8418–8423. [CrossRef] [PubMed]

198. Schlange, T.; Matsuda, Y.; Lienhard, S.; Huber, A.; Hynes, N.E. Autocrine wnt signaling contributes to breast
cancer cell proliferation via the canonical wnt pathway and egfr transactivation. Breast Cancer Res. 2007,
9, R63. [CrossRef] [PubMed]

199. Bafico, A.; Liu, G.; Goldin, L.; Harris, V.; Aaronson, S.A. An autocrine mechanism for constitutive wnt
pathway activation in human cancer cells. Cancer Cell 2004, 6, 497–506. [CrossRef] [PubMed]

200. DeAlmeida, V.I.; Miao, L.; Ernst, J.A.; Koeppen, H.; Polakis, P.; Rubinfeld, B. The soluble wnt receptor
frizzled8crd-hfc inhibits the growth of teratocarcinomas in vivo. Cancer Res. 2007, 67, 5371–5379. [CrossRef]
[PubMed]

201. Prasad, C.P.; Gupta, S.D.; Rath, G.; Ralhan, R. Wnt signaling pathway in invasive ductal carcinoma of the
breast: Relationship between beta-catenin, dishevelled and cyclin d1 expression. Oncology 2007, 73, 112–117.
[CrossRef] [PubMed]

202. Nagahata, T.; Shimada, T.; Harada, A.; Nagai, H.; Onda, M.; Yokoyama, S.; Shiba, T.; Jin, E.; Kawanami, O.;
Emi, M. Amplification, up-regulation and over-expression of dvl-1, the human counterpart of the drosophila
disheveled gene, in primary breast cancers. Cancer Sci. 2003, 94, 515–518. [CrossRef] [PubMed]

203. Hu, T.; Li, C.; Cao, Z.; Van Raay, T.J.; Smith, J.G.; Willert, K.; Solnica-Krezel, L.; Coffey, R.J. Myristoylated
naked2 antagonizes wnt-beta-catenin activity by degrading dishevelled-1 at the plasma membrane.
J. Biol. Chem. 2010, 285, 13561–13568. [CrossRef] [PubMed]

204. Li, C.; Franklin, J.L.; Graves-Deal, R.; Jerome, W.G.; Cao, Z.; Coffey, R.J. Myristoylated naked2 escorts
transforming growth factor alpha to the basolateral plasma membrane of polarized epithelial cells.
Proc. Natl. Acad. Sci. USA 2004, 101, 5571–5576. [CrossRef] [PubMed]

205. Dong, Y.; Cao, B.; Zhang, M.; Han, W.; Herman, J.G.; Fuks, F.; Zhao, Y.; Guo, M. Epigenetic silencing of
nkd2, a major component of wnt signaling, promotes breast cancer growth. Oncotarget 2015, 6, 22126–22138.
[CrossRef] [PubMed]

206. Yin, X.; Xiang, T.; Li, L.; Su, X.; Shu, X.; Luo, X.; Huang, J.; Yuan, Y.; Peng, W.; Oberst, M.; et al. Dact1,
an antagonist to wnt/beta-catenin signaling, suppresses tumor cell growth and is frequently silenced in
breast cancer. Breast Cancer Res. 2013, 15, R23. [CrossRef] [PubMed]

207. Elsarraj, H.S.; Hong, Y.; Valdez, K.E.; Michaels, W.; Hook, M.; Smith, W.P.; Chien, J.; Herschkowitz, J.I.;
Troester, M.A.; Beck, M.; et al. Expression profiling of in vivo ductal carcinoma in situ progression models
identified b cell lymphoma-9 as a molecular driver of breast cancer invasion. Breast Cancer Res. 2015, 17, 128.
[CrossRef] [PubMed]

208. Blache, P.; van de Wetering, M.; Duluc, I.; Domon, C.; Berta, P.; Freund, J.N.; Clevers, H.; Jay, P. Sox9 is an
intestine crypt transcription factor, is regulated by the wnt pathway, and represses the cdx2 and muc2 genes.
J. Cell Biol. 2004, 166, 37–47. [CrossRef] [PubMed]

209. Wang, H.; He, L.; Ma, F.; Regan, M.M.; Balk, S.P.; Richardson, A.L.; Yuan, X. Sox9 regulates low density
lipoprotein receptor-related protein 6 (lrp6) and t-cell factor 4 (tcf4) expression and wnt/beta-catenin
activation in breast cancer. J. Biol. Chem. 2013, 288, 6478–6487. [CrossRef] [PubMed]

210. Nguyen, L.V.; Vanner, R.; Dirks, P.; Eaves, C.J. Cancer stem cells: An evolving concept. Nat. Rev. Cancer 2012,
12, 133–143. [CrossRef] [PubMed]

211. Sreekumar, A.; Roarty, K.; Rosen, J.M. The mammary stem cell hierarchy: A looking glass into heterogeneous
breast cancer landscapes. Endocr. Relat. Cancer 2015, 22, T161–T176. [CrossRef] [PubMed]

212. Yeung, J.; Esposito, M.T.; Gandillet, A.; Zeisig, B.B.; Griessinger, E.; Bonnet, D.; So, C.W. Beta-catenin mediates
the establishment and drug resistance of mll leukemic stem cells. Cancer cell 2010, 18, 606–618. [CrossRef]
[PubMed]

213. Anastas, J.N.; Moon, R.T. Wnt signalling pathways as therapeutic targets in cancer. Nat. Rev. Cancer 2013,
13, 11–26. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/path.1449
http://www.ncbi.nlm.nih.gov/pubmed/14517837
http://dx.doi.org/10.1371/journal.pone.0004243
http://www.ncbi.nlm.nih.gov/pubmed/19158955
http://dx.doi.org/10.1073/pnas.0932692100
http://www.ncbi.nlm.nih.gov/pubmed/12829800
http://dx.doi.org/10.1186/bcr1769
http://www.ncbi.nlm.nih.gov/pubmed/17897439
http://dx.doi.org/10.1016/j.ccr.2004.09.032
http://www.ncbi.nlm.nih.gov/pubmed/15542433
http://dx.doi.org/10.1158/0008-5472.CAN-07-0266
http://www.ncbi.nlm.nih.gov/pubmed/17545618
http://dx.doi.org/10.1159/000120999
http://www.ncbi.nlm.nih.gov/pubmed/18337623
http://dx.doi.org/10.1111/j.1349-7006.2003.tb01475.x
http://www.ncbi.nlm.nih.gov/pubmed/12824876
http://dx.doi.org/10.1074/jbc.M109.075945
http://www.ncbi.nlm.nih.gov/pubmed/20177058
http://dx.doi.org/10.1073/pnas.0401294101
http://www.ncbi.nlm.nih.gov/pubmed/15064403
http://dx.doi.org/10.18632/oncotarget.4244
http://www.ncbi.nlm.nih.gov/pubmed/26124080
http://dx.doi.org/10.1186/bcr3399
http://www.ncbi.nlm.nih.gov/pubmed/23497530
http://dx.doi.org/10.1186/s13058-015-0630-z
http://www.ncbi.nlm.nih.gov/pubmed/26384318
http://dx.doi.org/10.1083/jcb.200311021
http://www.ncbi.nlm.nih.gov/pubmed/15240568
http://dx.doi.org/10.1074/jbc.M112.419184
http://www.ncbi.nlm.nih.gov/pubmed/23306204
http://dx.doi.org/10.1038/nrc3184
http://www.ncbi.nlm.nih.gov/pubmed/22237392
http://dx.doi.org/10.1530/ERC-15-0263
http://www.ncbi.nlm.nih.gov/pubmed/26206777
http://dx.doi.org/10.1016/j.ccr.2010.10.032
http://www.ncbi.nlm.nih.gov/pubmed/21156284
http://dx.doi.org/10.1038/nrc3419
http://www.ncbi.nlm.nih.gov/pubmed/23258168


Cancers 2016, 8, 65 26 of 26

214. Jamieson, C.H.; Ailles, L.E.; Dylla, S.J.; Muijtjens, M.; Jones, C.; Zehnder, J.L.; Gotlib, J.; Li, K.; Manz, M.G.;
Keating, A.; et al. Granulocyte-macrophage progenitors as candidate leukemic stem cells in blast-crisis cml.
N. Engl. J. Med. 2004, 351, 657–667. [CrossRef] [PubMed]

215. Li, Y.; Welm, B.; Podsypanina, K.; Huang, S.; Chamorro, M.; Zhang, X.; Rowlands, T.; Egeblad, M.; Cowin, P.;
Werb, Z.; et al. Evidence that transgenes encoding components of the wnt signaling pathway preferentially
induce mammary cancers from progenitor cells. Proc. Natl. Acad. Sci. USA 2003, 100, 15853–15858. [CrossRef]
[PubMed]

216. Cho, R.W.; Wang, X.; Diehn, M.; Shedden, K.; Chen, G.Y.; Sherlock, G.; Gurney, A.; Lewicki, J.; Clarke, M.F.
Isolation and molecular characterization of cancer stem cells in mmtv-wnt-1 murine breast tumors. Stem Cells
2008, 26, 364–371. [CrossRef] [PubMed]

217. Zhang, M.; Atkinson, R.L.; Rosen, J.M. Selective targeting of radiation-resistant tumor-initiating cells.
Proc. Natl. Acad. Sci. USA 2010, 107, 3522–3527. [CrossRef] [PubMed]

218. Memmi, E.M.; Sanarico, A.G.; Giacobbe, A.; Peschiaroli, A.; Frezza, V.; Cicalese, A.; Pisati, F.; Tosoni, D.;
Zhou, H.; Tonon, G.; et al. P63 sustains self-renewal of mammary cancer stem cells through regulation of
sonic hedgehog signaling. Proc. Natl. Acad. Sci. USA 2015, 112, 3499–3504. [CrossRef] [PubMed]

219. Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of
tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [CrossRef] [PubMed]

220. Ginestier, C.; Hur, M.H.; Charafe-Jauffret, E.; Monville, F.; Dutcher, J.; Brown, M.; Jacquemier, J.; Viens, P.;
Kleer, C.G.; Liu, S.; et al. Aldh1 is a marker of normal and malignant human mammary stem cells and a
predictor of poor clinical outcome. Cell Stem Cell 2007, 1, 555–567. [CrossRef] [PubMed]

221. Liu, S.; Cong, Y.; Wang, D.; Sun, Y.; Deng, L.; Liu, Y.; Martin-Trevino, R.; Shang, L.; McDermott, S.P.;
Landis, M.D.; et al. Breast cancer stem cells transition between epithelial and mesenchymal states reflective
of their normal counterparts. Stem Cell Rep. 2014, 2, 78–91. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJMoa040258
http://www.ncbi.nlm.nih.gov/pubmed/15306667
http://dx.doi.org/10.1073/pnas.2136825100
http://www.ncbi.nlm.nih.gov/pubmed/14668450
http://dx.doi.org/10.1634/stemcells.2007-0440
http://www.ncbi.nlm.nih.gov/pubmed/17975224
http://dx.doi.org/10.1073/pnas.0910179107
http://www.ncbi.nlm.nih.gov/pubmed/20133717
http://dx.doi.org/10.1073/pnas.1500762112
http://www.ncbi.nlm.nih.gov/pubmed/25739959
http://dx.doi.org/10.1073/pnas.0530291100
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://dx.doi.org/10.1016/j.stem.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18371393
http://dx.doi.org/10.1016/j.stemcr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24511467
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Wnt Signaling Cascades 
	Canonical Wnt Signaling 
	Non-Canonical Wnt Pathway 

	Wnt Signaling in Mammary Development 
	Wnt Signaling in Embryonic Mammary Development 
	Wnt Signaling in Postnatal Mammary Development 
	Wnt/-Catenin Signaling in MaSC Regulation and Basal Cell Fate Determination 
	Lineage Tracing Employing Wnt-Targets 
	Hormones Acting through Local Wnt Factors Regulate MaSC Behavior 
	In Vitro Culture of Mascs using Wnts and Hormones 

	Wnt Signaling and Breast Cancer 
	Wnt Signaling and Breast Cancer Stem Cells 
	Concluding Remarks 

