[Organogenesis 4:2, 116-122; April/May/June 2008]; ©2008 Landes Bioscience

Review

Wnt signaling in breast organogenesis
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Abbreviation: APC, adenomatous polyposis coli; B-cat, beta-catenin; B-gal, beta-galactosidase; -TrCP, beta-transducin repeat-containing
protein; Bcl9, B-cell lymphoma 9; BMP, bone morphogenic protein; Ca?*, calcium CBP; cAMP, response element-binding protein (CREB)-
binding protein; CKla, casein kinase I alpha; CtBP, carboxy-terminal binding protein; Dkk, Dickkopf; Dvl, Dishevelled; Fgf, fibroblast
growth factor; Fzd, frizzled; GAL, 5-bromo-4-chloro-3-indolyl-D-galactoside; GBP, glycogen synthase kinase 3 beta binding protein; GMP,
guanosine 5'monophosphate; GSK3p, glycogen synthase kinase 3 beta; GTPase, guanosine triphosphatase; HBP1, HMG box repressor
protein; HDAGC; histone deacetylase; JNK, Jun-N-terminal kinase; Krm, Kremen lacZ beta-galactosidase; LDL, low density lipoprotein;
Lef1, Lymphoid enhancer factor 1; LR, low density lipoprotein receptor-related protein; MAPK, mitogen activated protein kinase; MMTYV,
mouse mammary tumour virus; PIASy, protein inhibitor of STAT y; PR, progesterone receptor; PRL, prolactin Sfrp secreted frizzled related

proteins; Tbx, T-box (T = brachyury gene); Tcf, T cell factor TGFf transforming growth factor beta; Wnt, wingless-type
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Wt signals play a critical role in regulating the normal develop-
ment of the mammary gland and dysregulation of Wnt signaling
causes breast cancer. This pathway is involved in the earliest devel-
opment of the mammary gland in embryos and its role extends
through the functional differentiation of the gland during preg-
nancy. In this review, we summarize the molecular mechanisms
through which Wnts regulate mammary gland development in the

mouse.

Introduction

The Wnt signaling pathway has long been recognized as having
important roles in development and cancer. Wnts regulate a variety
of cellular activities, including cell fate determination, proliferation,
migration, polarity and gene expression.! Many Whnts are essential
during embryogenesis and they are also active in regenerating adult
tissues, such as colon, skin, hair follicles, lymphoid tissues and
bone.24 In all these sites, Wnt signaling appears to be critical for
maintaining a proper balance between proliferation and differen-
tiation. Not surprisingly then, Wnts have also been implicated in
tumor formation in several organs.s’6 There are at least nineteen
different Wnt genes, ten Frizzled (Fzd) receptor genes and two Lrp
(low density lipoprotein (LDL) receptor-related protein) co-receptor
genes within the mammalian genome. This large cast of characters
provides for much potential diversity of signaling, which is further
amplified by crosstalk with other growth factor signaling path-
ways at multiple levels. Furthermore, Wnt genes show temporally
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restricted and highly localized expression patterns, allowing indi-
vidual Wnt family members to have specific and non-redundant
functions at sites in which their expression overlaps, or to exert
similar functions at different sites or times when they are expressed
in a non-overlapping fashion. As we will discuss, Wnt signaling
is necessary for the formation of a functioning mammary gland.
However, our understanding of the full details of the functions of
individual Wnts during mammary gland development is limited.
In this review, we will first describe the Wnt signaling pathway and
the development of the mammary gland from embryogenesis to
pregnancy. Then we will outline what we know about the contribu-
tion of Wnt signaling and individual Wnts to each stage of mouse
mammary gland development.

Wnt Signaling

Whts are secreted, lipid-modified glycoproteins that activate
several different cell surface receptor-mediated signal transduction
pathways. Wnt signaling cascades can be broadly subdivided into two
categories, the canonical f-catenin pathway and the non-canonical
pathway. Traditionally it has been thought that Wnt signals are trans-
duced through the canonical pathway in order to regulate cell fate
determination, and through the non-canonical pathway in order to
control cell movement and tissue polarity (Fig. 1). In addition, some
noncanonical Wnts can directly antagonize canonical signaling.””
The canonical or Wnt/f-catenin pathway (Fig. 2), promotes cell fate
determination, proliferation and survival by increasing (-catenin
levels and altering gene expression through lymphoid enhancer
factor/T cell factor (Lef/ Tcf) transcription factors.!? Free B-catenin in
the cytoplasm is normally phosphorylated and degraded. Activation
of canonical Wnt signaling inhibits -catenin degradation, allowing it
to accumulate in the cytoplasm and enter the nucleus, where it inter-
acts with Lef/Tcfs in order to regulate gene expression.Wnt proteins
released from or presented on the surface of signaling cells act on
target cells by binding to cell surface receptor complexes. Canonical
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signaling relies on the interaction of Wnts with a co-receptor
complex consisting of one of ten different Frizzled (Fzd) proteins and
one of two low density lipoprotein (LDL) receptor-related proteins,
Lrp5 or 6. Frizzleds are a sub-class of seven transmembrane-spanning
G protein-coupled receptors, which participate in both canonical
and non-canonical pathways.!""!? Lrp5 and Lrp6, are single-pass
transmembrane proteins that appear to be specifically involved in the
canonical pathway.!31© When Wnts bind to this receptor complex,
the PDZ-containing protein dishevelled (Dvl) is recruited to interact
with Fzd, and another scaffolding protein, Axin, is recruited to bind
Lrp5/6.1718 Recruitment of Dvl and Axin disrupts a multiprotein
complex containing glycogen synthase kinase 3B (GSK3p), which
normally phosphorylates B-catenin and leads to its ubiquination and
degradation. Inhibition of GSKf, thus allows B-catenin molecules
to accumulate in the cytoplasm and enter the nucleus to affect gene
expression. !0

Once in the nucleus, B-catenin displaces transcriptional co-repres-
sors such as CtBP and Groucho!'??2 and histone deacetylases?>%4
from Lefl/Tcfs and directly binds to the amino-terminus of
Lefl/Tecfs. Transcriptional co-activators such as CBP/p300, Bcl9
and Pygopus®>?? are subsequently recruited to the complex, which
then is able to activate the expression of many genes.?42>3932 Some
genes are repressed by Wnt signaling. Naturally occurring dominant
negative forms of Lefl/Tcf proteins inhibit f-catenin dependent
transcription in the nucleus.?> Canonical Wnt signaling also inhibits
gene expression by less understood mechanisms that may depend
on the availability of other proteins. 3437 An updated list of genes
affected by Wnt signaling can be found on the Wnt Gene Homepage
(heep://www.stanford.edu/rnusse/ Wntwindow.heml). In addition
to factors regulating the Wnt signalling cascade intracellularly,
several extracellular proteins also negatively regulate canonical Wnt
signaling. Dickkopfs (Dkks) and secreted frizzled related proteins
(Sfrps) are two families of extracellular factors that antagonize Wnt
activities.’33% Dkks limit the availability of Lrp5/6 receptors to Wnts
by sequestering Lrp5/6 into complexes with Kremens (Krm) and
possibly promoting their internalization to lysosomes.!®17:4041 n
contrast, Sfrps bind directly to Wnts and prevent their association
with Lrp and Fzd receptors on the cell surface.4?

Relatively less is know about the non-canonical Wnt signaling
pathways, although there is growing interest in these pathways.
Non-canonical Wnt signals are transduced through Fzd family
receptors and co-receptors independent of GSK3p and P-catenin.
The planar polarity pathway activates Rho/Rac GTPases and Jun
N-terminal kinase to modulate cytoskeletal organization and gene
expression.®3 The Wnt/Ca?* pathway, stimulates heterotrimeric G
proteins, increases intracellular calcium levels, decreases cyclic GMP
levels, and activates protein kinase C to activate NFAT and other
transcription factors.** Distinct Wnt ligands act through specific
Frizzled (Fzd) receptors to initiate each pathway,4>4¢

Overview of Mammary Gland Development

Traditionally, mammary development has been divided into
several stages during which specific developmental/physiological
tasks are completed. These stages span both embryonic and post-
natal life because while development of the gland begins in embryos,
it is only completed in adults during pregnancy (reviewed in
ref. 47, Fig. 3). The earliest sign of mammary glands occurs in mice
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Figure 1. Simplified schemes of the three Wnt signaling cascades.
(A) Canonical Pathway. A Wnt ligand binds to a Frizzled receptor and a
co-receptor of low density lipoprotein (Lrp) family. Dishevelled (Dvl) and
B-catenin are required to transduce the Wnt signal, leading to a transcrip-
tional response mediated by transcription factors of the Tcf/Lefl family.
(B) Planar cell Polarity pathway. In this pathway, Dvl also transduces signals
although independent of B-catenin activating JNK and Rho kinase cascades.
(C) The Wnt/Ca?* pathway signals via heterotrimeric G-proteins to mobilize
intracellular Ca2* and stimulate protein kinase C (PKC). The requirement
for Dvl is controversial. In vertebrates this pathway is activated by the same
ligands as (B). Dapper, a Dvl-associated antogonist, antagonizes both
(A and B) pathways.
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Figure 2. Summary of the Canonical Whnt signaling cascade. (A) In the
absence of a Wnht ligand, B-catenin is degraded through interactions
between APC, Axin and the protein kinase GSK3. In the nucleus, Lef1/Tcf
transcription factors are in complexes with corepressors (e.g., CiBP, HDAC,
Groucho) thereby repressing the transcription of Whnt target genes. (B) Wnt
proteins bind to the Frizzled/Lrp receptor complex at the cell surface. These
receptors transduce a signal to Dishevelled (Dvl) and to Axin, which may
directly interact. As a consequence, B-catenin degradation is inhibited, and
it accumulates in the cytoplasm and nucleus. B-catenin interacts with Lef1/
Tefs in the nucleus to control transcription of Wnt target genes. The secreted
antagonist Dickkopf (Dkk) does not bind to Wnt ligands directly but prevents
formation of an active Wnt-Fzd-Lrp complex.
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at around embryonic day 10, when the mammary lines develop
between the limb buds. These are thickenings of the fetal epidermis
which can be defined both morphologically as well as through
the use of specific molecular markers. Between E11 and E13, five
pairs of mammary buds develop along the mammary lines and in
female embryos, by birth, each bud gives rise to a small mammary
ductal tree with 15-20 branches. It is not until puberty that further
development of the gland ensues. Under the influence of circulating
growth hormone and estrogen, the distal end of each duct enlarges
to form a terminal end bud (TEB), a specialized and highly prolifera-
tive epithelial structure. TEBs drive elongation and bifurcation of the
ducts to form the mammary ductal tree, which spreads throughout
the fatty stroma. With each estrous cycle, some subsequent alveolar
differentiation occurs, but the formation of functionally differenti-
ated mammary epithelial cells capable of producing milk only occurs
during pregnancy and lactation. Early in pregnancy, the mammary
epithelial ducts form side branches that serve as the ductules for
grape-like alveolar clusters of differentiated mammary epithelial cells.
Alveolar differentiation during pregnancy is driven by many factors,
but circulating levels of progesterone and prolactin appear to play a
dominant role. Full secretory differentiation and milk production
only occur after parturition and appear to rely on a fall in proges-
terone levels in the setting of continued elevations in circulating
levels of prolactin. Once lactation is completed the alveolar struc-
tures involute and the gland is remodeled back to a simple ductal
tree in preparation for the next round of pregnancy. The capacity
to undergo repeated cycles of alveolar differentiation and involution
allows for repeated rounds of milk production to support multiple
reproductive cycles.

Wnt Signaling During Mammary Gland Development

Embryonic development. Wnt signaling is required for the forma-
tion of mammary glands in embryos. As noted above, in the mouse,
two mammary lines form between the forelimb and the hindlimb
at E10. By E12, cells within the mammary line have migrated and
invaginated into the underlying mesenchyme to form five pairs of
mammary buds in characteristic locations along the ventral aspect of
the flank. These mammary buds contain pluripotent mammary stem
cells competent to form a complete mammary ductal tree.

Several studies have made use of Wnt indicator mice which bear
a P-catenin/TCF-responsive f-galactosidase transgene to deter-
mine which cells are targets of Wnt signaling during mammary
development. TOPGAL mice and TOP-lacZ mice express identical
transgenes, but have suggested slightly different patterns of Wnt acti-
vation (Fig. 4). Using TOPGAL mice, Chu et al., reported activation
of Wnt signaling within cells in the embryonic mammary lines at the
very inception of mammary development.*® TOPGAL expression
remains active in the epithelial cells of mammary placodes and fully
formed mammary buds. Once the mammary buds initiate ductal
outgrowth, Wnt activity is considerably reduced within the epithelial
compartment, although TOPGAL activity continues to be seen in
scattered epithelial cells during the initial round of ductal morpho-
genesis in late embryonic life. Using TOP-lacZ mice, Boras-Granic
et al., observed activation of canonical signaling first within the
mesenchymal cells underlying the developing mammary placode on
E11. Mesenchymal expression continued and epithelial expression
was not seen until the buds were well formed at E13. Once the buds
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gave rise to ducts, epithelial expression was reduced, but remained
in the remnants of the dense mammary mesenchyme just below the
nipple. The reasons for these differences in expression patterns are
not clear at this point but taken together these mice suggest that Wnt
signaling is prominent in both epithelial cells and mesenchymal cells
during the initiation of mammary development in embryos.

Functionally, it is clear that canonical Wnt signaling is necessary
for the initiation of mammary development. Transgenic expression
of the secreted Wnt inhibitor Dickkopfl, Dkkl, in the epidermis
completely abolishes Wnt reporter activity in TOPGAL embryos
and blocks the development of all of the mammary buds. Dkk1
expression prevents localized expression of all mammary placode
markers#8 and also inhibits molecular markers of the mammary line,
such as WntlOb. It is likely that Wnt6, Wnt3a or Wntl0b, all of
which are broadly expressed within the flank epidermis on E10, may
cooperate with Fgf10, Tbx3, Bmp4 and Neuregulin 3 to initiate the
mammary line and upregulate specific Wntl0b expression, since
these factors have also been implicated in the placement and initia-
tion of mammary placode development.

In addition to the initiation of the mammary line, data from the
TOPGAL and TOP-lacZ mice suggest that Wnt signaling may also
be involved in the formation and/or maintenance of the placodes and
mature buds as well. In support of this notion, the Wnt signaling
mediator, Lefl, is required for development and maintenance of
mammary buds. Although Lefl is involved in the early specification
of mammary placodes 2 and 3, the other placodes do form in Lef1”-
embryos, suggesting that Lefl acts downstream of the formation
of the mammary line. However, placodes 1, 4 and 5 subsequently
degenerate in the absence of Lef1.%? Furthermore, TOP-lacZ/Lef17/-
crosses suggest that the lack of Lefl inhibits activation of Wnt
signaling in epithelial cells within the maturing mammary bud.*’
Further support for a role of Wnt signaling in the mammary bud
comes from recent experiments demonstrating smaller mammary
placodes in embryos lacking Lrp5, the canonical Wnt ligand
co-receptor.’’ However, in Lrp57" mice, the buds do survive and
give rise to ducts, although subsequent development is abnormal
(see below).

Wnt signaling has been proposed to promote self-renewal and
maintenance of stem cells. Therefore, Wnt signaling may be impor-
tant for the specification or maintenance of progenitor cells in the
mammary buds. The mammary developmental defects caused by the
loss of Wnt signaling suggest that the stem cell population of the
mammary gland may be compromised upon defective Wnt signaling.
This is supported by the regression of buds in Lef1-deficient embryos
and the failure of cells from Lrp5 deficient mice to generate new
mammary glands in transplantation experiments.’® While the
reasons for mammary bud deficiency in Lef1”- mice remain unclear,
it is possible that the defect is analogous to that seen in T'cf4-deficient
mice, in which the stem cell compartments of intestinal crypts are
severely depleted of progenitor cells with proliferative potential.>!

While canonical Wnt signaling is activated in a subset of epithe-
lial cells accompanying initial branch formation after E15-E16,
whether Wnt signalling has a functional role at this stage has yet
to be determined.“850 Wnt signals are also localized around the
nipple region and mesenchyme surrounding the primary duct at
sites of localized Lefl expression.*? Involvement of Wnt signaling
during embryonic mammary sprout formation is further supported
by studies in which overexpression of Wntl in the epithelium of
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Figure 3. Morphological and schematic development of the mouse mammary gland during embryogenesis and postnatal life. (A) Cartoon illustrating the
mammary line at 10.5 dpc in the mouse embryo, and the position of mammary rudiments in the 12.5 dpc mouse embryo. The mammary line forms transiently
along the anterior-posterior axis at each flank of the embryo, eventually giving rise to 5 pairs of mammary placodes. There are three thoracic (1-3) and two
inguinal (4 and 5) mammary buds. These buds give rise to a rudimental ductal tree by birth. (B) In the adult female mouse five pairs of mammary glands
are found: three thoracic gland (1-3) and two inguinal glands (4 and 5). During puberty, hormones induce the rudimentry ductal network to elongate and
proliferate. The ends of growing ducts form terminal end buds (TEB) during puberty (solid black ovals). The large oval shown in the postnatal stages depicts
the mammary fat pad (stroma). During pregnancy, alveolar proliferation and differentiation occurs to produce milk proteins for mammary function during
lactation. Mammary ducts are shown as solid lines and the lobuloalveolar structures are presented as solid black circles. Tissue remodeling and cell death
occur during involution and bring the gland back to a virgin-like resting state. Scale bars in (A) embryo 1000 mm; (B) adult, 2500 mm.
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Figure 4. Schematic overview of Wnt signaling during embryonic mammary gland development in the mouse. Initiation of mammary gland develop-
ment proceeds through three inductive epithelial-mesenchymal signals. (i) Embryonic dermis instructs the overlying ectoderm to initiate placode formation.
(i) Epithelial placode signals to mesenchymal fibroblasts to form mesenchymal condensations. (iii) Mesenchymal condensations signal to the overlying bud
to stimulate proliferation and downgrowth into the developing dermis. (iv) Subsequently, as the bud invaginates into the underlying mesenchyme, mammary
mesenchymal cells surround the developing bud. A secondary mesenchyme, which gives rise to the future fat pad begins to develop. (v) The mammary
sprout continues to proliferate and grow downward into the presumptive fat pad giving rise to a rudimentary ductal structure of 15-20 branches (vi). The
nipple sheath also develops from the epidermal cells. Blue cells represent Wht signalling activity during mammary gland development in TOPGAL (top) and
TOP-lacZ transgenic embryos.

embryonic mammary glands under the control of MMTYV accelerates  from systemic hormones. It is interesting to speculate if the mecha-
ductal development and branching while also bypassing androgen- nisms involved in the initial stages of branching morphogenesis
mediated apoptosis in male mammary glands. To date, little is known  during embryogenesis may help us in determining how breast cancers
about what regulates the initial phases of ductal growth, which, acquire hormone-independent growth during tumorigenesis.

unlike ductal development during puberty, proceeds without input
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Figure 5. Proposed interactions between progesterone receptor (PR) and -catenin signaling during alveo-
logenesis. In the normal virgin mammary gland, PR induces a non-uniform PR expression pattern and
competence to respond to B-catenin in alveolar progenitors (blue) during ductal maturation. During early
pregnancy, PR-Wnt4 signaling induces expansion of ductal progenitors (yellow) to form side-branches
through Bcatenin-independent routes. PR and PRL (prolactin) cooperate to induce alveologenesis, a pro-
cess that is p-catenin-dependent. Later in pregnancy, PR restrains and PRL promote alveolar differentiation.
B-catenin is required for alveologenesis and may participate at multiple steps in the secretory differentia-

marked by the presence of larger TEBs,
more extensive ductal invasion, increased
lateral branching and elevated proliferation
within the epithelium relative to wild-type
glands.>® Furthermore, they demonstrated
that Wnt5a is required for the inhibitory
actions of TGFf on ductal development.
Thus, during normal development, Wnt5a
may act downstream of TGFf to facili-
tate proper growth and patterning of the
ductal tree by acting as a negative regulator
of extension and branching. Wnt5a has
been shown to antagonize canonical Wnt
signaling in several cell types, and it is
possible that its role in normal develop-
ment is to counteract canonical signaling
during puberty and in the adult virgin.

tion pathway.

Post-natal ductal development. At the onset of puberty, ovarian
and pituitary hormones induce rapid expansion and side-branching
of the rudimentary ductal tree. During this phase, highly prolif-
erating terminal end buds (TEBs), which are believed to house
mammary stem cells, decorate the tips of growing ducts.>? Several
Wnt genes show dynamic temporal and spatial expression patterns
compatible with potential roles in regulating mammary gland devel-
opment during puberty.335> Although several canonical signaling
Wnts are expressed during puberty and in the adult mammary gland,
expression of the Wnt reporters, TOPGAL and TOP-lacZ, is absent
in mammary glands from birth through adolescence.84 Lindvall
and colleagues noted expression of the BAT-GAL Wnt reporter trans-
gene in a subset of epithelial cells in ducts during the first 2 weeks of
life, but not thereafter. Nonetheless, they noted a severe impairment
in ductal development during puberty in Lrp5”- mice. Lack of Lrp5
led to a reduction in the numbers of TEBs, the rate of ductal penetra-
tion through the mammary fat pad and a reduction in the branching
complexity of the gland. These data clearly suggest that the canonical
pathway is important to proper ductal morphogenesis in response to
hormonal stimulation during puberty. Given these data, however, the
lack of activity of three different Wnt indicator transgenes during
this period is curious. This may simply reflect a lack of sufficient
sensitivity of these mice to detect low-level canonical Wnt activity
in the mammary gland during puberty. Another possibility is that
the defect in ductal development during puberty is a reflection of
disruption of canonical Wnt signaling at an earlier stage, such as a
reduction in stem cells as suggested by Lindvall et al. Therefore, the
signficance of canonical Wnt signaling during puberty and in the
adult virgin gland remains unclear.

While the above studies have focused on canonical Wnt signaling,
data from Roarty and Serra have recently demonstrated that Wnt5a,
a classical non-canonical Wnt, regulates normal ductal elongation
and branching. It has been known for many years that TGFf can
act as an inhibitor of ductal development during puberty and it has
been thought that TGFp signaling was important to establishing
proper ductal spacing. Roarty and Serra identified Wnt5a as a gene
regulated by TGFp in the mouse mammary gland. They showed that
in the absence of Wn#5a, ductal development was accelerated and

120 Organogenesis

Alveolar development. Development
of the mammary gland during pregnancy
requires the formation of side branches off of the ductal tree,
followed by the proliferation of alveolar units at the end of the newly
formed terminal ductules. This process requires the coordination of
cell proliferation, differentiation and morphogenesis and is regu-
lated by circulating hormones. Progesterone appears to drive side
branching and proliferation while the combination of progesterone
and prolactin are thought to be necessary for alveolar cell differentia-
tion.” The previously described canonical Wnt signaling reporters,
TOPGAL and TOP-lacZ are both active in mammary epithelial
cells during pregnancy, suggesting that the canonical pathway is
active during alveolar development.34? Furthermore, several genetic
models of Wnt overexpression and inhibition suggest that Wnt
signaling is functionally important during alveolar development. In
early pregnancy, Wnt signaling may promote ductal side-branching,®
while later in pregnancy, canonical Wnt signals are essential for the
proliferation and survival of lobuloalveolar progenitor cells.

Ectopic expression of several Wnts in mammary epithelial cells
can prematurely induce a pregnancy phenotype in virgin mice.
Expression of either Wntl or WntlOb from an MMTV promoter
induces ductal hyperbranching and precocious alveolar hyperplasia
such that mammary glands of virgin transgenic mice resemble
those of wild-type mice in mid-pregnancy, suggesting that constitu-
tive Wnt expression bypasses the need for hormonal signals.”®
Retroviral-mediated overexpression of Wnt4 also induces a ductal
hyperbranching phenotype similar to that caused by Wntl and
WntlOb overexpression.®! Furthermore, progesterone induces
expression of Wnt4 in the mammary epithelium during early to
mid-pregnancy. Finally, transplantation of mammary buds from
E14.5 Wnt4”- embryos into the cleared fat-pads of syngeneic wild-
type mice phenocopies the branching defects noted in progesterone
receptor knockout ducts during pregnancy.®® In the aggregate, these
data suggest that Wnt4 acts as a mediator of progesterone function
during ductal side-branching in early pregnancy.>35:02-64

Although overexpression of Wnts generally leads to ductal
hyperplasia with alveolar differentiation, activation of the Wnt
pathway by manipulating f-catenin levels and/or stability leads to
alveolar differentiation without ductal side-branching or squamous
transdifferentiation. Expression of an amino-terminally truncated
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and hence stabilized B-catenin using the MMTV promoter causes
alveolar hyperplasia in virgin mice. Unlike the overexpression
of Whnts, overexpression of stabilized P-catenin causes the direct
budding of alveolar units from the sides of existing ducts, without
the development of terminal ductules. These alveolar cells differ-
entiate as evidenced by the production of lipid droplets and milk
proteins, but do not proceed to a full secretory phenotype unless
progesterone signaling is ablated.®> Tt appears that B-catenin and
progesterone signaling interact in complicated ways and that only a
subset of alveolar and/or ductal progenitor cells may be competent
to respond to Wnt activation and that this responsiveness is, at least
in some cells, progesterone dependant.®> Early alveolar expansion
occurring as a result of transgenic B-catenin activation appears to
occur independent of the actions of cyclin D1, which has been
shown to be a classical canonical Wnt-responsive gene. However,
full secretory differentiation of alveolar cells requires both canonical
Whnt activation and cyclin D1. In contrast to the findings in these
MMTYV f-catenin models, when endogenous B-catenin is stabilized
by recombination of a floxed exon that also encodes for a portion of
the amino-terminus, mammary epithelial cells undergo a squamous
pattern of skin and hair differentiation during pregnancy. The
reason why this experiment and the simple overexpression of amino-
terminally-truncated P-catenin give such divergent results remains
unexplained. There may be subtle differences in the biochemistry of
the B-catenin produced, the cell types activating B-catenin signaling
or the absolute levels of B-catenin signaling achieved.®>¢460 In
addition to the effects of activation of Wnt activation, inhibition
of Wnt signaling has been shown to block alveolar differentiation
during pregnancy and lead to lactational failure. Overexpression
of the canonical Wnt inhibitor, Axin, in mammary epithelial cells
inhibits alveolar cell expansion and differentiation during mid to
late pregnancy, after the development of apparently normal side-
branches. This was associated with a reduction in the expression
of cyclin D1 and the induction of apoptosis in developing alveolar
cells. Similar results were seen in response to the overexpression of a
dominant negative f3-catenin, B-engrailed ($-eng), which caused an
impairment of alveolar cell expansion and differentiation after the
formation of normal terminal ductules.®”-%% In these mice, epithelial
cell proliferation was reduced and apoptosis was increased, but cyclin
D1 expression was not changed. These experiements demonstrate
that endogenous P-catenin signaling is necessary for the normal
expansion, survival and differentiation of alveolar progenitors during
pregnancy, although it is not needed for the preceding ductal side-
branching that occurs during early pregnancy.

In the aggregate, the data demonstrate that Wnt signaling is
important to the development of the mammary gland during preg-
nancy. The differences in the various genetic models suggest that
the ductal expansion that occurs in early pregnancy may result from
the effects of Wnts acting on cells other than the luminal ductal
epithelial cells, perhaps either the stromal cells or myoepithelial cells.
Alternatively, these effects may be mediated by non-canonical Wnt
signaling. It is clear that the canonical f-catenin pathway is necessary
for the expansion, survival and differentiation of the milk-producing
alveolar cells. However, it appears that not all luminal cells are equally
responsive to activation of this pathway and that the phenotypes
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described above rely on specific interactions with other signaling
pathways and the control of stem cell maintenance and renewal.

Conclusion

In summary, Wnt signaling is implicated at several stages of growth
and differentiation of the mammary gland both during embryogen-
esis and after birth. To date, the canonical signaling pathway has
been documented to have critical functions during mammary bud
patterning and formation during embryogenesis as well as the devel-
opment of the milk producing mammary gland during pregnancy.
More recently, the noncanonical, f-catenin-independent pathway
has been implicated during prepubertal and pubertal stages of devel-
opment possibly through inhibition of the canonical Wnt signaling
pathway. It will be interesting to see whether the dysregulation of
noncanonical Wnt pathways may result in breast cancer as has been
shown for the dysregulation of canoncical signaling. Clearly, this
fascinating signaling system touches on many fundamental issues
in mammary gland biology, such as morphogenesis, hormonal
signaling, stem cell biology and most importantly, the development
and pathogenesis of breast cancer. We have learned much in the last
several years; we have much more to learn in the future.
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