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Canonical WNT signaling promotes mammary placode development
and is essential for initiation of mammary gland morphogenesis
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Summary

Mammary glands, like other skin appendages such as hair
follicles and teeth, develop from the surface epithelium
and underlying mesenchyme; however, the molecular
controls of embryonic mammary development are largely
unknown. We find that activation of the canonical WNTf-
catenin signaling pathway in the embryonic mouse
mammary region coincides with initiation of mammary
morphogenesis, and that WNT pathway activity
subsequently localizes to mammary placodes and buds.
Several Wnt genes are broadly expressed in the surface
epithelium at the time of mammary initiation, and
expression of additional Wntand WNT pathway genes

LiCl induces the formation of ectopic placode-like
structures that show elevated expression of the placode
marker Wntl0b. Conversely, expression of the secreted
WNT inhibitor Dickkopf 1 in transgenic embryo surface
epithelium in vivo completely blocks mammary placode
formation and prevents localized expression of all
mammary placode markers tested. These data indicate that
WNT signaling promotes placode development and is
required for initiation of mammary gland morphogenesis.
WNT signals play similar roles in hair follicle formation
and thus may be broadly required for induction of skin
appendage morphogenesis.

localizes to the mammary lines and placodes as they
develop. Embryos cultured in medium containing WNT3A
or the WNT pathway activator lithium chloride (LiCl)
display accelerated formation of expanded placodes, and
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development. However, at this point the development of these

various appendages diverges: mammary bud epithelium
Bntinues downward growth in female embryos, forming a
ammary sprout between E15.5 and E16.5. By E16.5 a lumen

Introduction

Mammary glands, like hair and teeth, are epithelial appendag
that originate from the surface ectoderm and develop throu
epithelial-mesenchymal interactions (Hardy, 1992; Thesleff egevelops within the sprout, and the nipple forms by
al., 1995; Veltmaat et al., 2003). The first histological sign Ojifferentiation of the overlying epidermis in response to signals
mammary morphogenesis is a thickening of the surfacgom specialized mammary mesenchyme. On E16, the sprout
epithelium in bilateral curved ridges between the limb buds. 18¢arts to branch, and by birth the mammary gland is composed
mouse embryos, these mammary lines form at approximatelf a ductal tree consisting of the primary duct and 15-20
embryonic day (E) 10.5 (Fig. 1A) (Hardy, 1992; Thesleff et al.secondary branches invested in the mammary fat pad. In male
1995; Veltmaat et al., 2003; Veltmaat et al., 2004) and give risémbryos the bud separates from the epithelium by testosterone-
to five pairs of lens-shaped mammary placodes between E}ependent mechanisms between E14.5 and E15.5, and
and E11.5 (Fig. 1A) in response to signals from the underlyingubsequently degenerates. By contrast, hair follicle and tooth
mesenchyme (Veltmaat et al., 2003). Observations in rabbuds in embryos of both sexes undergo folding morphogenesis
embryos suggest that mammary placodes may form by thend very specific programs of epithelial and mesenchymal
migration and accumulation of motile cells at defined locationglifferentiation (Hardy, 1992; Jernvall and Thesleff, 2000).
along the mammary lines (Propper, 1978). Between E11.5 and Postnatal mammary development is regulated by ovarian and
E12.5, placodal epithelial cells invade the mesenchyme to forituitary hormones (Hennighausen and Robinson, 2001). At
bud structures similar to those seen in hair follicle and tootpuberty, the ducts elongate and bifurcate until they fully
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penetrate the fatty stroma. In early to mid-pregnancy, extensiveTable 1. Expression of WNT pathway genes in dissected
ductal side-branching occurs, alveolar structures develop an@gnammary buds at E12.5 and E15.5, assayed by RT-PCR

mammary epithelial cells differentiate and gain the ability to  using primers that amplify the nucleotides indicated

synthesize milk in preparation for lactation. After weaning of

. . . Accession Nucleotides
pups the alveoli involute and the gland is remodeled to a seriegne E125 E155 Number amplified
of ducts similar to that seen in mature virgins. wnil " + XM_128048 1469-1859

While several hormones and paracrine factors have begit + + BC026373 376-891
implicated in the regulation of postnatal mammary glandvnt2a - - NM_009520.2 144-558
development (Hennighausen and Robinson, 2001), less Y43 + + NM_009521.1 1103-1514
known about the signals that control embryonic mammar an _ : W—Sgggig'i 11?-14-31881
morphogenesis. The genes encoding fibroblast growth factQfnisa + + NM 009524 522-870
10 (FGF10), FGF receptor 2B (FGFR2B) and the T-boxvntsb - + NM_009525.2 135-425
transcription factor TBX3 are required for the formation ofWnté + - NM_009526.1 1-298
most mammary placodes (Davenport et al., 2003; Mailleuwggf)1 . N ,’\\l"’\\/l"—ggggg-f 170%2511%%
et al.,_ 2_002). The _Iymphmd_enhancer factqr 1 (LEFL)\ynisa _ _ NM_009290 1 1031-1440
transcription factor is essential for the maintenance Ofynigph _ _ NM 011720 39-285
mammary placodes and buds (van Genderen et al., 1994) (Wnt10a + - NM_009518.1 1589-1944
Kratochwil, personal communication), and the MSX1 and/Vntl0b + + NM_011718.1 176-343
MSX2 transcription factors are necessary for developme nil N N NM_009519 849-1341

71 + + NM_021457 879-1152
beyond the placode stage (Satokata et al., 2000p,, + + AF139183 76-420
Differentiation of the mammary mesenchyme, downgrowth ofz3 + + U43205 1708-2309
the mammary sprout and formation of the nipple requiréz4 + + U43317 1710-2189
parathyroid hormone-related protein (PTHrP) and the type 12> + * NM—‘?ZZIZl-l . 767i9722
parathyroid hormone/parathyroid hormone-related protei ; : : Nl\blj 338857 155’554_?95’6
receptor (PTH1R) (Foley et al., 2001; Wysolmerski et al.f,g ¥ + NM 008058.1 1523-1757
1998). Little is known about the molecular pathways regulatingz9 + + XM_284144.1 1278-1508
the formation of the initial branched ductal network. P?% : : ;m_ggégg 162323';?6)32

WNT paracrine signaling molecules play key_roles in thergf4 N N NM_013685 2442-2639
development of most organ systems, regulating cell fatgg + + NM_010703 1859-2210
decisions, proliferation, adhesion, cell shape and cellrps + + NMO008513 2894-3254
movements (Huelsken and Birchmeier, 2001; Niehrs, 2001).rp6 + + NM008514 2941-3290

+ + U10115 2674-3225

WNTs form a large family of related proteins and signalPVll
through several _dlf‘ferent pa_tthways (Nlehrs, 2001)‘ _Th_e most A positive result is indicated as ‘+’; absence of an amplified band is
extensively studied, ‘canonical’ pathway involves binding ofingicated as ‘—'.

WNT to Frizzled (FZ) receptors and to obligate co-receptors

of the LDL receptor related protein (LRP) family, leading 104 mig-pregnancy. WNT signaling activity is detected in the
inactivation of a complex of proteins that degrades Cytc’p'asm'ﬁ\ammary region from the time of mammary initiation
p-catenin. As a result-fatenin accumulates In the cytopl_as_m, oviding the earliest known molecular marker for the
translocates to the nucleus and forms active transcription ammary line, and subsequently localizes to mammary
complexes with members of the LEF/TCF transcription factopacodes and buds. We demonstrate that forced activation of
family (Huelske_n and Birchmeier, 2001). Nqn—canonlcal WNTihe WNT pathway in cultured embryos accelerates the
pathways require FZ, but not LRB;catenin or LEF/TCF  yeyelopment of mammary placodes in their normal locations,

factqrs (Niehrs, 2001). - . . . and induces the formation of ectopic placode-like structures.
It is well known that activation of canonical WNT signaling Analysis of early stages of mammary development in

can cause mammary tumors (Imbert et al., 2001; Michaelsqpyngqenic embryos ectopically expressing the secreted WNT
and Leder, 2001; Robinson et al., 2000). However, the,hiniior Dickkopf 1 (DKK1) in the surface epithelium reveals

functions of Wnts in normal mammary development are lesge apsence of localized expression of all molecular placode
well defined. The phenotype dfefl-null mice suggests mapkers tested, and a complete failure to form any mammary
that WNT signals might regulate embryonic mammarygyciures. These results indicate that activation of WNT

development (van Genderen et al., 199Mjnt4 mediates  gignaling promotes the development of mammary placodes in
progesterone-induced ductal side-branching in early pregnangyynetent epithelium, and is required for the initiation of
(Brisken et al., 2000), and transgenic expressiokVofl or mammary gland morphogenesis.

Wntl0bcauses excessive branching and precocious alveolar
development in virgin mice (Robinson et al., 2000).
Conversely, expression @xin, which acts to destabilize  Materials and methods
catenin, causes defective alveolar formation during pregnanghaiysis of TOPGAL expression

(Hsu_ etal, 2001)' Thus, WNT signaling may be important 3FOPGAL mice (DasGupta and Fuchs, 1999) were maintained on a
multiple steps in normal mammary gland development. CD-1 background. Noon of the day of vaginal plug appearance was
We show here that the canonical WNT signaling pathwayesignated E0.5. Embryonic stages were confirmed by analysis of
is prominently activated during embryonic mammarylimb morphology. Whole embryos, embryonic ventral skin or adult
morphogenesis, and is also active during alveolar developmemimber 4 inguinal mammary glands were fixed and stained with X-
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Fig. 1. TOPGAL expression during mammary gland
development. (A) Development of mammary buds (red
circles) from the presumptive mammary line (broken
red line) during mouse embryogenesis (E10.5-E12.5).
Mammary buds 1 and 5 develop underneath the limb
buds and are depicted as open circles with a broken
circumference. Placodes arise asynchronously, with
placode pair number 3 detected first, followed by
number 4, then numbers 1 and 5, and finally pair
number 2 (Veltmaat et al., 2003). (B-G) Whole-mount
X-gal stained TOPGAL embryos at E10.5 (B,C);
E11.5 (D-F); and E12.5 (G). Cells expressing the
TOPGAL transgene appear blue. At E10.5, TOPGAL
activity appears as a streak in the mammary region
between the fore- and hind-limb buds (Ib), indicated by
arrows (B,C). By E11.5, TOPGAL-positive cells
accumulate in placodes at defined locations that are
reproducible between different embryos (D-F).

D’ shows a higher magnification view of placode
number 3 from the embryo shown in D. Blue-stained
cells are seen on the surface of the embryo adjacent to
the developing placode (arrows). At E12.5, almost all
the blue-staining cells in the mammary region are
concentrated within well-defined mammary buds

(G, arrows). (H) X-gal-stained whole-mount of E17.5
ventral skin showing punctate staining throughout the
mammary epithelial ducts. (I) 20n section through

the area of the mammary line in an E10.5 TOPGAL
embryo. Note TOPGAL activity in both the surface
epithelium and the underlying mesenchyme (arrow).
(J) 5pum section through a mammary bud from an
E13.5 embryo. The epithelial cells and a few
surrounding mammary mesenchymal cells (arrow)
express TOPGAL. (K) im section through the
mammary ducts from an E17.5 embryo. A subset of
epithelial cells and a few mesenchymal cells express
TOPGAL (arrows). (L) Whole-mount preparation of
X-gal and carmine aluminum (red)-stained mammary
gland from a TOPGAL transgenic mouse on day 13 of
pregnancy. TOPGAL is active in developing alveoli
(arrow). (M) 5um section through the mammary gland
shown in L. TOPGAL is active in epithelial cells of
developing alveolar structures (arrows).

gal (Furth et al., 1994), photographed and/or paraffin-embeddeglasmids that contain LEF/TCF binding sites or mutated,
sectioned and counterstained with eosin. Mammary gland wholeonfunctional LEF/TCF binding sites, and a luciferase reporter gene
mounts were counterstained with 0.2% carmine, 0.5% aluminur(Korinek et al., 1997). Transfected cells were treated with 50%

potassium sulfate. WNT3A-conditioned medium, 50% control-conditioned medium
) o (from untransfected L cells), or 25 mM lithium chloride (LiCl)

RT-PCR analysis of gene expression in isolated mammary (positive control). Cell lysates were analyzed for luciferase activity

buds and values normalized to-dghlactosidase activity and protein

RNA was extracted from mammary buds microdissected from E12.8oncentration. TOPGAL embryos were cultured in glutamine-

and E15.5 CD-1 embryos using Trizol (Invitrogen), and treated witlsupplemented DMEM/F12, 10% FBS on cell culture inserts (Falcon)

DNAse | (GenHunter). First strand cDNA synthesis was performedn the presence or absence of 50% WNT3A-conditioned medium,

using Superscript™ One-Step RT-PCR with PlatiBuifaq kit 50% control-conditioned medium, or 50 mM LiCl at’87 5% CQ.

(Invitrogen) using 100 ng of RNA per reaction. Eighteen base pair ) o ] ) ]

primers were used to amplify the sequences indicated in Table 1. Generation of mice inducibly expressing  Dkk1 in surface
epithelium and mouse genotyping

Production of conditioned media and embryo cultures A B-globin intron and mousd®kkl cDNA, PCR-amplified from a

L cells stably transfected with Wnt8BNA (ATCC) were maintained K14-Dkkltransgene (Andl et al., 2002), were cloned into pPGEMTeasy

in DMEM/4 mM L-glutamine/10% fetal bovine serum/40Q§/ml G- (Promega), and a 1.5 kb Notl fragment was subcloned intblatie

418. Conditioned media collected after 4 and 7 days in the absensige of pTRE2 vector (Clontech), providingtetO promoter and3-

of G418 were pooled and filtered (0.2&). To test WNT activity, globin polyA addition sequences. ThetO-Dkk1 transgene was

3T3 cells (ATCC) were transfected using GenePorter2 transfectioreleased with Aatl and Sapl and injected into fertilized eggs from a

reagent (Gene Therapy Systems), with @@ pcDNA3.1/B B6SJLF1/Jx B6SJLF1/J cross (Jackson Laboratories). Transgenic

galactosidase plasmid and 18 TOPFLASH or FOPFLASH founders were identified by Southern blotting of tail biopsy DNA. To
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Fig. 2. Expression of WNT pathway
genes at early stages of mammary
development. (A,B) In-situ
hybridization of &°S-labeled probe for
Wnt3 to a parasagittal paraffin section
of an E10.5 embryo photographed in
bright field (A) and dark field (B) with
red stage illumination. The signal
appears as red grains and is indicated
by arrows. (C-L) Whole-mount in-situ
hybridization using the probes
indicated. The signal appears red-
brown and mammary region expression
is indicated by arrows in each panel.
Insets in panels C,E,F,G represent
higher magnification photographs of
the regions indicated by arrows in each
panel.

generateDkk1-expressing double transgenic and control littermatesScanning electron microscopy

heterozygous tetO-Dkk1 transgenic mice were crossed Wwith £105-E12.5 embryos were washed in filtered PBS five times, and
heterozygousk5-rtTA mice (Diamond et al., 2000), and pregnant fixed for 1 hour at room temperature, followed by overnight°a, 4
females were placed on chow formulated with 1 g/kg doxycyclingn 0.1 M sodium cacodylate pH 7.6, 2% glutaraldehyde. After fixation,
(BioServ, Laurel, MD) immediately after observation of a copulationembryos were washed in distilled water, dehydrated in graded
plug. Progeny were genotyped by PCR analysis of tail biopsy DNAgthanols, transferred to freon overnight, and then air dried. Embryos
Wnt5a mutant mice were genotyped as described previouslyyere mounted using carbon putty on aluminum stubs, sputter coated
(Yamaguchi et al., 1999). with gold to approximately 100 angstroms thickness, and viewed

In-situ hybridization and immunohistochemistry using a JEOL 330 scanning electron microscope.

Section in-situ hybridization witt#5S-labeled probes and whole- It
mount in-situ hybridization using digoxigenin-labeled probes Wer(Besu S

carried out according to published protocols (Decimo et al., 1995Canonical WNT signaling is active at multiple stages
Millar et al., 1999). Probes for Wgenes, Fgf10, Dkk1,-@atenin,  of mammary development

Lefl and Thx3 have been described previously (Andl et al., 2002; - . S . .
Chapman et al., 1996; Gavin et al., 1990; Kispert et al., 1996; Millaﬂ—0 determine when WNT signaling is active during mammary

et al, 1999: Mucenski et al., 2003; Parr et al., 1993; Wang and€velopment, we utilized transgenic mice carrying a TOPGAL
Shackleford, 1996). Probe templates férml, Krm2 were lacZreporter gene that is expressed at sites of canonical WNT
synthesized by PCR of E14.5 embryo cDNA with 18 bp primersPathway activity (DasGupta and Fuchs, 1999). Reporter gene
designed to amplify nucleotides 838-1516<om1 and 843-1620 of expression, detected by 4-chloro-5-bromo-3-ind@AD-
Krm2 cDNAs (Genbank accession numbers NM 032396, NMgalactopyranoside (X-gal) staining f@rgalactosidase, was
028416). T7 RNA polymerase-binding sites were addedpoi®ers  first apparent in the mammary region at approximately E10.5
to create templates for synthesis of antisense probes ahprimérs in a punctate fashion along bilateral, curved lines connecting
to create sense probe templates. the fore- and hind-limb buds (Fig. 1B,C). These appeared to
Whole-mount immunohistochemistry of cultured embryos wasy o analogous to the milk or mammary lines (Propper, 1978).

carried out according to Hogan et al. (1994). Fixed embryos werg,. - . .
incubated in anti-p%ospho-%istone Hg (Sgrlo) (Cell Syignalin istologic examination of these regions at E10.5 demonstrated

Technologies #9701) (1:100), followed by biotinylated goat anti-! P GAL expression in the surface epithelium and underlying
rabbit IgG antibody (Vector Labs) (1:200), and alkaline phosphataséne€senchyme (Fig. 1I). By E11.5, TOPGAL-expressing cells
conjugated streptavadin (Vector Labs) (1:200), and were developed ifad coalesced into distinct mammary placodes (Fig. 1D-F). At
NBT/BCIP (Roche). this stage, most placodes had a comma-shaped tail of
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TOPGAL-expressing cells, and there was often a thin linexpressed in ring shapes around the buds (see Fig. 6G, blue
of staining connecting buds 2 and 3 and buds 4 and %rrows) and also showed weak expression in a broad stripe of
Examination at higher magnification revealed that somenesenchyme between the limb buds (see Fig. 6G, yellow
TOPGAL-expressing cells near the forming placodes lay oarrow). Wnt5a was strongly expressed in a broad band of
the surface of the epithelium, consistent with a prior report afnesenchyme underlying the mammary region at E10.5-E12.5
apparently motile cells that lie atop the mammary line in rabbifFig. 2D and data not shown) but was not specifically
embryos (Propper, 1978) (Fig. 1D’). upregulated in mammary placodes and buds. We did not detect

By E12.5, TOPGAL expression in the mammary region wagxpression of Wntl, Wnt2, Wnt@b Wnt16in the mammary
almost completely restricted to mammary bud epitheliumyegion by in-situ hybridization. The discrepancy in the results
which showed intensdacZ staining (Fig. 1G,J). A few obtained for Wnthnd Wnt2xpression in RT-PCR and in-situ
mesenchymal cells surrounding the buds were also lackwbridization experiments was probably due to the less
positive (arrow in Fig. 1J). TOPGAL expression persistedsensitive nature of the whole-mount in-situ hybridization assay.
within the buds until E15.5 and disappeared on E16.5. Staining Several additional WNT pathway genes were expressed in
reappeared at E17.5 in the epithelial ducts (Fig. 1H,K). Raréeveloping mammary placodes. Althou@kcatenin mRNA
mesenchymal cells also stained at this stage. This stainimgas broadly expressed at E11.5, it was slightly upregulated in
pattern persisted through the first few days of postnatal life. the mammary region (Fig. 2C, see inset). By E12-&tenin

No TOPGAL activity was detected during adolescentimRNA was clearly elevated in mammary buds (Fig. 2I). A
development, early pregnancy, late pregnancy or in lactatingimilar pattern of localized upregulation ofcBtenin mRNA
and involuting mammary glands (data not shown). Reporteras previously been described in developing hair follicle
gene expression appeared transiently during mid-pregnangyacodes (Andl et al., 2002; Huelsken et al., 2001). Kremen 2
between days 12 and 13 of gestation within epithelial cells qkrm?2), encoding a cell surface receptor required for activity
the developing alveoli (Fig. 1L,M), consistent with prior of DKK1 (Mao et al., 2002), was expressed in a similar pattern
findings that overexpression of the canonical WNT antagonigb -catenin and showed elevated expression in the mammary
Axin in the mammary glands of transgenic mice inhibits thdine by E11.5 (Fig. 2F, see inserm2 expression localized
development of alveolar structures (Hsu et al., 2001), whilstrongly to mammary buds by E12.5 (Fig. 2L). The related
expression of stabilized @atenin results in precocious alveolar geneKrm1 showed a similar expression pattern to Kiu&ta
development (Imbert et al., 2001). not shown). By contrast, expression @&fkkl was not

. specifically elevated in the mammary region (data not shown).
Expression of WNT pathway genes at early stages of

mammary development Forced activation of the canonical WNT pathway

The above data indicated that WNT activity is pronouncedromotes placode development
during early mammary development. To identifynt and  The presence of WNT reporter activity in the mammary line
WNT pathway genes that might participate in WNT signalingand the dynamic expression pattern of WNT pathway
at these stages, we first used RT-PCR to siWat; Fz, Tcf components during mammary placode formation suggested
and Lrp gene expression in mammary buds microdissectethat WNT signaling might regulate the development of
from embryos at E12.5 and E15.5. As indicated in Table Imammary placodes. To begin to test this hypothesis, we asked
multiple Wnt genes;Fzs 1-9; Tcfs 1,3,4and Lefl; Dvil; and  whether forced activation of the WNT pathway affects placode
Lrps 5 and 6 showed expression in mammary buds by thisformation. For these experiments, we developed a culture
assay (Table 1). system permitting formation of mammary placodes in vitro.
To determine the localization and timing of Wnt geneE10.5-E11.0 TOPGAL embryos were dissected and cultured
expression in the mammary region, we performed section arfdr 0-48 hours and stained with X-gal to visualize the
whole-mount in-situ hybridization of embryos between E10.5mammary line and the developing placodes. When embryos
and E12.5 using probes fo¥nt genes that were positive for were initially harvested, the expected punctate X-gal staining
expression by RT-PCR at E12.5, aNdt2band Wnt16, which  within the mammary line was observed (Fig. 3A). Over the
had not been tested by RT-PCW/nt3, Wnt6 and Wnt1l0b  next 24-48 hours in culture, TOPGAL activity consistently and
showed generalized expression in the surface epithelium (Figrogressively coalesced into individual oval structures at points
2A,B and data not shown)¥nt10bexpression showed the on the ventral-lateral surface corresponding to the location of
earliest specific localization to the mammary epithelium amammary placodes in vivo (n=72 from 24 different litters)
E11.5, when darker streaks of signal were noted along tH&ig. 3A-C). Histological examination of these structures
mammary line (Fig. 2E, see inset). By E12WntlOb revealed that they consisted of thickened epithelium that
expression was elevated in nascent mammary buds as wellfasmed shallow invaginations rather than full bud development.
in remnants of the mammary line (Fig. 2H); at E12.5, elevatedhis was reflected by the intensity of X-gal staining, which was
expression was confined to the buds (Fig. 2J). Mammarngss in cultured embryos than in similarly aged embryos in
expression of WntlOwas similar to, but weaker than, that vivo. Culture times longer than 48 hours resulted in
observed for Wntl0Okdata not shown). Expression Wint6  deterioration of the embryos and shedding of surface
was slightly elevated in developing placodes at E11.75 (Figepithelium.
2G, see inset) and clearly localized to mammary buds by E12.5To examine the effects of activating the WNT pathway on
(Fig. 2K). Similar expression of Wnt1Gind Wnt6in the placode formation, we cultured embryos for 24-48 hours in the
mammary region was recently reported by Veltmaat et apresence of either WNT3A-conditioned medium (Fig. 3E) or
(Veltmaat et al., 2004). Wnt7hkas expressed at low levels in control-conditioned medium (Fig. 3D). The biological activity
mammary buds (data not shown), alidtl1lwas very weakly of the WNT3A medium was demonstrated by its ability to
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Fig. 3. Mammary placode formation in
cultured embryos. (A-C) X-gal-stained
E10.5 TOPGAL embryos after 0 hours
(A), 24 hours (B) or 48 hours (C) culture in
control medium. Arrows indicate
developing placodes. (D-F) X-gal-stained
E11 TOPGAL embryos after 24 hours
culture in control-conditioned medium

(D), WNT3A-conditioned medium (E) or
LiCl-supplemented medium (F). WNT3A
treatment causes the formation of placodes
that are larger and more distinct than in the
littermate control (arrows in D,E). LiCl
treatment causes activation of TOPGAL
transgene expression along the lateral
aspect of the embryo, and formation of
multiple intensely blue-staining clusters of
cells (F, arrows). (G-I) Histological
sections (counterstained with eosin)
through the mammary placodes of E11 X-
gal-stained embryos cultured for 24 hours
in control medium (G), WNT3A-
conditioned medium (H) or LiClI (1). (J3-

K) Whole mount in-situ hybridizations for
Wnt10bon E11 embryos cultured for 48
hours (J,K) or 24 hours (L) in control
medium (J), WNT3A-conditioned medium
(K) or 50 mM LiCl (L). LiCl treatment

was limited to 24 hours, as we found 48
hours’ exposure to LiCl to be toxic. Arrows indic&tnt10bexpression in placodes (J-L) and ectopic placode-like structures (L). Scale bar:
0.65mm in A; 0.75mm in B; 0.9 mm in C; 0.5 mm in D-F88 in G-I; 0.6 mm in J-L.

Wnt10b ” Controll Wnt10b

activate a canonical WNT reporter gene (TOPFLASH)areas of X-gal staining consisted of multilayered regions of
(Korinek et al., 1997) in NIH 3T3 cells. WNT3A-conditioned surface epithelium that resembled the placodes formed in
medium activated TOPFLASH 4-5-fold over baseline levelscontrol embryos, but were thicker and covered a much larger
while control-conditioned medium did not activate the reportesurface area (compare Fig. 3G and I). Portions of these
(data not shown). WNT3A accentuated mammary placodplacodes contained undulating regions of invagination into the
development such that the individual placodes formed soonemesenchyme, but not to the degree seen in WNT3A-treated
and were larger than those seen in controls (compare Figmbryos. These results suggested that post-receptor activation
3E,D). Histological analysis demonstrated that WNT3Aof WNT signaling promotes placode formation in extended
treatment promoted the invagination of the placodes into theegions of the ventral-lateral surface of the embryo.
underlying mesenchyme, forming structures that resembled To investigate whether activation of WNT signaling by
mammary buds (Fig. 3H), rather than the shallow invaginationd/NT3A and LiCl induced the expression of molecular
formed in embryos cultured in control, or control-conditioned placodal markers, we examined the expressiowonfl0bin
media (Fig. 3G and data not shown). Accelerated placod&ie embryo cultures by in-situ hybridization. Expression of
development and/or the formation of larger, thicker placode¥/nt10b was specifically elevated within the placode-like
relative to littermate controls was observed in 70-80% oSftructures in control-cultured embryos, and in the larger
embryos cultured with WNT3A-conditioned medium=g9, placodes formed in WNT3A- and LiCl-treated embryos (Fig.
from 11 separate litters). 3J-L). In addition, LiCl treatment induced Wntl&pression
The actions of WNT3A on mammary placode developmenin patchy pattern over a wide area of the ventral-lateral surface
may be modulated by the local expression of specific receptoo$ the cultured embryos (Fig. 3L), similar to the pattern of
and WNT pathway inhibitors. Therefore we also examined theiCl-induced TOPGAL staining (Fig. 3F). Similar results were
effects of post-receptor activation of WNT signaling onobtained in experiments examining expression of the early
placode formation in cultured embryos using LiCl, whichplacode marker Thx@lata not shown). These data demonstrate
activates WNT signaling by inhibiting GSKBand stabilizing that stimulation of WNT signaling promoted both the
cytoplasmid3-catenin (Hedgepeth et al., 1997). LiCl treatmentmorphogenesis of mammary placodes and the expression of
induced TOPGAL expression in a wide swath along thenolecular placode markers.
ventral-lateral surface of the embryo (Fig. 3F). Mammary LiCl-mediated activation of the WNT signaling pathway
placodes developing at their normal locations appeared largeright promote mammary placode formation by stimulating the
and more irregular than in controls. In addition, accumulationproliferation of specific placode precursor cell populations, by
of TOPGAL-positive cells were formed at ectopic locations,altering cell movements in the mammary region, or by causing
both along and lateral to the mammary line (100% of treateldrger than usual numbers of surface epithelial cells to adopt
embryos,n=9 from four different litters). Histologically, the a placodal fate. To begin to distinguish among these
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Fig. 4.Inducible expression of Dkk1
in the surface epithelium and
inhibition of TOPGAL activity.
(A) Scheme for doxycycline-
inducible expression dbkk1. Mice
carrying the K5-rtTAransgene
V3 (yellow) are mated to mice carrying
DT the tetO-Dkktransgene (blue). In
double transgenic offspring (green),
Dkk1-expressing/ expression of Dkk1 can be induced
TOPGAL by doxycycline in cells where the K5
S 8 promoter is active. (B) Phenotype of
newborn double transgenic (DT) pup
(right) compared with control single
transgenic (ST) littermate (left) after
doxycycline treatment from EO.5.
The DT pup has severe limb defects
(arrows), open eyes and lacks
vibrissa follicles. (C-F) A K5-rtTA,
tetO-Dkk1, TOPGAL (DKkk1-
expressing/TOPGAL) embryo
(D,F) and tetO-Dkk1, TOPGAL
(Control/TOPGAL) control littermate (C,E) were doxycycline-treated throughout gestation, harvested at E11.5 and stained with X-gal to reveal
sites of TOPGAL WNT reporter expression. (E,F) Higher-magnification photographs of the mammary regions of the embryos shown in
C,D, respectively. Strong staining fdrgalactosidase is visible in the mammary region of the control at sites of mammary placode development
(C,E, red arrows) and other sites, including the apical ectodermal ridge of each limb bud. TOPGAL activity was severely reduced in the
mammary region of the K5-rtTA, tetO-Dkk1, TOPGAL embryo (D,F). Deformities of the limb buds correlate withBlasdaaftosidase
expression from the limb edge (yellow arrows in D), consistent with the known requirement for canonical WNT signaling in maintenance of the
apical ectodermal ridge (Barrow et al., 2003).

l+ doxycycline

A Expression of Dkk1 in surface epithelium, epidermis and epidermal appendages

mechanisms, we examined proliferation in embryos that hakigh levels of expression caused perinatal lethality and
been sacrificed at E11 and cultured for 24 hours in contrgirecluded the establishment of transgenic lines (Andl et al.,
medium or medium supplemented with 50 mM LiCl. Whole-2002). To avoid this problem we developed a doxycycline-
mount immunohistochemistry for the mitotic marker phosphoinducible bi-transgenic system that allowed us to consistently
histone H3 revealed that the number of proliferating cells iproduce embryos expressing high levels of ectbicl (Fig.

the surface epithelium was slightly decreased in LiCl-treatedA).

embryos, possibly due to toxicity of LiCl. In both control- and We generated mice carrying a transgene comprised of the
LiCl-treated embryos, proliferating cells were largely excludedkk1coding region downstream of a tetracycline/doxycycline-
from sites of placode formation, consistent with previougesponsive promoter (tetO) (Gossen and Bujard, 1992). Seven
reports that mammary placodes are relatively non-proliferativiebeansgenic founder animals were obtained and had grossly
(Balinsky, 1950; Veltmaat et al., 2003) (data not shown). Theseormal phenotypes. These founders were mated to mice
observations indicate that LiCl does not stimulate thecarrying a transgene in which coding sequences for the reverse
proliferation of specific placode precursor cell populations, butetracycline-dependent transactivatotTAQ) (Kistner et al.,
instead may act by altering the fates or movements of cells t996) were placed downstream of a keratirk5) (promoter

the mammary region. that, like the K14romoter, is active in the surface epithelium

) o o from E9.5 (Byrne et al., 1994; Diamond et al., 2000). Pregnant
A system for reproducible, efficient WNT inhibition females were placed on doxycycline immediately after
in the surface epithelium in vivo detection of a copulation plug to indubekl expression in

To determine whether canonical WNT signaling is required fodouble transgeni&5-rtTA/tetO-Dkklembryos. Three of the
the initiation of mammary placode development in yiw@  seven founders produced double transgenic offspring with hair
ectopically expressed the secreted WNT inhibitor DKK1 inand tooth phenotypes similar to those shown by mice
embryonic surface epithelium. DKK1 acts by binding to LRPconstitutively expressing the K14-Dkhkfansgene. A tetO-
and KRM1 or KRM2, resulting in internalization of a Dkkl1l founder line that produced offspring with strong
DKK1/LRP/KRM complex and removal of LRP from the phenotypes similar to those seen in mice expressing high levels
plasma membrane (Mao et al., 2002; Zorn, 2001). DKK1leof the K14-Dkkltransgene was used for the experiments
mediated inhibition of canonical WNT signaling is rapid, described below. Induced double transgenic offspring of this
potent and specific (Mao et al., 2002; Zorn, 2001). We haviine reproducibly lacked hair follicles, teeth and mammary
previously shown that constitutivilkl4 promoter-driven glands at birth, and displayed limb defects; by contrast, single-
ectopic expression of Dkkih transgenic surface epithelium transgenic control littermates and uninduced double transgenic
blocks mammary bud development (Andl et al., 2002)mice were phenotypically normal (Fig. 4B and data not
However, determination of the precise mammary defects ishown).

these mice was complicated by variability in Didpression Whole-mount and section in-situ hybridization revealed
levels between different founder embryos and by the fact thactopic expression of Dkkin the surface epithelium of
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doxycycline-treated double transgenic E10.5-E1X5-
rtTA/tetO-Dkk1 embryos (data not shown). To determine
whether ectopic Dkk1 efficiently inhibited canonical WNT
signaling in the developing mammary region we cros€ed
rtTA, tetO-Dkk1l double transgenic mice to homozygous
TOPGAL mice and placed the pregnant females orjs
doxycycline until they were sacrificed at E10.5-E12.5. Contro
doxycycline-treated K5-rtTA, TOPGAL and tetO-Dkk1,
TOPGAL embryos showed TOPGAL reporter activity in the
mammary line at E10.5 and in developing mammary placode e
and buds at E11.5 and E12.5 as expected (Fig. 4C,E and d
not shown). By contrast, in induced5-rtTA, tetO-Dkk1, :
TOPGAL triple transgenic embryos, TOPGAL activity was
markedly reduced in the mammary region at E10.5-E11.
(n=2) and was either completely, or almost completely, absel
at E11.5 (n=5) and E12.6%5), indicating that WNT/{£atenin  §
signaling was efficiently and consistently inhibited (Fig. 4D,F &
and data not shown).

A

A

10K xzee

C ical WNT si ling i ired f Fig. 5.Mammary placodes are absent in Dkk1-expressing embryos.
anonica signaling IS required tor mammary Scanning electron microscopy of the ventral-lateral surface of

placode morphogenesis and localized expression of induced K5-rtTA, tetO-Dkk(B,D) and control single transgenic
placode markers littermate (A,C) embryos at E11.5. Placode number 3 is visible in the
We used scanning electron microscopy to examine mammacontrol as a mound of cells protruding above the surface of the
placode development in E11.5 double transgibictTA/tetO- ~ embryo (arrows in A,C) and is absent in the induced double-
Dkk1and single transgenic or non-transgenic littermate contrcransgenic embryos (B,D). A,B were photographed at 75
embryos. The initial indication of mammary developmenllmag'?)'f'gat'on and C,D at 280nagnification. Scale bars: 1. Ib,
in controls was the appearance of a mound of cells gmo bud.
approximately E11.5 corresponding to placode number 3, tF
first to develop (Fig. 5A,C). No such structure was visible afYamaguchi et al., 1999) female embryos revealed that
the same position irDkkl-expressing littermate embryos mammary primordia were present at E15.5 (Fig. 6Q,R).
(Fig. 5B,D), indicating that placode formation was inhibited.Furthermore the pattern of mammary placode induction,
Examination of Dkkl-expressing embryos 1 day laterevealed by in-situ hybridization with \&/nt10bprobe, was
demonstrated that all five pairs of placodes were absent in tisénilar to that seen in control embryos (Fig. 6S,T).
Dkk1-expressing embryos (data not shown). Ectopic Dkk1 causes a more complete block to mammary
To determine if Dkkperturbed the expression of molecular placode development than that observed in embryos lacking
markers of placode development, we used whole-mount in-sifaGF10 or the FGF receptor, FGFR2b, in which one pair of
hybridization to examine the expressionBe¢atenin WntlOb  mammary buds is still formed (Mailleux et al., 2002). While
(Christiansen et al., 1995), Leflan Genderen et al., 1994) Fgfr2bexpression localizes to mammary placodes at E11-E12,
andKrm2at E12.5, and Tbx@hapman et al., 1996) at E11.75 Fgf10 is expressed transiently at E10.5 in the most ventral
in Dkkl-expressing and control embryos. None of thesepithelial regions of the dermamyotome, and may signal to
markers was expressed in a localized fashion in the mammaeglls that give rise to mammary region dermis (Mailleux et al.,
region of Dkkl-expressing embryos (Fig. 6A-D,I-L and dat&2002). To begin to investigate the relationships between FGF10
not shown). Weakly localized expression \Whtllin ring  and WNT signaling, we asked whether expressiorgbf0in
shapes around placodes in control embryos (Fig. 6G, bluee dermamyotome was affected by ectopic expression of Dkk1
arrows) was also absent from Dkk1-expressing embryos (Fign the surface epithelium. Expressionkgfl0in the somites
6H), although faint Wntl®xpression was maintained in a of control embryos appeared as a thin, broken line of staining
broad stripe between the limb buds (Fig. 6G,H, yellow arrows)etween the anterior and posterior limb buds at E10.5 (Fig.
Localized upregulation of WntlOWwas absent from Dkkl1l- 60). Similar staining was seen in Dkkl-expressing bi-
expressing embryos even at E11.5, a stage at WNitfiOb  transgenic littermates (Fig. 6P), suggesting that VBNT/
expression is usually visible as a faint line in controls (Figcatenin signaling activity in the mammary region either lies
6M,N). This result indicates tha&tkk1 blocks WNT signaling downstream of Fgfl0r acts in an independent fashion.
upstream of mammary-specific expression of Wnt10b, and is
consistent with our observation that TOPGAL expression.. .
appears in the mammary line approximately 1 day befor ISCuUssIon
WhntlObexpression (compare Fig. 1B and Fig. 2E). By contrasiQur experiments demonstrate that activation of the TOPGAL
ectopic Dkk1 did not affect expression ofWnt5a in the  WNT reporter gene (DasGupta and Fuchs, 1999) occurs in the
mammary region at E11.5 or E12.5 (Fig. 6E,F and data ngresumptive mammary lines of mouse embryos and that
shown). These results suggest€dt5aas a possible candidate canonical WNT activity subsequently localizes to developing
for a locally expressed regulator of mammary developmennammary placodes and buds. Forced activation of WNT
whose actions might be blocked bipkkl. However, signaling promotes the development of mammary placodes;
histological examination of the mammary region in Wnt5a-nulconversely, inhibition of canonical WNT signaling Bkk1
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Fig. 6. Absence of localized expression of
mammary placode markers in indud€s-

rtTA, tetO-Dkklembryos and presence of
mammary rudiments in Wnt5a-null embryos.
(A-P) K5-rtTA, tetO-DkkHouble transgenic
(DT) (B,D,F,H,J,L,N,P) and single
transgenic (ST) control littermate
(A,C,E,G,I,K,M,0) embryos that were
doxycyline-treated throughout gestation,
harvested at E12.5 (A-J), E11.75 (K,L),
E11.5 (M,N) and E10.5 (O,P), and subjected
to whole-mount in-situ hybridization with

the probes indicated. Control E12.5 and
E11.75 embryos show discrete upregulation
of B-catenin (A), Wnt10i6C), Krm2(l) and
Tbhx3(K) in mammary buds (A,C,l) and
placodes (K). Limbs were removed from the
embryo in A to show all five buds on the left
side. Localized expression of all of these
genes is absent from the mammary region of
induced K5-rtTA, tetO-Dkkdouble
transgenic littermates (B,D,J,L). Wntik1
weakly expressed in ring shapes around the
buds of control (G) (blue arrows) but not
Dkk1-expressing (H) embryos. Weak
expression of Wntlih a broad stripe of
mesenchyme is present in both control and
Dkk1-expressing embryos (G,H, yellow
arrows). Expression of Wnt%a mammary
region mesenchyme is unaffected by ectopic
Dkk1(E,F) (arrows). Upregulated Wnt10b
expression is first apparent in the mammary
line of controls at E11.5 (M, arrow), and is
absent in the induceads-rtTA, tetO-Dkk1
double transgenic littermate (N). Fgfik0
expressed in somites of doxycyline-treated
control and K5-rtTA, tetO-Dkkdouble
transgenic littermates at E10.5 (O,P, arrows).
(Q,R) Transverse hematoxylin and eosin-
stained paraffin sections of E15/mt5a’~
control (Q) and Wnit5#& (R) female embryos
showing thoracic mammary rudiments
(arrows). (S,T) Wnt10expression in
mammary buds of Wnt%a (S) and Wnt5d-
(T) E12.5 embryos (arrows).

its expression was apparent 1 day later
than TOPGAL expression. Furthermore,
Dkk1-mediated WNT inhibition blocked
localized Wntl10b expression. These
results suggest that the initial localized
expression of TOPGAL in the mammary
line is not driven by mammary-specific
Wntl0bexpression. Although expression
blocks the initiation of placode development and the localizedf Wnt5ain cells underlying the mammary region is apparent
expression of all molecular placode markers examined. by E10.5 (Yamaguchi et al., 1999) and is unaffected by ectopic
Activation of TOPGAL expression in the mammary line Dkk1, we found tha¥Wnt5ais not essential for initiation of
occurs earlier than localized expression of other knowmammary development. It remains possible that Watia
markers for embryonic mammary development, includingedundantly with anothewnt gene expressed in mammary
those identified in this study. This localized activation of theregion dermis; for example, Wntl&hows weak, broad
canonical WNT pathway might be achieved by restrictedexpression in this region. However, recent evidence suggests
expression of a specific Wnt gene. Interestingly, however, wat in most developmental contexts Wnésal Wntlisignal
were not able to identify a Wiltat was an obvious candidate via alternate pathways (Veeman et al., 2003) and antagonize
for this role. Of the Wngenes analyzedlnt10bshowed the canonical WNT signaling (Maye et al., 2004; Weidinger and
earliest and most marked localization to the mammary line, bitloon, 2003).
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Instead, localized canonical WNT signaling may beplacode markers are blocked by ectdpikl. Furthermore, in
achieved through regulation of responsiveness to a generalpth mammary and hair follicle placode development,
expressed WNT. We find that Wnt6, Wrt8d Wntl0Obare localized activation of the WNT pathway appears to precede
broadly expressed in the surface epithelium at the time dbcalized expression of Wigfenes, suggesting that localized
mammary initiation. One or more of these might act in concegpathway activation is initially regulated by broadly expressed
with localized non-WNT signals to induce TOPGAL activationWnts in conjunction, or in competition, with other factors.
within the mammary line. It has been postulated that FGF1Borced activation of WNT signaling causes the de novo
signals to the developing mammary dermis to induce the locérmation of hair follicles and tooth-bud-like structures in vivo
production of an unknown secreted factor that is necessary f@Gat et al., 1998; Zhou et al., 1995). Our results suggest that
placode formation (Veltmaat et al., 2003). Signaling by FGF1QVNT pathway stimulation can also promote placode
or an FGF10-induced factor might be required for epitheliatlevelopment in mammary region epithelium in vitro. Taken
and/or mesenchymal cells in the mammary region to resporidgether, these data suggest that WNT signaling is not merely
to a broadly expressed WNT. permissive for appendage induction, but instead, once

Interestingly, LiCl treatment of cultured embryos does notctivated, directs multipotent stem cells in the surface
induce uniform TOPGAL activation, instead producing a swatlepithelium to adopt an appendage fate rather than becoming
of high activity between the limb buds and another more dorsatratified epidermis. Little is known about regulation of the
domain. EndogenouEscatenin mRNA is expressed at elevatedtiming and location of development of various appendages.
levels in these regions (compare Fig. 2C and Fig. 3F)lhe apparent cooperation of WNT signaling with a regionally
suggesting thaB-catenin mRNA levels might modulate the restricted FGF signal in mammary development, and our
LiCl response. Determining whethercftenin mRNA levels observation that responsiveness to extracellular and
are regulated by Fgfl0, and/or can influence mammarintracellular activation of WNT signaling is regionally
development, will require further investigation. restricted, may provide clues to the mechanisms that direct

We find that TOPGAL expression persists in developingappendage formation at particular developmental stages and in
mammary placodes and buds until the sprout stage. Togethgwecific regions.
with the observation that placodes and buds are formed but not
maintained in the absence of Léfan Genderen et al., 1994) We thank Elaine Fuchs for TOPGAL transgenic mice; Patricia
(K. Kratochwil, personal communication), these data indicat®alinas for Wnt3in-situ hybridization data; Andrew McMahon,
that WNT signaling is required for the continued developmengﬂWard Morrisey, Judith Cebra-Thomas, Roel Nusse and Gregory

- ackleford for in-situ hybridization probes; and John Stanley,
of mammary placodes as well as for their inductiamt10b Patricia Labosky, Jonathan Epstein, Mark Kahn and William Philbrick

is a candidate for the signal that maintains TOPGALfor comments on the manuscript. This work was funded by AR47709

expression in established mammary placodes and buds, buidsg ), Dk55501 (J.J.W.), CA94175 (J.J.W.) and T32-AR07465
unlikely to act alone as expressionwfits6, 10aand7balso  (E.v.c)).
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