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Elongation and branching of epithelial ducts is a crucial event during the development of the mammary gland. Branching
morphogenesis of the mouse mammary epithelial TAC-2 cell line was used as an assay to examine the role of Wnt, HGF,
TGF-b, and the Notch receptors in branching morphogenesis. Wnt-1 was found to induce the elongation and branching of
epithelial tubules, like HGF and TGF-b2, and to strongly cooperate with either HGF or TGF-b2 in this activity. Wnt-1
displayed morphogenetic activity in TAC-2 cells as it induced branching even under conditions that normally promote
cyst formation. The Notch4(int-3) mammary oncoprotein, an activated form of the Notch4 receptor, inhibited the branching
morphogenesis normally induced by HGF and TGF-b2. The minimal domain within the Notch4(int-3) protein required to
inhibit morphogenesis consists of the CBF-1 interaction domain and the cdc10 repeat domain. Coexpression of Wnt-1 and
Notch4(int-3) demonstrates that Wnt-1 can overcome the Notch-mediated inhibition of branching morphogenesis. These
data suggest that Wnt and Notch signaling may play opposite roles in mammary gland development, a finding consistent
with the convergence of the wingless and Notch signaling pathways found in Drosophila. q 1998 Academic Press
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INTRODUCTION whereas the lateral buds differentiate into alveoli during
each estrous cycle. During pregnancy, the alveoli rapidly
increase in size and number resulting in the developmentThe development of the murine mammary gland involves
of fully differentiated lobules, which will produce milk atan intricate sequence of proliferative, morphogenetic, and
lactation. The mammary gland remodels after lactationdifferentiative events, which gradually results in the forma-
ceases, and this process is characterized by the involutiontion of an arborized tree-like structure of epithelial ducts.
of the secretory lobules and regression to the ductal treePostnatal development of the mammary gland is influenced
observed at puberty (reviewed in Daniel and Silberstein,by gonadal hormones, with distinct developmental stages
1987; Pitelka et al., 1973; Russo et al., 1989).occurring during puberty, estrous, pregnancy, and lactation.

Mesenchymal–epithelial and epithelial–epithelial inter-At birth, the mammary epithelial ducts have few side-
actions are essential in the regulation of growth and devel-branches. During puberty, the epithelial ducts rapidly elon-
opment of the murine mammary gland. Peptide growth fac-gate and branch, and give rise to a highly organized epithe-
tors, such as epidermal growth factor (EGF) (Haslam et al.,lial structure with terminal end buds and lateral buds. The
1992), fibroblast growth factors (FGF) (Coleman-Krnacikterminal end buds are the major sites of proliferation,
and Rosen, 1994), hepatocyte growth factor (HGF), insulin-
like growth factor II (IGF-II) (Bates et al., 1995), neuregulin
(NRG) (Yang et al., 1995), and transforming growth factor-1 To whom correspondence should be addressed at Department
b (TGF-b) (Daniel et al., 1996; Pierce et al., 1993), have beenof Pathology, Columbia University, 630 West 168th Street, New

York, NY 10032. Fax: (212) 305-3624. E-mail: jkk9@columbia.edu. implicated as regulators of mammary gland development
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205Notch and Wnt Regulate Branching Morphogenesis

based on their expression patterns and, in some cases, on generates a tree-like structure of epithelial ducts. Instead,
a hyperproliferative mass of undifferentiated epithelial cellstheir abilities to affect the development of the mammary

gland. HGF (or scatter factor) is expressed in the mammary is observed near the nipple, from which undifferentiated
mammary carcinomas rapidly develop (Jhappan et al., 1992).mesenchyme during ductal branching, whereas its tyrosine

kinase receptor c-met is expressed in the mammary epithe- The aim of this study was to define the roles of both Wnt
and Notch signaling in mammary gland ductal morphogen-lial ducts at all stages (Niranjan et al., 1995). HGF can pro-

mote branching morphogenesis of the mammary ductal tree esis. Using a previously described model in which TAC-
2 mammary epithelial cells grown in collagen gels form(Niranjan et al., 1995; Pepper et al., 1995; Soriano et al.,

1995; Yang et al., 1995) in several experimental settings. branching cords or tubules in response to HGF or TGF-b1
(Soriano et al., 1995, 1996), we demonstrate that activationTGF-b1 is expressed in the epithelial compartment of the

mammary gland at all stages, except during lactation (Dan- of the Wnt and Notch signaling pathways has opposite ef-
fects on branching morphogenesis. Wnt-1 acts to induceiel et al., 1996; Smith, 1996). In vivo, TGF-b1 has been

shown to inhibit ductal outgrowth from the mammary end branching morphogenesis, whereas Notch4(int-3) inhibits
branching morphogenesis by either HGF or TGF-b. Wnt-1buds (Kordon et al., 1995; Pierce et al., 1993). In vitro, how-

ever, TGF-b1 has been shown to induce opposite effects has the capacity to overcome the Notch4(int-3)-mediated
inhibition of branching morphogenesis.depending on its concentration. TGF-b1 at high concentra-

tions (0.5–5 ng/ml) inhibits ductal elongation and
branching of TAC-2 mammary epithelial cells, whereas at
low concentrations (5–100 pg/ml) it is able to stimulate MATERIALS AND METHODS
these biological processes (Soriano et al., 1996).

The Wnt family of secreted growth factors are also impli-
Reagents. Recombinant human HGF (rhHGF) was provided bycated as regulators of the developing mouse mammary gland

Genentech, Inc. (San Francisco, CA). Recombinant TGF-b2 was(Nusse and Varmus, 1992). Wnt genes are expressed during
provided by Dr. G. Gunderson (Columbia University, New York,

ductal development of the gland (Wnt-2, Wnt-5a, Wnt-7, NY). Rat tail collagen solution was obtained from Upstate Biotech-
and Wnt-10b) and during lobular development at pregnancy nology Inc. (Lake Placid, NY). Anti-HA monoclonal antibody
(Wnt-4, Wnt-5b, and Wnt-6), and the expression of most (12CA5) was from Berkeley Antibody Co. (Richmond, CA) and
Wnt transcripts is downregulated during lactation (Gavin HRP-conjugated sheep anti-mouse immunoglobulin G was from

Amersham (Arlington Heights, IL).and McMahon, 1992; Weber-Hall et al., 1994). This pattern
cDNA clones. The murine Notch4 (int-3) cDNA correspondsof expression during periods of morphogenesis has led to a

to a truncated Notch4 cDNA, residues 4551 to 6244 of Notch4proposed role for Wnt genes in morphogenetic events during
(Uyttendaele et al., 1996). An oligonucleotide encoding the hemag-mammary gland development. Wnt gene expression has
glutinin (HA) antigenic determinant was appended to the 3* end ofbeen documented in both the stromal and epithelial com-
the Notch4 (int-3) and Wnt-1 cDNA’s. Eighteen codons were addedpartments of the mammary gland, raising the possibility
that specify the amino acid sequence SMAYPYDVPDYASLGPGP,

of involvement in both stromal–epithelial and epithelial– including the nine residue HA epitope (underlined). HA-tagged
epithelial interactions (Buhler et al., 1993; Weber-Hall et Notch4 (int-3) and Wnt-1 cDNAs were created by subcloning each
al., 1994). The Wnt-1 gene is not normally expressed within cDNA into Bluescript KS (Stratagene) with the coding region of
the mouse mammary gland; however, its expression can the HA epitope situated downstream of the newly inserted cDNA.

These two sequences were made colinear by ‘‘loop-out’’ mutagene-contribute to tumorigenesis when activated by insertion of
sis using oligonucleotides designed to eliminate the stop codon andmouse mammary tumor virus (MMTV) proviral DNA in
noncoding 3* sequence of the Notch4 (int-3) and Wnt-1 cDNAs.MMTV-induced mammary tumors (Nusse et al., 1984).
Oligonucleotides used in this procedure are as follows: Notch4 (int-Mammary gland tumors develop in transgenic mice where
3), CGG TTG TAA GAA ATC TGA ACT CCA TGG CCT ACCectopic Wnt-1 gene expression is controlled by the MMTV
CAT ATG; Wnt-1, CGC GCG TTC TGC ACG AGT GTC TATpromoter; these mice display hyperplasia of the mammary
CCA TGG CCT ACC C. The 5* end of each oligo is complementary

epithelium and an increased incidence of tumors (Tsuka- to the C-terminus of Notch4 (int-3) or Wnt-1 cDNA and their 3*
moto et al., 1988). ends anneal to HA epitope-encoding sequence (underlined). Muta-

The Notch4 gene was also identified as a frequent target genesis was carried out with the Muta-Gene in vitro mutagenesis
for insertional activation by MMTV proviral DNA in kit (Bio-Rad, Richmond, CA). The presence of each fusion was con-

firmed by DNA sequencing. Notch4 (int-3) cDNA deletion mutantsMMTV-induced mammary gland tumors (Robbins et al.,
were generated from the epitope-tagged Notch4 (int-3) construct by1992; Sarkar et al., 1994). The Notch4 gene encodes for a
restriction enzyme cloning, and were named DNT, DCDC, DCT,large transmembrane receptor protein (Gallahan and Cal-
and DNTDCT. The DNT deletion mutant corresponds to nucleo-lahan, 1997; Uyttendaele et al., 1996). The int-3 oncoprotein
tides 4921 to 6244 of the Notch4 sequence. The DCDC deletionis activated by MMTV insertion and corresponds to a trun-
mutant corresponds to nucleotides 4551 to 4864 and to nucleotidescated form of Notch4 which has most of its extracellular
5706 to 6244 of the Notch4 sequence. The DCT deletion mutant

domain deleted (Uyttendaele et al., 1996); this mutated ver- corresponds to nucleotides 4551 to 5718 of the Notch4 sequence.
sion of Notch4 will be referred to as Notch4(int-3). In con- The DNTDCT deletion mutant corresponds to nucleotides 4921
trast to Wnt-1, expression of the Notch4 (int-3) oncogene as to 5718 of the Notch4 sequence.
a transgene in the mouse mammary gland results in im- Cell culture. The TAC-2 cell line was derived from NMuMG

cells as described previously (Soriano et al., 1995). TAC-2 cells werepaired development of the mammary gland which no longer
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206 Uyttendaele et al.

grown on collagen-coated dishes in Dulbecco’s modified Eagle’s was less than 2. Quantification of branching was performed by
counting all branch points in each colony. Values of cord length andmedium (DMEM, GIBCO) supplemented with 10% fetal calf serum
branching obtained from the largest colonies are an underestimate,(FCS, GIBCO). The BOSC 23 retrovirus packaging cell line (Pear et
since in these colonies a considerable proportion of cords were outal., 1993) was obtained from Dr. W. Pear (MIT, MA) and grown in
of focus and therefore could not be measured. Values were ex-DMEM containing 10% FCS. Both culture media were supple-
pressed either as mean cord length and number of branch pointsmented with penicillin (500 IU/ml) and streptomycin (100 mg/ml).
per photographic field (Soriano et al., 1996) or as mean cord lengthBoth cell lines were grown at 377C in 8% CO2.
and number of branch points per individual colony (Soriano et al.,Cell line generation. HA-tagged cDNAs were inserted into the
1995). The mean values for each experimental condition were com-retroviral vector pLNCX (Miller and Rosman, 1989) wherein neo-
pared to controls using the Student unpaired t test.mycin phosphotransferase (neo) expression is controlled by the mu-

Immunoblot analysis. HA-tagged Notch4(int-3), Notch4(int-3)rine leukemia virus LTR, and cDNA transcription is controlled
deletion mutants and Wnt-1 proteins from lysates of TAC-2 cellby the cytomegalovirus (CMV) enhancer/promoter. The retroviral
populations were analyzed by immunoblotting. To maximize pro-vector pLHTCX was derived from pLNCX; however, the neo gene
tein expression, TAC-2 cells were treated with 2 mM sodium buty-is replaced by a hygromycin-resistence gene. Populations of TAC-
rate for 16 h prior to lysis. Cells were washed twice with cold2 cells, expressing either HA-tagged Notch4 (int-3) or Wnt-1 cDNA,
PBS and then removed from dishes in 1.5 ml PBS using a rubberwere prepared by retroviral infection. Recombinant retroviruses
policeman. Cells were pelleted by centrifugation at 2000g at 47Cwere generated by transiently transfecting constructs into the
for 5 min and lysed in 90 ml TENT buffer (20 mM Tris, pH 8.0, 2BOSC 23 cell line by calcium phosphate coprecipitation, as pre-
mM EDTA, 150 mM NaCl, 1% Triton X-100) containing 1 mMviously described (Pear et al., 1993). Retroviral infection of TAC-
phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 2 mg/ml leu-2 cells was carried out by culturing cells with viral supernatants
peptin, 1 mg/ml pepstatin, at 47C for 30 min. Lysates were clarifiedcollected from transfected BOSC 23 cells 2 days posttransfection.
by centrifugation at 10,000g at 47C for 10 min, and protein contentsInfections were carried out in the presence of 4 mg/ml polybrene
were determined using the Bio-Rad protein determination kit. Ly-for 12 h after which medium was replaced to DMEM / 10% FCS.
sates containing 40 mg protein were electrophoresed in 10% SDS–One day postinfection the culture medium was replaced to DMEM
polyacrylamide gels. Proteins were transferred from gels onto nitro-/ 10% FCS containing 500 mg/ml geneticin (GIBCO BRL Life Tech-
cellulose by electroblotting, and then blocked overnight at 47C innologies, Grand Island, NY) or 200 mg/ml hygromycin B (Sigma
TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.2% Tween 20) con-Chemical Co.). Colonies appeared 5 days later and were pooled into
taining 1% bovine serum albumin (fraction V). Blots were thenmedium containing 250 mg/ml geneticin or 200 mg/ml hygromycin
incubated in anti-HA monoclonal antibody (12CA5) diluted 1:100B. These resultant populations, each composed of at least 50 clones,
in TBST at room temperature. After 4 h, the blot was washed threewere used in assays described below.
times for 5 min each in TBST. Blots were exposed to a 1:16,000Collagen cell culture assays. TAC-2 cell lines were harvested
dilution of HRP-conjugated sheep anti-mouse IgG. Blots wereusing trypsin–EDTA, centrifuged, and embedded in three-dimen-
washed as above and then incubated 1–2 min in enhanced chemilu-sional collagen gels as previously described (Soriano et al., 1995).
minescence reagents (Amersham Inc., IL) and exposed to X-ray filmBriefly, 8 vol of rat tail collagen solution (approximately 1.5 mg/
(Fujifilm, Fuji Photo Film Co., LTD., Tokyo).ml) were mixed with 1 vol of 101 minimal essential medium

(GIBCO) and 1 vol of sodium bicarbonate (11.76 mg/ml) in a sterile
tube kept on ice to prevent premature collagen gellation. TAC-2
cells were resuspended in the cold mixture at cell densities of 2 or

RESULTS4 1 104 cells/ml and 0.5-ml aliquots were dispensed into 16-mm
wells of 24 multiwell plates (Becton Dickinson Labware). After the
collagen mixture had gelled, 1 ml of complete medium (DMEM / When suspended in collagen gels, TAC-2 mammary epi-
10% FCS) with or without HGF or TGF-b2 was added to each thelial cells form small slowly growing colonies with a mor-
well. TAC-2 collagen gel cultures were initially carried out in the phology ranging from irregular-shaped cell aggregates to
presence and absence of 2 mM sodium butyrate, but since no differ-

poorly branched structures. Under these same conditions,ence in phenotypes was observed, the sodium butyrate was omitted
TAC-2 cells grown in the presence of either HGF or TGF-in all experiments. Media were changed every 2 days, and after 3
b1 develop an extensive network of branching cords thatto 5 days, cell cultures were photographed with a Nikon ELWD
consist of elongated epithelial cords or tubules with multi-0.3 phase-contrast microscope on Kodak T-Max film (1001 magni-
ple branch points (Soriano et al., 1995, 1996). This TAC-2fication).

Quantification of cord length and branching. TAC-2 cells cell phenotype is thus reminiscent of the branching mor-
were suspended at 5 1 103 or 1 1 104 cells/ml in collagen gels phogenesis of epithelial ducts in the mammary gland and
(500 ml) cast into 16-mm wells of 4-well plates (Nunc, Kampstrup, provides an experimental model to study the roles of growth
Rosklide, Denmark) and incubated in 500 ml complete medium in factors and receptors in the development of the mammary
the presence or the absence of 10 ng/ml HGF. After 7 days, the gland. To investigate the role of Wnt and Notch signaling
cultures were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate in mammary epithelial cell growth and morphogenesis, we
buffer, and at least three randomly selected fields (measuring 2.2

ectopically expressed either the Wnt-1 or activated1 3.4 mm) per experimental condition in each of three separate
Notch4(int-3) oncoproteins and analyzed their effects onexperiments were photographed with a Nikon Diaphot TMD in-
branching morphogenesis of TAC-2 cells. The results de-verted photomicroscope. The total length of the cords present in
scribed below represent those found with several indepen-each individual colony was measured with a Qmet 500 image ana-
dently derived cell lines, including independent lines thatlyzer (Leyca Cambridge Ltd., Cambridge, UK). Cord length was
were programmed to express proteins using a different pro-considered as ‘‘0’’ in: (a) colonies with a spheroidal shape, and (b)

slightly elongated structures in which the length to diameter ratio moter, as noted in the text.
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207Notch and Wnt Regulate Branching Morphogenesis

1996). When TAC-2 cells are programmed to express Wnt-1
proteins, cell colonies form cords with moderate branching
even in the absence of exogenous growth factors (compare
Figs. 2A and 2D). When TAC-2 Wnt-1 cells are grown in
the presence of either HGF or TGF-b2 (Figs. 2E and 2F), a
highly extensive branching network is observed. This net-
work of epithelial tubules is significantly more extensive
when compared to control TAC-2 LacZ cells grown under
identical conditions. An identical phenotype was observed
in TAC-2 cell lines programmed to express either a non-
epitope-tagged Wnt-1 cDNA or an HA epitope-tagged Wnt-
1 cDNA transcribed from an SV40-based retroviral vector
(data not shown). Thus, Wnt-1 activity was confirmed in at

FIG. 1. Immunoblot analysis on TAC-2 cell lysates using anti- least three independently produced TAC-2 cell lines.
HA antibodies. TAC-2 cells programmed to express LacZ, Wnt-1, The morphological analysis of TAC-2 cell cultures sug-
or int-3 were grown in the presence or absence of sodium butyrate. gested that Wnt-1 cooperates with either HGF or TGF-b2 in
Wnt-1 and int-3 proteins of appropriate molecular weight can be the induction of branching morphogenesis. To characterize
detected in the respective TAC-2 cell lines, and the level of protein

combined effects of Wnt-1 and HGF, quantitative evalua-expression can be increased by sodium butyrate treatment.
tion of cord length and the number of branch points was
conducted (Figs. 3A and 3B). Both analyses showed that the
branched network formed by TAC-2 Wnt-1 cells grown un-
der control conditions was comparable to that found forWnt-1 Stimulates TAC-2 Cell Branching
HGF-treated TAC-2 LacZ cultures. When TAC-2 Wnt-1Morphogenesis
cells are grown in the presence of HGF, both cord length
and number of branch points is significantly greater thanThe biological activity of Wnt proteins was evaluated

by generating TAC-2 cells ectopically expressing a Wnt-1 the combined values for TAC-2 Wnt-1 cells grown without
HGF and TAC-2 LacZ cells grown with HGF (Figs. 3A andcDNA. TAC-2 cell lines programmed to express Wnt-1

(TAC-2 Wnt-1) were generated using the retroviral vector 3B). Thus, Wnt-1 and HGF act in a cooperative fashion to
induce branching morphogenesis of TAC-2 cells.pLNCX to drive Wnt-1 expression from the CMV pro-

moter. As a control, TAC-2 cells were generated that were To determine whether the effects of Wnt-1 on TAC-2 cell-
branching morphogenesis are due to effects on the growthprogrammed to express LacZ (TAC-2 LacZ). To evaluate

the expression levels of Wnt-1 proteins in the cell lines characteristics of TAC-2 cells, we compared the growth of
the TAC-2 cell lines generated. TAC-2 cells were plated atgenerated, the Wnt-1 cDNA was fused at the carboxy ter-

minus to the hemagglutinin-epitope (HA) tag, allowing us different densities on collagen-coated dishes, in either the
presence or absence of HGF, and viable cell numbers wereto detect Wnt-1 proteins in immunoblot analysis using the

anti-HA monoclonal antibody (Fig. 1). Cell extracts from determined either 2 or 6 days after plating. No significant
differences in cell number were found between controlTAC-2 cell lines contained Wnt-1 proteins (Fig. 1) that

migrated as a series of proteins with molecular weights TAC-2, TAC-2 LacZ, or TAC-2 Wnt-1 cell lines grown in
either the presence or absence of HGF (data not shown).between 41 and 45 kDa, due to differential glycosylation.

The ectopic expression of Wnt-1 proteins in TAC-2 Wnt- When grown under these conditions, TAC-2 Wnt-1 cells
and control TAC-2 cells both displayed contact inhibition1 cells can be significantly increased by treating cells with

sodium butyrate (2 mM), which enhances transcription of at confluence and had similar morphological characteris-
tics. Hence, the effects of Wnt-1 on TAC-2 branching mor-the CMV promoter (Fig. 1). In order to evaluate the effects

of different protein levels on branching morphogenesis of phogenesis are not correlated with mitogenic activity of
Wnt-1 and are dependent on growth in three-dimensionalTAC-2 cells, experiments were carried out either in the

presence or absence of sodium butyrate. We found that collagen gels. Identical results were obtained with TAC-2
cell lines that were programmed to express Wnt-1 using anaddition of sodium butyrate to the TAC-2 branching mor-

phogenesis assay did not alter or enhance the TAC-2 cell SV40-based retroviral vector.
To further characterize morphogenetic activities of Wnt-phenotypes described below.

TAC-2 cells programmed to express LacZ give rise to 1 proteins, we analyzed TAC-2 cells induced to form cyst
structures in collagen gel cultures. When TAC-2 LacZ cellssmall colonies with poorly branched cords when grown in

collagen gels for 4 days (Fig. 2A). Addition of either HGF are grown in collagen gels in the presence of hydrocortisone
and cholera toxin, they form spheroidal cysts enclosing a(20 ng/ml) or TGF-b2 (50 pg/ml) to the culture induces pro-

nounced changes in colony morphology, resulting in the widely patent lumen, as previously observed with nontrans-
fected TAC-2 cells (Soriano et al., 1995) (Figs. 4A, 4C, andformation of long branching cords or tubules (Figs. 2B and

2C). We utilized TGF-b2 in our assays, which we found has 4E). In contrast, under the same experimental conditions,
TAC-2 Wnt-1 cells form branching structures (Figs. 4B, 4D,an identical activity as TGF-b1 in the induction of

branching morphogenesis of TAC-2 cells (Soriano et al., and 4F). This clearly indicates that Wnt-1 expression mod-
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FIG. 2. TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ (A, B, C), Wnt-1HA (D, E, F), or int-3HA (G,
H, I) were grown in collagen gels either in the absence of exogenous growth factor (A, D, G), in the presence of HGF (B, E, H), or TGF-
b2 (C, F, I). HGF and TGF-b2 induce branching morphogenesis of TAC-2 LacZ cells (compare A to B or C). Wnt-1 expression in TAC-2
cells induces modest branching morphogenesis of TAC-2 cells in the absence of either HGF or TGF-b2 (compare D to A), and robust
branching is observed when TAC-2 Wnt-1 cells are grown in the presence of either HGF or TGF-b2 (compare E to B, and F to C). TAC-
2 cells programmed to express int-3 fail to undergo branching morphogenesis when grown in the presence of either HGF or TGF-b2
(compare G to H or I, H to B, and I to C).

ifies the spatial arrangement of TAC-2 cells and therefore When TAC-2 int-3 cells are grown in collagen gels and
incubated in the presence of either HGF or TGF-b2 (Figs.has a morphogenetic effect.
2H and 2I), cell colonies no longer form elongated cords like
control cultures (Figs. 2B and 2C). Instead, HGF- or TGF-Notch4(int-3) Inhibits TAC-2 Cell Branching
b2-treated TAC-2 int-3 cell colonies form small aggregatesMorphogenesis
or structures with rudimentary branches which are similar

Notch4 activity in branching morphogenesis was evalu- in appearance to those formed by either TAC-2 LacZ or
ated by expressing an activated form of the Notch4 receptor, TAC-2 int-3 colonies grown in the absence of HGF or TGF-
Notch4(int-3), in TAC-2 cells. TAC-2 cell lines programmed b2 (Figs. 2A and 2G). An identical phenotype was observed
to express the Notch4(int-3) proteins were generated using in at least three independently produced cell lines, includ-
the retroviral vector pLNCX and will be referred to as TAC- ing TAC-2 cells programmed to express a non-epitope-
2 int-3. Notch4(int-3) was HA-epitope tagged at the carboxy tagged Notch4 (int-3) cDNA or a HA-epitope-tagged Notch4-
terminus to allow detection of ectopically expressed pro- (int-3) cDNA transcribed from an SV40-based retroviral
teins. Immunoblot analysis using anti-HA antibodies de- vector (data not shown). Interestingly, we found that a
tected Notch4(int-3) proteins that migrate with an approxi- smaller percentage of TAC-2 int-3 cells give rise to colonies
mate molecular weight of 60 kDa, corresponding well to in collagen gels with respect to TAC-2 LacZ cells (230 {

32 colonies/cm2 in TAC-2 int-3 cells versus 795 { 114their predicted molecular weight (Fig. 1).
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209Notch and Wnt Regulate Branching Morphogenesis

FIG. 3. Wnt-1 and HGF have cooperative effects on branching morphogenesis of TAC-2 cells, while expression of int-3 inhibits HGF-
induced branching morphogenesis. TAC-2 LacZ, TAC-2 Wnt-1, and TAC-2 int-3 cells were suspended in collagen gels at 5 1 103 cells/
ml (A and B) or 1 1 104 cells/ml (C and D) and incubated with either control medium or 10 ng/ml HGF for 7 days. In each of three
separate experiments, at least three randomly selected fields per condition were photographed. The total additive length of all cords in
each field (A), the number of cord branch points per field (B), the total additive length of all cords in each individual colony (C), and the
number of cord branch points per colony (D) was determined as described under Materials and Methods. Values are means { SEM, n Å
3. Values for HGF are significantly (Põ 0.001) different when compared to controls (except for TAC-2 int-3 cells) and values are significantly
different (P õ 0.001) when TAC-2 LacZ and TAC-2 Wnt-1 cell lines are compared. Similar results were obtained by evaluating cord length
and branching per individual TAC-2 LacZ and TAC-2 Wnt-1 colony (data not shown).

colonies/cm2 in TAC-2 LacZ cells), which suggests that Identical results were obtained with TAC-2 cell lines pro-
grammed to express Notch4(int-3) using an SV40-based ret-Notch4(int-3) expression reduces plating (colony forma-

tion) efficiency in collagen gels. Accordingly, to avoid over- roviral vector. Hence, the effects of Notch4(int-3) on TAC-
2 branching morphogenesis are not correlated to changes inestimating the inhibition of HGF-induced cord elongation

in TAC-2 int-3 cells, the quantitative analysis of cord the growth properties in the cells.
length and branching was carried out on a per colony basis,
rather than on a per field basis (see Materials and Methods).

The Carboxy Terminus of the Notch4(int-3) Is NotThis analysis demonstrated that, despite the fact that colo-
Required for Activitynies formed by TAC-2 int-3 cells are slightly more elon-

gated and branched than those formed by TAC-2 LacZ cells, The Notch4(int-3) oncoprotein has most of the extracellu-
lar domain of Notch4 deleted and consists of the transmem-their morphogenetic response to HGF is markedly de-

creased (Figs. 3C and 3D). brane and intracellular domains. To investigate which re-
gion(s) of Notch4(int-3) proteins are required and sufficientWe analyzed the growth characteristics of the TAC-2 int-

3 cell line, as described for TAC-2 Wnt-1 cells. TAC-2 int- for activity, a series of Notch4(int-3) deletion mutants were
generated (schematized in Fig. 5A). Four Notch4(int-3) dele-3 cells plated on collagen-coated dishes, in either the pres-

ence or absence of HGF, displayed no significant differences tion mutants were made and designated DNT (deletion of
the amino terminal domain), DCDC (deletion of cdc10 re-in cell number, morphology, or growth postconfluence

when compared with TAC-2 controls (data not shown). peat domain), DCT (deletion of the carboxy terminal do-
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210 Uyttendaele et al.

main), and DNTDCT (N-terminal and C-terminal deletion)
(Fig. 5A). All four mutant int-3 cDNAs were HA-epitope
tagged at their carboxy termini and TAC-2 cell lines pro-
grammed to express each deletion mutant were generated
using the retroviral vector pLNCX. Immunoblot analysis
using anti-HA monoclonal antibodies demonstrated expres-
sion of Notch4(int-3) deletion proteins of appropriate mo-
lecular weight in each respective cell line (Fig. 5B). The
DNTDCT Notch4(int-3) deletion protein with predicted
molecular weight of 25 kDa comigrates with a nonspecific
anti-HA antibody background band (Fig. 5B); however, it
was detected in a separate analysis of both untreated TAC-
2 DNTDCT cells or cells treated with sodium butyrate (Fig.

FIG. 5. Schematic representation of int-3 deletion mutants (A)
and immunoblot analysis on TAC-2 cell lysates using anti-HA anti-
bodies (B, C). TAC-2 cells programmed to express DNT, DCDC,
DCT, and DNTDCT were grown in the presence or absence of
sodium butyrate. The int-3 deletion proteins are epitope tagged and
deletion proteins of appropriate molecular weight can be detected
in the respective TAC-2 cell lines, and the level of protein expres-
sion can be increased by sodium butyrate treatment. (C) Immu-
noblot analysis on lysates of TAC-2 LacZ and TAC-2 DNTDCT
cells, as in B, demonstrating the presence of the DNTDCT deletion

FIG. 4. Differential behavior of TAC-2 LacZ cells and TAC-2 Wnt- protein.
1 cells in hydrocortisone-supplemented cultures. Cells were sus-
pended in collagen gels at 5 1 103 cells/ml and incubated for 10
days with 1 mg/ml hydrocortisone and 50 ng/ml cholera toxin. Un-
der these conditions, TAC-2 LacZ cells form thick-walled spheroi- 5C). TAC-2 cell lines expressing the four different
dal cysts enclosing a widely patent lumen (A, C, E), as previously Notch4(int-3) deletion mutants were grown in collagen gels
shown for untransfected cells. In marked contrast, TAC-2 Wnt-1 as described above, and the ability of each Notch4(int-3)
cells form branched structures consisting of short tubules (B), cords

deletion mutant to inhibit HGF-induced branching morpho-containing small multifocal lumina (D), or apparently solid cords
genesis of TAC-2 cells was analyzed. As shown in Fig. 6,(F). The three-dimensional structures illustrated in A, C, E and B,
TAC-2 cells expressing either DNT (Figs. 6A and 6B),D, F are representative of the vast majority of colonies formed by
DCDC (Figs. 6C and 6D), or DNTDCT (Figs. 6G and 6H)TAC-2 LacZ and TAC-2 Wnt-1 cells, respectively. Original magni-

fication, 1801. are responsive to HGF-induced branching morphogenesis.
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FIG. 6. TAC-2 cell ductal morphogenesis assay with int-3 mutants. TAC-2 cells programmed to express DNT (A, B), DCDC (C, D),
DCT (E, F), and DNTDCT (G, H) were grown in collagen gels either in the absence of exogenous growth factor (A, C, E, G) or in the
presence of HGF (B, D, F, H). HGF induces branching morphogenesis of TAC-2 DNT cells (B), TAC-2 DCDC cells (D), and TAC-2
DNTDCT cells (H). TAC-2 DCT cells fail to undergo branching morphogenesis when grown in the presence of HGF (F).

In contrast, when grown in the presence of HGF, DCT ex- mediated inhibition of TAC-2 branching morphogenesis.
Thus, in this assay the activity of the Notch4(int-3) onco-pressing TAC-2 cells (Figs. 6E and 6F) display an identical

phenotype as the TAC-2 int-3 cells. Hence, the carboxy protein can be conferred by the amino terminus and cdc10
repeats.terminus of the Notch4(int-3) is not required for Notch-
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Branching Morphogenesis in Cells Coexpressing branching morphogenesis exhibited during mammary gland
development, we have assessed the potential interactionsWnt-1 and Notch4(int-3) Oncoproteins
between several different signaling pathways. This ap-

The activation of the Wnt-1 and Notch signaling path- proach has allowed us to establish the relationships be-
ways resulted in opposite effects on HGF- or TGF-b2-in- tween these pathways. One remarkable feature of the regu-
duced branching morphogenesis of TAC-2 cells. To explore lation of branching morphogenesis we describe is its simi-
the interactions between these two signaling pathways, we larity to the regulatory pathways leading to morphogenetic
investigated the effect of simultaneous expression of both events during Drosophila development.
Wnt-1 and Notch4(int-3) proteins on TAC-2 branching mor-
phogenesis. The above-described TAC-2 LacZ and TAC-2
int-3 cell lines, which were generated with the pLNCX ex-

Wnt Proteins as Branching Morphogens in thepression vector, were now also programmed to express Wnt-
Mammary Gland1 using the retroviral vector pLHTCX. This vector drives

gene expression from the CMV promoter and contains the Formation of branching cords is induced in collagen gel
hygromycin resistance gene. In this fashion, four additional cultures of TAC-2 cells by the addition of either HGF or low
TAC-2 cell lines were generated that were named TAC-2 concentrations of TGF-b. Wnt-1 proteins induce moderate
LacZ/ctr, TAC-2 LacZ/Wnt-1, TAC-2 int-3/ctr, and TAC- branching and elongation of TAC-2 cell tubules in the ab-
2 int-3/Wnt-1 (where ctr denotes control empty pLHTCX sence of added HGF or TGF-b2. The extent of Wnt-1-in-
vector). To determine appropriate protein expression in duced branching morphogenesis of TAC-2 cells is compara-
each of these four cell lines, immunoblot analysis showed ble to the induction by either HGF or TGF-b2. Our evidence
Notch4(int-3) and Wnt-1 proteins were expressed as ex- suggests that Wnt-1 acts as a morphogen in this capacity.
pected and at levels similar to those previously found to First, Wnt-1 induces a change in a morphogenetic event,
confer activity (data not shown). Each of the four cell lines the formation of branched epithelial tubules or cords. Sec-
were grown in collagen gels to determine their ability to ond, Wnt-1 does not appear on its own to alter the growth
undergo HGF- or TGF-b2-induced branching morphogene- properties of the TAC-2 cells. Finally, Wnt-1 can induce
sis (Fig. 7). This assay was repeated three times with similar branching in an environment where cysts typically form,
results. Doubly infected control cells TAC-2 LacZ/ctr (Figs. that is, in hydrocortisone- and cholera toxin-treated cul-
7A–7C) remained responsive to both HGF and TGF-b, dem- tures. Such cultures form spheroidal cysts enclosing a
onstrating that two rounds of drug selection did not affect widely patent lumen. In this environment, peptide growth
the phenotype of the TAC-2 cell lines. As observed pre- factors that display mitogenic and not morphogenetic prop-
viously for TAC-2 Wnt-1 cells, TAC-2 LacZ cells that are erties would increase the size of the cyst but the spheroidal
now programmed to express Wnt-1 (Figs. 7D–7F) form structure would be maintained. In contrast, Wnt-1 alters
small colonies that undergo modest branching even in the the morphogenetic behavior in such a way that new branch
absence of HGF or TGF-b2; these cells form extensive elon- points are formed and the structures take on a tubular mor-
gated branches when grown in the presence of HGF or TGF- phology.
b2. The activity found for Notch4(int-3), that is the inhibi- Several Wnt proteins are expressed in the mammary gland
tion of HGF- and TGF-b-induced branching morphogenesis, during periods of morphological changes of the ductal epi-
was also found in the TAC-2 int-3/ctr cell line (Figs. 7G–7I). thelium (Wnt-2, Wnt-5a, Wnt-7, and Wnt-10b) (Gavin and
Wnt-1- and Notch4(int-3)-coexpressing cells, TAC-2 int-3/ McMahon, 1992; Weber-Hall et al., 1994). Ectopic expres-
Wnt-1, are able to form colonies displaying branching and sion of Wnt-1 in vivo suggests a role for Wnt proteins in
elongation and have an appearance similar to that of TAC-2/ cell proliferation during mammary gland development;
LacZ/Wnt-1 cells (Fig. 7J). An examination of several fields however, morphogenetic changes also occur in response to
reveals that TAC-2 int-3/Wnt-1 cells displayed increased Wnt-1. It is has been proposed that the Wnt-1 expression
responses when treated with either HGF or TGF-b, thus mimics the activity of endogenous mammary gland Wnt
these cells now regain responsiveness to these factors (Figs. proteins. A transgenic line driving expression of Wnt-1 to
7K and 7L). Our results indicate that Notch activation at- the mammary gland displays a hyperplastic phenotype, in-
tenuates responsiveness of TAC-2 cells to both HGF and dicative of increased proliferation (Tsukamoto et al., 1988).
TGF-b and that Wnt-1 can override the Notch activity in In addition, both virgin females and males display a marked
TAC-2 cells. increase in the number of terminal branches, and in fact

resemble the hormonally stimulated glands normally ob-
served in pregnant animals. Tissue reconstitution experi-

DISCUSSION ments in which Wnt-1 is ectopically expressed in mammary
epithelium also result in a hyperplastic gland where duct
epithelium show abundant fine side-branches, suggestingIn this study, we have detailed a regulatory hierarchy

involved in the branching morphogenesis of TAC-2 mam- that Wnt-1 may instruct the epithelium to form branches
(Edwards et al., 1992). This phenotype is most likely notmary epithelial cells. This regulation includes four distinct

signaling pathways: the Wnt, Notch, HGF, and TGF-b sig- simply a consequence of proliferation as it is not seen with a
variety of other oncogenic proteins which when ectopicallynaling cascades. Using an in vitro model that reflects the
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FIG. 7. TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ/ctr (A, B, C), LacZ/Wnt-1 (D, E, F), int-3/ctr
(G, H, I), or int-3/Wnt-1 (J, K, L) were grown in collagen gels in the absence of exogenous growth factor (A, D, G, J), in the presence of
HGF (20 ng/ml) (B, E, H, K), or in the presence of TGF-b2 (50 pg/ml) (C, F, I, L). HGF and TGF-b2 induce branching morphogenesis of
TAC-2 LacZ/ctr cells (compare A to B or C). Wnt-1 expression in TAC-2 cells induces modest branching morphogenesis of TAC-2 LacZ/
Wnt-1 cells in the absence of either HGF or TGF-b2 (D), and robust branching is observed when TAC-2 LacZ/Wnt-1 cells are grown in
the presence of either HGF (E) or TGF-b2 (F). TAC-2 cells programmed to express int-3/ctr fail to undergo branching morphogenesis when
grown in the presence of either HGF (H) or TGF-b2 (I). TAC-2 cells programmed to express both int-3 and Wnt-1 undergo branching
morphogenesis in the absence of exogenous growth factor (J), and form a robust branching network when grown in the presence of HGF
(K) or TGF-b2 (L) in a similar manner when compared to TAC-2 cells programmed to express Wnt-1 solely (D, E, F).

expressed in the mammary gland induce hyperplasia with- which is necessary for the adhesive functions of adherens
junctions (Miller and Moon, 1996). Wnt-1 signaling resultsout increasing branching (Edwards, 1993).

The Wnt signal transduction pathway is mediated in part in stabilization of the cytoplasmic pool of b-catenin (Lin et
al., 1997; Shimizu et al., 1997), which then can associatethrough b-catenin, a protein associated with cadherins, and
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with downstream targets in the cytoplasm to transduce sig- tenin is found in a detergent soluble pool (Hoschuetzky et
al., 1994; Kinch et al., 1995), which may reflect specificnals that lead to regulation of target gene expression (Molen-

aar et al., 1996; Morin et al., 1997). TAC-2 cells pro- phosphorylation of a free pool of b-catenin. Since both Wnt-
1 and HGF signaling can converge on b-catenin, it is there-grammed to express Wnt-1 in fact display increased levels

of cytosolic b-catenin, when compared to TAC-2 LacZ cells fore possible that the observed cooperation between HGF
and Wnt-1 is due to their combined action on b-catenin(our unpublished data). This stabilization may be regulated

by the phosphorylation of b-catenin on serine/threonine activity.
Wnt-1, HGF, and TGF-b could induce branching morpho-residues, possibly by glycogen synthase kinase 3 (GSK-3)

(Yost et al., 1996). Recent evidence has demonstrated the genesis by regulating the adhesive and migratory properties
of TAC-2 cells through modulation of extracellular matriximportance of b-catenin/cadherin interactions in regulating

cell adhesion, cell migration, and epithelial phenotype in components and their interaction with their receptors.
Since HGF has been demonstrated to decrease adhesion ofembryonic development (Gumbiner, 1996). The activation

of b-catenin by Wnt-1-induced signaling may result in TAC-2 cells to collagen and to enhance the deposition of
type IV collagen (Soriano et al., 1995), it is also possible thatchanges of the adhesive and migratory characteristics of

mammary epithelial cells and consequently affect ductal the observed cooperation between HGF and Wnt-1 is due
to their combined effect on cell–substrate adhesion. TGF-morphogenesis of TAC-2 cells.
b signaling involves receptors with serine/threonine kinase
activity which are known to regulate the synthesis and deg-

Cooperative Interactions between Wnt-1 and HGF radation of extracellular matrix molecules and to induce
or TGF-b matrix organization. Induction of branching morphogenesis

by TGF-b could be mediated by a remodeling of extracellu-In response to the combined effects of Wnt-1 and HGF,
TAC-2 cells form a network of elongated and branching lar matrix components and cell–substrate interactions. The

Wnt signal transduction pathway may also regulate cell–tubules that is far more extensive than the branching cords
observed when TAC-2 cells are grown in the presence of substrate interactions, and the combined activity of both

Wnt-1 and TGF-b may explain their cooperative activitiesWnt-1 or HGF singularly. We propose that the combined
effect of HGF addition and Wnt-1 expression is not the re- on the branching morphogenesis of TAC-2 cells.

In Drosophila, wingless (wg) and the TGF-b homologuesult of the sum of their independent activities on branching
morphogenesis, but that Wnt signaling synergizes with the Decapentaplegic (Dpp) have been shown in some cases to

act in combination to regulate gene transcription duringHGF/c-met tyrosine kinase pathway. The possibility that
Wnt proteins cooperate in vivo with the HGF/c-met path- inductive events. In particular, Wg and Dpp have been

shown to act in combination during limb developmentway in the regulation of mammary morphogenesis is sup-
ported by the overlapping temporal patterns of Wnt genes (Campbell et al., 1993; Diaz-Benjumea et al., 1994) and to

induce Ultrabithorax expression during endoderm induc-and HGF/c-met expression (Gavin and McMahon, 1992;
Pepper et al., 1995; Weber-Hall et al., 1994). tion (Riese et al., 1997). Wnt-1 and TGF-b signaling may

similarly converge to affect gene transcription duringOne potential area where these two signaling pathways
could converge might be through their effects on the catenin branching morphogenesis in the mouse mammary gland.
and cadherin proteins. The cooperation between Wnt-1 and
HGF may be explained by their combined activation of b-

Notch Inhibits Branching Morphogenesis ofcatenin. b-Catenin has been detected in a complex with the
Mammary Epithelial CellsEGF receptor and can be phosphorylated in response to EGF

and HGF (Hoschuetzky et al., 1994; Shibamoto et al., 1994). We demonstrate that Notch activation inhibits both the
HGF- and TGF-b-induced branching morphogenesis ofIn addition, the Ras pathway is essential for the biological

activity induced by HGF/c-met (Hartmann et al., 1994) and TAC-2 mammary epithelial cells. The precise mechanism
of this inhibition is unclear. Activation of Notch signalingb-catenin has been demonstrated to be a substrate for tyro-

sine kinases and to become tyrosine phosphorylated in cells has been demonstrated to inhibit or alter the cell fate com-
mitment or differentiation of a variety of different cell typesexpressing activated Src and Ras (Behrens et al., 1993). An-

other catenin-like protein, p120, which was identified as a (Artavanis-Tsakonas et al., 1995; Greenwald and Rubin,
1992). For instance, C. elegans Lin-12 controls cell fate deci-substrate of Src and several receptor tyrosine kinases, inter-

acts with the cadherin–b-catenin complex and may partici- sions during gonadogenesis, Drosophila Notch acts to con-
trol cell fate during neuroblast and photoreceptor cell differ-pate in regulating the adhesive function of cadherins (Daniel

and Reynolds, 1995). EGF is also able to stimulate branching entiation, an activated Xenopus Notch can affect epidermal
and neural crest cell development, and an activated mousemorphogenesis of TAC-2 cells, although not to the same

extent as HGF, whereas NGF, bFGF, IGF-II, and KGF cannot Notch1 can control cell fate during myogenesis and neuro-
genesis of cultured mouse cells (Artavanis-Tsakonas et al.,(Soriano et al., 1995). These activities correlate with the

reported phosphorylation of b-catenin by the EGF and HGF 1995; Greenwald and Rubin, 1992). Transgenic mice that
use the MMTV viral promoter to express the Notch4(int-3)signal transduction pathways (Shibamoto et al., 1994). It is

yet unclear how tyrosine phosphorylation of b-catenin oncoprotein, the activated form of Notch4, display severely
impaired mammary ductal growth (Jhappan et al., 1992).might regulate its activity. Tyrosine phosphorylated b-ca-
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When Notch4 (int-3) is expressed from the whey acidic pro- morphogenesis. In Wnt-1- and Notch4(int-3)-coexpressing
tein promoter, whose expression is restricted to the secre- TAC-2 cells, branching morphogenesis can be increased by
tory mammary epithelial cells, the differentiation of the either HGF or TGF-b; that is, the cells regain responsiveness
secretory lobules of the transgenic animals is profoundly to these factors. The phenotype observed in Wnt-1- and
inhibited (Gallahan et al., 1996). These experiments demon- Notch4(int-3)-coexpressing cells was similar to that of
strate that Notch4 (int-3), like many other activated Notch TAC-2 cells expressing only Wnt-1. The opposite biological
genes, can act as a regulator of cell fate decisions in the activities of Wnt-1 and Notch4(int-3) observed in the TAC-
mammary gland of mice. Little is known about the spatial 2 cell assay correlate well with the mammary gland pheno-
and temporal pattern of Notch gene expression in the mam- type observed in Wnt-1 and Notch4(int-3) transgenic mice
mary gland; however, Notch4 is expressed in vivo in the that ectopically express these proteins in the mammary
murine mammary gland (Sarkar et al., 1994; Smith et al., gland (Jhappan et al., 1992). Although both oncogenes in-
1995). Notch genes may thus regulate the cell fate decisions crease mammary tumor development, Wnt-1 stimulates a
occurring during mammary gland development that lead to hyperplastic phenotype with increased ductal development,
the branched epithelial structure of the gland. whereas Notch4(int-3) inhibits ductal development.

We have found that Notch activation can affect the re- Wnt-1 can override the Notch4(int-3)-mediated inhibi-
sponse of TAC-2 mammary epithelial cells to either HGF tion of branching morphogenesis providing the first evi-
or TGF-b. Since HGF acts through a tyrosine kinase recep- dence of interaction between these two signaling pathways
tor and TGF-b acts through serine/threonine kinase recep- in vertebrates. The dominance of Wnt-1 over activated
tors, the effects of Notch activation may involve more than Notch which we have observed in murine cells parallels
specific inhibition of a particular signaling cascade. Notch the functional relationship proposed for Drosophila Wnt
may regulate the competency of TAC-2 cells to respond to (wingless) and Notch during Drosophila development (Axel-
several different factors, possibly by shifting TAC-2 cells to rod et al., 1996). In this study, genetic analysis suggests a
a fate that is not predisposed to undergo branching morpho- pathway convergence between wingless and Notch signal-
genesis. This model would be consistent with the proposed ing, resulting in opposing effects during patterning of the
activities of Notch proteins in several different organisms. developing Drosophila wing. Activation of the wingless sig-
Alternately, these signaling pathways may be controlled by nal leads to regulation of Notch activity, possibly by Dro-
Notch at a point at which they may converge to induce sophila dishevelled, a cytoplasmic protein that is also a
expression of genes important for branching morphogenesis. positive mediator in the Wnt-1 signal transduction path-
Recently, the intracellular domain of LIN-12, a C. elegans way. Analysis using a yeast interaction trap system demon-
Notch, has been demonstrated to associate with EMB-5, strated that Dishevelled physically associates with the in-
which encodes for a cytoplasmic protein containing a SH2 tracellular domain of Notch. The antagonism between Wnt-
domain (Hubbard et al., 1996). This finding raises the possi- 1 and Notch4(int-3) seen in branching morphogenesis may
bility that the Notch-signaling proteins may interact di- also be mediated by common regulators of the two signaling
rectly with those elicited by tyrosine kinase receptors, such pathways such as Dishevelled.
as the HGF receptor (c-met). During mammary gland development, the growth and dif-

We have demonstrated that the domain, carboxy terminal
ferentiation of the gland is regulated by mesenchymal–epi-to the cdc10 repeats, of the Notch4(int-3) oncoprotein is not
thelial and epithelial–epithelial interactions. Cells often re-required for biological activity. However, the amino terminal
ceive different signals simultaneously and must integratedomain and the cdc10 repeats are required for Notch4(int-3)
them in order to take on the correct proliferative, morpho-activity. These findings are consistent with previous ob-
genetic, or differentiative response. Notch inhibition of duc-served data for other Notch genes. The RAM23 domain
tal morphogenesis may be an early event in ductal morpho-which is localized between the transmembrane and cdc10
genesis. An attractive mechanism for overcoming Notch andrepeats has been demonstrated to be the binding site of CBF-
allowing ductal morphogenesis to initiate or progress would1, a downstream and essential element in Notch signaling
be to activate the expression of a Wnt gene(s). Wnt could(Hsieh et al., 1996). Deletion of the amino terminal domain
then serve the dual function of suppressing Notch activityof Notch4(int-3), which contains the RAM23 domain, may
and initiating branching morphogenesis. Wnt signaling mayeliminate binding to CBF-1, and hence destroy Notch4(int-
then cooperate with other signaling pathways, such as those3) activity. The region of the LIN-12 protein that includes
mediated by HGF and TGF-b, in order to completethe RAM-23 domain and cdc10 repeats appears to interact
branching morphogenesis. Our study thus has revealed com-with another downstream and positive regulator, EMB5
plex interactions between the signal transduction pathways(Hubbard et al., 1996). Point mutations and deletions within
of Wnt, Notch, HGF, and TGF-b, in regulating the branchingthe cdc10 repeats result in loss of function of Notch proteins
morphogenesis of mammary epithelial cells.(Greenwald, 1994). Our data thus indicate that Notch4 may

interact and be regulated through similar mechanisms.

Competing Influences of Wnt and Notch Signaling ACKNOWLEDGMENTS
in Branching Morphogenesis

When TAC-2 cells are programmed to express both Wnt- We thank Iva Greenwald, Martin Julius, John Krolewski, Ronald
Liem, Stefan Pukatzki, Andrew Tomlinson, Cissy Young, and Gu-1 and Notch4(int-3), the cells are able to undergo branching

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8863 / 6x3c$$$$$4 03-26-98 23:27:44 dbal



216 Uyttendaele et al.

angyu Wu for helpful discussions and critically reading the manu- mary epithelium specifically retards lobular differentiation re-
sulting in tumorigenesis. Cancer Res. 56, 1775–1785.script and Ronald Liem and James Goldman for assistance with

microscopy. This work was supported by a grant to J.K. from the Gavin, B. J., and McMahon, A. P. (1992). Differential regulation of
American Cancer Society (ACS-DB81), the U.S. Army Medical Re- the Wnt-gene family during pregnancy and lactation suggests a
search and Material Command (USAMRMC) under Grant role in postnatal development of the mammary gland. Mol. Cell.
DAMD17-94-J-4410, and the Marilyn Bokemeier Sperry Fund, by Biol. 12, 2418–2423.
a predoctoral fellowship to H.U. from the USAMRMC under Grant Greenwald, I. (1994). Structure/function studies of lin-12/Notch
DAMD17-94-J-4153, and by a grant to R.M. from the Swiss Na- proteins. Curr. Opin. Genet. Dev. 4, 556–562.
tional Science Foundation (No. 31-43364.95). Greenwald, I., and Rubin, G. M. (1992). Making a difference: the

role of cell–cell interactions in establishing separate identities
for equivalent cells. Cell 68, 271–281.

Gumbiner, B. M. (1996). Cell adhesion: The molecular basis of tis-
sue architecture and morphogenesis. Cell 84, 345–357.REFERENCES

Hartmann, G., Weidner, K. M., Schwarz, H., and Birchmeier, W.
(1994). The motility signal of scatter factor/hepatocyte growth

Artavanis-Tsakonas, S., Matsuno, K., and Fortini, M. E. (1995). factor mediated through the receptor tyrosine kinase met re-
Notch signaling. Science 268, 225–232. quires intracellular action of Ras. J. Biol. Chem. 269, 21936–

Axelrod, J. D., Matsuno, K., Artavanis-Tsakonas, S., and Perrimon, 21939.
N. (1996). Interaction between Wingless and Notch signaling Haslam, S. Z., Counterman, L. J., and Nummy, K. A. (1992). EGF
pathways mediated by dishevelled. Science 271, 1826–1832. receptor regulation in normal mouse mammary gland. J. Cell.

Bates, P., Fisher, R., Ward, A., Richardson, L., Hill, D. J., and Gra- Physiol. 152, 553–557.
ham, C. F. (1995). Mammary cancer in transgenic mice express- Hoschuetzky, H., Aberle, H., and Kemler, R. (1994). Beta-catenin
ing insulin-like growth factor II (IGF-II). Br. J. Cancer 72, 1189– mediates the interaction of the cadherin–catenin complex with
1193. epidermal growth factor. J. Cell. Biol. 127, 1375–1380.

Behrens, J., Vakaet, L., Friis, R., Winterhager, E., Van Roy, F., Mar- Hsieh, J. J., Henkel, T., Salmon, P., Robey, E., Peterson, M. G., and
eel, M. M., and Birchmeier, W. (1993). Loss of epithelial differen- Hayward, S. D. (1996). Truncated mammalian Notch1 activates
tiation and gain of invasiveness correlates with tyrosine phos- CBF1/RBPJk-repressed genes by a mechanism resembling that of
phorylation of the E-cadherin/b-catenin complex in cells trans- Epstein–Barr virus EBNA2. Mol. Cell. Biol. 16, 952–959.
formed with a temperature-sensitive v-Src gene. J. Cell Biol. 120,

Hubbard, E. J., Dong, Q., and Greenwald, I. (1996). Evidence for
757–766.

physical and functional association between EMB-5 and LIN-12
Buhler, T. A., Dale, T. C., Kieback, C., Humphreys, R. C., and Ro-

in Caenorhabditis elegans. Science 273, 112–115.
sen, J. M. (1993). Localization and quantification of wnt-2 gene

Jhappan, C., Gallahan, D., Stahle, C., Chu, E., Smith, G. H., Mer-expression in mouse mammary development. Dev. Biol. 155, 87–
line, G., and Callahan, R. (1992). Expression of an activated96.
Notch-related int-3 transgene interferes with cell differentiationCampbell, G., Weaver, T., and Tomlinson, A. (1993). Axis specifi-
and induces neoplastic transformation in mammary and salivarycation in the developing Drosophila appendage: The role of wing-
glands. Genes Dev. 6, 345–355.less, decapentaplegic, and the homeobox gene aristaless. Cell 74,

Kinch, M. S., Clark, G. J., Der, C. J., and Burridge, K. (1995). Tyro-1113–1123.
sine phosphorylation regulates the adhesions of ras-transformedColeman-Krnacik, S., and Rosen, J. M. (1994). Differential temporal
breast epithelia. J. Cell Biol. 130, 461–471.and spatial gene expression of fibroblast growth factor family

Kordon, E. C., McKnight, R. A., Jhappan, C., Hennighausen, L.,members during mouse mammary gland development. Mol. En-
Merlino, G., and Smith, G. H. (1995). Ectopic TGF b 1 expressiondocrinol. 8, 218–229.
in the secretory mammary epithelium induces early senescenceDaniel, C. W., Robinson, S., and Silberstein, G. B. (1996). The role
of the epithelial stem cell population. Dev. Biol. 168, 47–61.of TGF-b in patterning and growth of the mammary ductal tree.

Lin, K., Wang, S., Julius, M. A., Kitajewski, J., Moos Jr., M., andJ. Mam. Gland Biol. Neoplasia 1, 331–341.
Luyten, F. P. (1997). The cysteine-rich frizzled domain of Frzb-1Daniel, J. M., and Reynolds, A. B. (1995). The tyrosine kinase sub-
is required and sufficient for modulation of Wnt signaling. Proc.strate p120cas binds directly to E-cadherin but not to the adeno-
Natl. Acad. Sci. USA 94, 11196–11200.matous polyposis coli protein or alpha-catenin. Mol. Cell. Biol.

Miller, A. D., and Rosman, G. J. (1989). Improved retroviral vectors15, 4819–4824.
for gene transfer and expression. BioTechniques 7, 980–990.Diaz-Benjumea, F. J., Cohen, B., and Cohen, S. M. (1994). Cell inter-

Miller, J. R., and Moon, R. T. (1996). Signal transduction throughaction between compartments establishes the proximal–distal
beta-catenin and specification of cell fate during embryogenesis.axis of Drosophila legs. Nature 372, 175–179.
Genes Dev. 10, 2527–2539.Edwards, P. A. (1993). Tissue reconstitution models of breast can-

Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-cer. Cancer Surv. 16, 79–96.
Maduro, J., Godsave, S., Korinek, V., Roose, J., Destree, O., andEdwards, P. A. W., Hiby, S. E., Papkoff, J., and Bradbury, J. M. (1992).
Clevers, H. (1996). XTcf-3 transcription factor mediates beta-ca-Hyperplasia of mouse mammary epithelium induced by expres-
tenin-induced axis formation in Xenopus embryos. Cell 86, 391–sion of the Wnt-1 (int-1) oncogene in reconstituted mammary
399.gland. Oncogene 7, 2041–2051.

Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., Vo-Gallahan, D., and Callahan, R. (1997). The mouse mammary tumor
gelstein, B., and Kinzler, K. W. (1997). Activation of beta-catenin-associated gene INT3 is a unique member of the NOTCH gene
Tcf signaling in colon cancer by mutations in beta-catenin orfamily (NOTCH4). Oncogene 14, 1883–1890.
APC. Science 275, 1787–1790.Gallahan, D., Jhappan, C., Robinson, G., Hennighausen, L., Sharp,

Niranjan, B., Buluwela, L., Yant, J., Perusinghe, N., Atherton, A.,R., Kordon, E., Callahan, R., Merlino, G., and Smith, G. H. (1996).
Expression of a truncated Int3 gene in developing secretory mam- Phippard, D., Dale, T., Gusterson, B., and Kamalati, T. (1995).

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8863 / 6x3c$$$$$5 03-26-98 23:27:44 dbal



217Notch and Wnt Regulate Branching Morphogenesis

HGF/SF: A potent cytokine for mammary growth, morphogene- correlates with regulation of b-catenin. Cell Growth Differ. 8,
1349–1358.sis and development. Development 121, 2897–2908.

Smith, G. H. (1996). TGF-b and functional differentiation. J. Mam.Nusse, R., van Ooyen, A., Cox, D., Fung, Y. K., and Varmus, H.
Gland Biol. Neoplasia 1, 343–352.(1984). Mode of proviral activation of a putative mammary onco-

Smith, G. H., Gallahan, D., Diella, F., Jhappan, C., Merlino, G., andgene (int-1) on mouse chromosome 15. Nature 307, 131–136.
Callahan, R. (1995). Constitutive expression of a truncated INT-Nusse, R., and Varmus, H. E. (1992). Wnt genes. Cell 69, 1073–
3 gene in mouse mammary epithelium impairs differentiation1087.
and functional development. Cell Growth Differ. 6, 563–577.Pear, W. S., Nolan, G. P., Scott, M. L., and Baltimore, D. (1993).

Soriano, J. V., Orci, L., and Montesano, R. (1996). TGF-beta1 in-Production of high-titer helper-free retroviruses by transient
duces morphogenesis of branching cords by cloned mammarytransfection. Proc. Natl. Acad. Sci. USA 90, 8392–8396.
epithelial cells at subpicomolar concentrations. Bioch. Biophys.Pepper, M. S., Soriano, J. V., Menoud, P. A., Sappino, A. P., Orci,
Res. Commun. 220, 879–885.L., and Montesano, R. (1995). Modulation of hepatocyte growth

Soriano, J. V., Pepper, M. S., Nakamura, T., Orci, L., and Mon-factor and c-met in the rat mammary gland during pregnancy,
tesano, R. (1995). Hepatocyte growth factor stimulates extensivelactation, and involution. Exp. Cell Res. 219, 204–210.
development of branching duct-like structures by cloned mam-Pierce, D. F., Jr., Johnson, M. D., Matsui, Y., Robinson, S. D., Gold,
mary gland epithelial cells. J. Cell Sci. 108, 413–430.L. I., Purchio, A. F., Daniel, C. W., Hogan, B. L., and Moses, H. L.

Tsukamoto, A. S., Grosschedl, R., Guzman, R. C., Parslow, T., and(1993). Inhibition of mammary duct development but not alveo-
Varmus, H. E. (1988). Expression of the int-1 gene in transgeniclar outgrowth during pregnancy in transgenic mice expressing
mice is associated with mammary gland hyperplasia and adeno-active TGF-beta 1. Genes Dev. 7, 2308–2317.
carcinomas in male and female mice. Cell 55, 619–625.Riese, J., Yu, X., Munnerlyn, A., Eresh, S., Hsu, S. C., Grosschedl,

Uyttendaele, H., Marazzi, G., Wu, G., Yan, Q., Sassoon, D., andR., and Bienz, M. (1997). LEF-1, a nuclear factor coordinating
Kitajewski, J. (1996). Notch4/int-3, a mammary proto-oncogene,signaling inputs from wingless and decapentaplegic. Cell 88,
is an endothelial cell-specific mammalian Notch gene. Develop-777–787.
ment 122, 2251–2259.Robbins, J., Blondel, B. J., Gallahan, D., and Callahan, R. (1992).

Weber-Hall, S. J., Phippard, D. J., Niemeyer, C. C., and Dale, T. C.Mouse mammary tumor gene int-3: A member of the notch gene
(1994). Developmental and hormonal regulation of Wnt gene ex-family transforms mammary epithelial cells. J. Virol. 66, 2594–
pression in the mouse mammary gland. Differentiation 57, 205–2599.
214.Sarkar, N. H., Haga, S., Lehner, A. F., Zhao, W., Imai, S., and Mori-

Yang, Y., Spitzer, E., Meyer, D., Sachs, M., Niemann, C., Hartmann,waki, K. (1994). Insertional mutation of int protooncogenes in
G., Weidner, K. M., Birchmeier, C., and Birchmeier, W. (1995).the mammary tumors of a new strain of mice derived from the
Sequential requirement of hepatocyte growth factor and neuregu-wild in China: Normal- and tumor-tissue-specific expression of
lin in the morphogenesis and differentiation of the mammaryint-3 transcripts. Virology 203, 52–62.
gland. J. Cell Biol. 131, 215–226.Shibamoto, S., Hayakawa, M., Takeuchi, K., Hori, T., Oku, N.,

Yost, C., Torres, M., Miller, J. R., Huang, E., Kimelman, D., andMiyazawa, K., Kitamura, N., Takeichi, M., and Ito, F. (1994).
Moon, R. (1996). The axis-inducing activity, stability, and subcel-Tyrosine phosphorylation of beta-catenin and plakoglobin en-
lular distribution of b-catenin is regulated in Xenopus embryoshanced by hepatocyte growth factor and epidermal growth factor
by glycogen synthase kinase 3. Genes Dev. 10, 1443–1454.in human carcinoma cells. Cell Adhesion Commun. 1, 295–305.

Shimizu, H., Julius, M. A., Giarre, M., Zheng, Z., Brown, A. M. C., Received for publication November 12, 1997
Accepted January 25, 1998and Kitajewski, J. (1997). Transformation by Wnt family proteins

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8863 / 6x3c$$$$$5 03-26-98 23:27:44 dbal


