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INTRODUCTION 

I. NATURE OF THE PROBLEM 

There is strong evidence that Wnt proteins function as peptide growth factors that regulate the 
mammary gland growth cycle. Some of these proteins have already been shown to contribute to 
experimental mammary gland tumorigenesis in the mouse. Several groups are currently assessing 
whether Wnt genes play a role in the pathology of human mammary tumors, as might be predicted. 
Despite this evidence, work focused on the role of Wnt genes in breast cancer is in its infancy. The 
proposed studies are directly aimed at testing the hypothesis that Wnt genes encode regulators of normal 
and neoplastic mammary gland development. 

The Wnt-1 protein is recognized as a mediator of cell-cell signaling events that can contribute to 
mammary tumorigenesis in the mouse. Despite accumulating evidence that Wnt-1 proteins act as growth 
factors, in the past it has been extremely difficult to purify Wnt-1 proteins in a soluble, cell-free form. 
For this reason, very little is known about Wnt specific cell surface receptors, which are proposed to be 
responsible for receiving signals from extracellular Wnt proteins. There is a pressing need to produce 
soluble, active Wnt ligands in order to understand the nature and regulation of Wnt-mediated growth 
control. In this proposal we will evaluate the hypothesis that Wnt genes encode a family of proteins that 
act as secreted growth factors that affect mammary epithelial cell physiology by interacting with cell 
surface receptors. It is expected that several of the Wnt proteins will demonstrably affect the growth 
properties of mammary epithelial cells, that these proteins act as secreted factors, and that they carry out 
their functions by stimulating specific cell-surface receptors on mammary epithelial cells. 

II. BACKGROUND 

The development of the mammary gland is a poorly understood process that consists of cycles of 
growth, morphogenesis, differentiation, and involution under the control of a variety of hormones and 
growth factors. Peptide growth factors have been implicated as effectors of mammary gland development 
(reviewed in (1)). Deregulation of growth factor-stimulated signaling pathways can contribute to the 
pathobiology of breast cancer (2, 3, 4). Our current knowledge of growth factor involvement in 
mammary tumorigenesis has focused on the activation of tyrosine kinase signaling cascades. The Wnt 
gene family encodes growth factors that were originally identified by their ability to induce mammary 
gland tumors in mouse model systems. Wnts are involved in cell growth and cell fate determination 
during embryogenesis, organogenesis, and oncogenesis. Wnt proteins utilize a novel signal transduction 
pathway that may involve the frizzled, dishevelled, glycogen synthase kinase-3, catenins, and the tumor 
suppressor APC. Aberrant Wnt signaling is found in human colon cancers and melanomas. We are 
interested in the role of the Wnt signaling cascade in mammary tumorigenesis. 

Wnt family genes 
The first Wnt genes to be cloned were identified based on their oncogenic effects in the mouse 

mammary gland. The Wnt-1 gene (originally int-l(5) )was identified as a frequent target for insertional 
activation by mouse mammary tumor virus (MMTV) proviral DNA in MMTV-induced mammary gland 
tumors(6, 7). Inappropriate expression of the Wnt-l gene leads to mammary gland tumorigenesis(8, 9). 
Wnt-3, was also originally identified as a transcriptionally activated oncogene in MMTV-induced 
mammary tumors(lO). Most murine Wnt genes were isolated by cloning genes homologous to Wnt-l [11, 
12, 13] and encode cysteine-rich, secretory glycoproteins ranging from 350-380 amino acids. A 
comparison of the predicted amino acid sequences among murine Wnt gene family members reveal over 
100 conserved residues fairly evenly distributed across the entire sequence and striking conservation of 
roughly 23 cysteines in nearly parallel positions. Different Wnt proteins are generally 40-60% identical at 
the amino acid level. 

The normal functions of Wnt genes have been analyzed in organisms tractable to genetic or 
biochemical analysis of early development. The Wnt-1 orthologue in Drosophila is the segment polarity 
gene wingless (11, 12).  Genetic and biochemical analyses suggest that the wg protein functions as a 



local-acting, secreted factor that triggers a cascade of molecular events leading to the specification of 
segment polarity in the Drosophila embryo(reviewed in (13)). In the frog, Xenopus laevis, several 
different Wnt genes have been shown to contribute to the experimental induction of dorsal mesoderm 
tissue and subsequent establishment of the body axis (14, 15,16, 17). Current models of early embryonic 
patterning events in the frog invoke one or several Wnt proteins as determinants of dorsal-axial 
position(17, 18). 

The murine Wnt genes cloned to date are expressed in spatially restricted patterns during 
gastrulation, neurulation, or early organogenesis. On the basis of the analysis of Wnt-1 gene deficiencies, 
the normal function of the murine Wnt-l gene is in proper development of the cerebellum and midbrain 
(19, 20). Wnt family proteins are also implicated in limb developmental, 22), kidney development(23, 
24), and uterine development(25). In collaborative work with Dr. Andrew Lassar (Harvard University), 
we have also demonstrated that Wnt proteins, in combination with Sonic hedgehog (Shh), can induce 
myogenesis in somitic tissue in vitro (26). This work indicates that myotome formation in vivo is directed 
by the combinatorial activity of Shh secreted by the floor plate and notochord and Wnt ligands secreted 
by the dorsal neural tube (Appendix paper-Muensterberg etal). 

Wnt proteins and their mechanism of action 
Wnt-1 encodes a secreted polypeptide characterized by a hydrophobic signal peptide, N-linked 

glycosylation sites, cysteine residues, and the absence of an identifiable membrane anchor domain (27). 
Work on the biochemical properties of Wnt proteins has been carried out with cells programmed to 
express exogenous Wnt cDNAs. In such cells, Wnt-1 behaves as a secretory glycoprotein, undergoing 
entry into the endoplasmic reticulum (ER), leader cleavage, and asparagine(N)-linked glycosylation at 
several sites (28, 29). Despite entry into the ER, Wnt-1 proteins are very poorly secreted. Intracellular 
Wnt-1 is predominantly bound to BiP; a chaperonin-like protein found in the ER (30). The appearance of 
extracellular Wnt-1 proteins is enhanced by addition of heparin sulfate (31) or suramin (32) to the media. 
Wnt-1 proteins thus are not freely diffusible once outside of cells. This lack of diffusibility is thought to 
be a result of tight association with either the cell surface (32) or the extracellular matrix (31). Wnt 
proteins can act in a paracrine fashion as cell transformation assays have been used to define paracrine 
effects of Wnt-1(33, 34). Analysis of wg protein function, the Drosophila homologue of Wnt-1, suggests 
that it acts in a paracrine fashion (35). These observations have led to the model that Wnt proteins are 
local-acting factors that function to signal cells adjacent or near the site of Wnt production but do not 
affect cells distant from the site of production. In fact, Wnt-1 proteins tethered to the cell surface by 
addition of a transmembrane tail still exhibit autocrine and paracrine transforming activities(36). Wnt- 
specific activity can be detected in the medium of mammary epithelial cells programmed to express Wnt- 
1 cDNA ((37)and J. Kitajewski, unpublished observations). Biological activity of soluble wingless 
protein from cultured Drosophila imaginal disc cells has also been reported(38) . These studies suggest 
that Wnt proteins can act as diffusible secreted factors; however, the levels of soluble Wnt proteins are 
low. Despite such progress the purification of Wnt proteins has not yet been accomplished. 

Wnt signal transduction events 
The nature of the signaling events triggered by Wnt proteins is now becoming apparent (39). 

Genetic and biochemical analysis of the wg signal transduction pathway in Drosophila embryos and 
cultured insect cells suggest a cascade of events distinct from any previously described signal 
transduction pathway (13, 40, 41). A model for the wg-mediated signaling pathway (schematized in 
Figure 1) has been proposed to involve the frizzled cell surface receptor (42). Frizzled proteins contain a 
conserved amino-terminal cysteine-rich domain (the CRD domain) and seven putative transmembrane 
segments. Within the target cell, the cytosolic dishevelled protein is the first known component in wg- 
mediated signaling, however, its function is unclear. Dishevelled (dsh) may undergo 
hyperphosphorylation in response to wg protein (Roel Nusse, personal communication). Downstream of 
dsh is a protein kinase, zeste-white 3 (zw-3), whose activity must be suppressed to transmit wg signals. 
Suppression of the zw-3 kinase leads directly, or indirectly, to dephosphorylation and increased stability 
of the armadillo protein(43). Increased cytosolic armadillo is then thought to form a complex with 
members of the Tcf/LEF-1 family of transcription factor which then move to the nucleus to regulate 
expression of wg target genes (44). The Drosophila homologue of RhoA p21 GTPase has been 
genetically tied to frizzled function but it is not known how RhoA may function in Wnt signaling (45). 



The components of the Drosophila wg signaling pathway have been conserved in vertebrates. 
Eight frizzled genes (46) and three Dsh genes (47) have been identified in the mouse or rat. Drosophila 
zeste-white 3 (zw-3) encodes a serine/threonine kinase that is the homologue of mammalian Glycogen 
Synthase Kinase-3ß (48). Amadillo is the orthologue of vertebrate cadherin-associated molecules known 
as ß-catenin and plakoglobin (y-catenin) (49). Catenins exist in three isoforms a, ß, and y, which form a 
complex with cadherins. The wg signaling cascade is conserved in vertebrates. Ectopically expressing 
Wnt signaling components in Xenopus embryos induces axis duplication, as previously reported for Wnt- 
7(14). Expression of Xenopus dsh gives phenotypes that are similar to those conferred by Wnts (50), as 
does dominant-negative mutants of vertebrate GSK-3 (51, 52). Ectopic expression of ß-catenin (53) or 
plakoglobin(54) mimics Wnt-like activity. Increased cytosolic levels of catenins are thought to be critical 
for Wnt signaling in Xenopus (55). . 

Recently, several components of the Wnt signaling pathway, not previously identified in 
Drosophila, have been described in mouse. These include axin and APC. Axin is a protein that is 
structurally similar to RGS (Regulators of G-Protein Signaling) proteins and to dishevelled. Disruption of 
this gene in the mouse germ line causes embryonic axis duplication suggesting that it functions as a 
negative regulator of Wnt signaling. In fact, axin blocks Wnt-mediated axis duplication in Xenopus. 
Axin proteins that lack the RGS domain function like dominant-negative proteins as they induce axis 
duplication [58]. 

The adenomatous polyposis coli protein, APC, has been implicated in the Wnt signaling pathway 
based on its ability to associate with ß-catenin and GSK-3 (56, 57, 58). APC protein normally functions 
as a growth suppressor in colon cancer(59) as loss of APC is correlated with cancer progression. In 
addition, loss of APC is associated with mammary tumorigenesis in mice(60, 61). APC is thought to 
function by maintaining low levels of cytosolic ß-catenin(62), possibly through ubiquitination of ß- 
catenin. The APC protein itself may be regulated by GSK-3 (57). Although APC is thought to 
downregulate ß-catenin, a recent report demonstrated that APC expression induces axis duplication (63). 
This finding is in contrast to proposed activity of APC as a suppressor of Wnt signaling and may suggest 
a distinct function for APC in signal transmission as well as signal suppression. 

Figure 1.   WNT SIGNAL TRANSDUCTION PATHWAY. 
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Frzb-a secreted antagonist of Wnt signaling 
Frzb is a secretory polypeptide that is homologous to the frizzled family of proteins (64). Frzb, 

however, has no membrane spanning domain. The region of highest homology between Frzb and frizzled 
is that of the cysteine rich domain. This structure suggests that Frzb functions as a secreted antagonist of 
frizzled receptors. In fact, Frzb expression interferes with Wnt-mediated axis duplication in Xenopus 
(65). Frzb and Wnt proteins co-immunoprecipitate, providing direct biochemical evidence for Frzb-Wnt 
interactions (65). No direct binding of Wnt to frizzled proteins has yet been demonstrated, although 
frizzled expression can induce cell surface association of Wnt proteins (42). 

Wnt genes and mammary tumorigenesis 
Abnormal expression of the Wnt-1 gene contributes to the development of mammary tumors (66). 

Transgenic mice expressing the Wnt-l gene in the mammary gland develop mammary tumors with high 
levels of Wnt-l mRNA (8).   Additional transgenic experiments also suggest Wnts cooperate with 



fibroblast growth factor (FGF) members to induce mammary tumorigenesis (9, 67). Expression of the 
Wnt-1 gene in two established mammary epithelial cell lines, C57MG cells (68) or RAC311C cells (69) 
leads to morphological transformation from flat cuboidal cells to highly refractile, elongated cells that 
continue to grow post-confluence. Wnt-1 expression also leads to increased tumorigenicity in RAC311C 
cells. Thus it is well established that the Wnt genes are potent oncogenes in mouse mammary 
tumorigenesis. 

Several human malignancies have been documented to have aberrant expression of Wnt genes. 
Human WNT genes 2, 3, 4, and 7b have been found overexpressed in breast cell lines and human breast 
tumors, as compared to normal breast tissue(70). Aberrant expression of WNTSa was also reported in 
lung, breast, and prostate carcinomas and melanomas(71). 

Wnt genes in normal mammary gland developments 
Several Wnt genes are expressed during post-natal development of the mammary gland (72, 73), 

see Table 1. Wnt-2, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, and Wnt-1 a are expressed in the mammary gland 
during growth and differentiation (in virgin and pregnant mice) but they are not expressed in lactating 
glands, when the gland is no longer growing. Furthermore, the expression of several Wnt genes appears 
to be hormonally regulated (74). These two findings, taken together, suggest that regulated expression of 
Wnt gene products play a role in the normal expansion or differentiation of the mammary epithelium 
before lactation. Several lines of evidence suggest that Wnt proteins may affect mammary gland 
development. Mice bearing a MMTV driven Wnt-l transgene exhibit hormone-independent hyperplasia 
of mammary epithelium(8). In these mice, the glands of both virgin females and male animals resemble 
those of pregnant animals. Hormone deprivation by ovarectomy has no obvious effect on the morphology 
of the mammary hyperplasias in Wnt-1 transgenics (75). Both Wnt-1 and Wnt-3 expression can affect 
mammary gland growth; however, neither gene is expressed in the normal mammary gland. Thus, it has 
been proposed that Wnt-1 and Wnt-3 act through Wnt receptors that respond to Wnt family proteins 
normally expressed in the mammary gland. The oncogenic effects of the Wnt-1 and Wnt-3 genes may 
thus interfere with the normal WnMnediated regulation of mammary gland growth. 

Wnt-Frizzled signaling in human carcinogenesis 
Several genes involved in Wnt signal transduction, most notably ß-catenin and APC, act as 

oncogenes or tumor suppressor genes, respectively. Mutated forms of ß-catenin occur in gastric cancer 
cells (76) and a truncated form of ß-catenin was identified as a transforming oncogene (77). The human 
ß-catenin gene (CTNNB1) is localized to a region of chromosome 3p21 that is implicated in tumor 
development (78). Mutations in the APC gene are associated with human colon cancer. It is noteworthy 
that the Ape min mouse model, which has a germline APC mutation, is predisposed to develop mammary 
carcinomas (60, 61). 

The most compelling case for a role of aberrant Wnt signaling in pathobiology of human tumors 
has comes from studies defining APC and ß-catenin mutations in colon and melanoma cancer cell lines. 
Colorectal tumors with intact APC genes contain activating mutations of ß-catenin that alter 
phosphorylation sites critical to APCs ability to bind and regulate ß-catenin (79). In addition, a Tcf 
family member (Tcf-4), which is found to be expressed in colonic epithelium, activates transcription only 
when associated with ß-catenin. Colon carcinoma cells devoid of APC contained a ß-catenin-Tcf 
complex that is constitutively active (80). Thus, constitutive transcription of Tcf target genes can be 
caused by loss of APC function suggesting activation of the Wnt signaling pathway is a key event in the 
transformation of colonic epithelium. 

Genetic defects that result in regulation of ß-catenin play a role in melanoma progression (62). 
Abnormally high levels of ß-catenin due to mis-splicing or missense mutations of the ß-catenin gene were 
detected in several human melanoma cell lines. Other melanoma lines are missing APC or contain 
structurally altered APC proteins and these alterations are associated with constitutive activation of ß- 
catenin-Tcf transcription complexes. 



III. PURPOSE 

The overall objective of the work proposed here is to determine how Wnt proteins modulate the 
growth of mammary epithelial cells, with the long term goal of understanding the role of Wnt genes in 
mammary tumorigenesis. 

IV. METHODS OF APPROACH 

The overall objective of the work proposed here is to determine how Wnt proteins modulate the 
growth of mammary epithelial cells, with the long term goal of understanding the role of Wnt genes in 
mammary tumorigenesis. Our general strategy will to carry out a study of the proteins encoded by ten 
different Wnt genes (Wnt-1, Wnt-2, Wnt-3, Wnt-3A, Wnt-4, Wnt-SA, Wnt-SB, Wnt-6, Wnt-1 A, Wnt-1B) 
that will address the following specific aims: 

1. Examine the biochemical and secretory properties of Wnt proteins. The coding potential for 
an antigenic epitope will be added to full length cDNAs encoding Wnt-l, Wnt-2, Wnt-3, Wnt-3 A, Wnt-4, 
Wnt-5A, WntSB, Wnt-6, Wnt-1 A, and Wnt-1B. We will prepare stable cell lines expressing epitope- 
tagged Wnt proteins in order to determine how the biochemical properties of the proteins encoded by 
newly described Wnt genes compare to those described for Wnt-1 proteins. We will evaluate if these 
proteins enter the secretory pathway, how efficiently are they secreted, and once outside the cell are these 
proteins freely soluble, bound tightly to the extracellular matrix, or bound to the cell surface? Our goal is 
to identify Wnt proteins that can be purified for use as ligands. 

2. Determine the transforming potential of Wnt genes. Using retroviral vectors to express the 
proteins encoded by these cDNAs in cultured cell lines, we will determine whether: (a) expression of 
these genes in cultured mammary epithelial cells leads to transformation, (b) these proteins transmit 
signals in a paracrine fashion, and (c) these proteins are secreted in a soluble, biologically active form. 

3. Map domains of Wnt proteins required for transforming potential. We propose to make 
chimeric proteins composed of regions from active Wnt-1 proteins and regions from inactive Wnt 
proteins. These chimeric proteins will be used to map peptide sequences or domains of Wnt-1 that are 
required for biological activity. The transforming potential of the chimeric proteins will be assessed by 
using a rapid transformation assay, which we have recently developed. We are interested in the minimum 
set of sequences derived from Wnt-1 that are required for transforming potential. 

4. Characterization of Wnt proteins as ligands. We will determine if purified Wnt proteins, act as 
soluble ligands to affect mammary epithelial cell physiology. Wnt proteins will be overexpressed, 
purified, and used to determine if they behave as agonists or antagonists of Wnt-1 activity. Biological and 
biochemical responses to treatment with Wnt ligands will be analyzed. 

5. Identification of Wnt-specific cell surface receptors. Purified, active Wnt proteins will be used 
to probe for Wnt specific receptors on the surface of cells and to biochemically identify Wnt-specific cell 
surface receptors by chemical crosslinking of radiolabeled ligands. The long term goal is to identify 
genes encoding Wnt specific receptors. 
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BODY 

The progress of each specific aim will described in the following sections. 

I.       Specific aim 1. 

TO EXAMINE THE BIOCHEMICAL AND SECRETORY PROPERTIES OF WNT PROTEINS. 

We proposed to assess the characteristics of eleven family members; including, Wnt-l, Wnt-2, 
Wnt-3, Wnt-3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, Wnt-la, and Wnt-lb and Wnt-Sc. Toward this goal, we 
have generated cDNAs encoding all eleven of these Wnt gene family members fused to an influenza 
hemagluttinin (HA) epitope to allow detection of the gene products with an anti-HA monoclonal 
antibody. All eleven of the HA epitope-tagged Wnt proteins have been expressed in transiently 
transfected 293T cells can be detected by immunoblot analysis with anti-HA antibodies. The WntSc 
clone expresses protein very poorly in tissue culture cells; therefore, we continued the analysis with the 
other ten family members. Biochemical analysis has been initiated to determine the secretory properties 
of the ten different Wnt proteins. Immunofluorescence analysis carried out on Rat-1 cell lines expressing 
epitope-tagged Wnt proteins display prominent staining in the endoplasmic reticulum and weak staining 
at the cell surface. This pattern is similar to that seen for Wnt-l, indicating that the ten Wnt proteins enter 
the secretory pathway but are poorly secreted. Multiple forms of the various Wnt proteins are detected 
using immunoblot analysis, suggesting that these proteins are glycosylated. The molecular size of the 
different Wnt proteins correlates roughly to that predicted based upon the predicted open reading frame 
and potential N-linked glycosylation sites of the different Wnt genes. In conclusion, we have 
demonstrated that the ten Wnt proteins we have analyzed are secretory in nature and are associated with 
extracellular material in a fashion similar to that seen for Wnt-l. Thus, we were unable to find an 
efficiently secreted and highly diffusible Wnt protein family member. 

II.     Specific Aim 2. 

TO DETERMINE THE TRANSFORMING POTENTIAL OF WNT GENES. 

We have completed a study of the transforming potential of Wnt gene family members. We 
evaluated the transforming potential of Wnt-l, Wnt-2, Wnt-3, Wnt-3a, Wnt-4, WntSa, WntSb, Wnt-6, 
Wnt-la, and Wnt-lb. We also compared the transfoming activity of Wnt proteins to their ability to 
upregulate ß-catenin. This study utilized cDNAs encoding all ten of these Wnt gene family members 
fused to an HA epitope to allow detection of Wnt proteins with an anti-HA monoclonal antibody (12CA5, 
Boehringer Mannheim). 

The transforming potential of the Wnt proteins was tested by using retroviral vectors (LNCX 
vectors, (81)) to express these genes in the murine C57MG mammary epithelial cell line. Paracrine 
transforming capability of Wnt genes has been assessed by co-cultivating mammary epithelial cells with 
Whf-expressing Rat-Bla fibroblasts (82) (which themselves show no response to Wnt-l and act as donors 
of Wnt proteins to adjacent C57MG cells). Our results indicate that HA-tagged Wnt-l, Wnt-2, Wnt-3, 
and Wnt 3a transform mammary epithelial cells. Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, and Wnt-7b do not 
detectably transform C57MG mammary epithelial cells. Wnt-7a may show very weak transforming 
potential. Paracrine assays were carried out for all ten Wnt genes using Rat fibroblast cell lines (Rat-Bla 
(82)) as donors of Wnt activity. The results of the paracrine assays coincide with results obtained by 
direct expression in mammary epithelial cells, summarized in Table 1. Included in this table is a 
comparison of the expression patterns of Wnt genes in the murine mammary gland (72). We conclude 
that there are two classes of Wnt proteins; transforming Wnts and non-transforming Wnts. Wnt gene 
family members thus differ in their potential to morphologically transform mammary epithelial cells, 
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suggesting several distinct receptors or quantitative differences in the signals different Wnt proteins 
provide 

Table 1. Summary of Mammary Gland Expression & Transforming Activities of Wnt Proteins 

Wnt-1 
Wnt-2 
Wnt-3 
Wnt-3a 
Wnt-4 
Wnt-5a 
Wnt-5b 
Wnt-6 

Wnt-7a 
Wnt-7b 

|      Expression in Mammary Gland       | Transforming-direct |     -paracrine 

+ virgin 

+ virgin, pregnant 
+ pregnant 
+ pregnant 
+ pregnant 

+ pregnant 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

-/+ -/+ 

Several rapid biochemical events in response to Wnt signals have been reported, see Background. 
These include phosphorylation of dishevelled, suppression of GSK-3 kinase activity, and regulation of 
cytosolic levels of catenins. Recent work suggests that the cytosolic form of ß-catenin is stabilized in 
response to Wnt signals. 

Cytosolic ß-catenin assay: Catenins are predominantly found in the membranous fraction of cells 
associated with cadherins. We have evaluated membrane bound and cytosolic forms of ß-catenin in 
C57MG cells programmed to express Wnt proteins. C57MG cells expressing Wnt proteins were Dounce 
homogenized in a buffered physiological solution containing protease inhibitors. A low speed spin of 
500g X 5 minutes was used to pellet nuclei and unbroken cells. The supernatants were then subjected to a 
high speed spin of 100,000g X 90 minutes to pellet membranous material. The supernatant of this spin is 
designated the cytosolic fraction, the pellet is designated membranous. Both membranous and cytosolic 
fractions have been subjected to immunoblot analysis, using a monoclonal antibody against mouse ß- 
catenin (Transduction Laboratories, Lexington, KY). In Wnt-1 transformed cells the membranous 
fraction contains equivalent amounts of ß-catenin as non-transformed control cells (data not shown). 
Figure 2 displays the cytosolic forms of ß-catenin. The cytosolic fraction from Wnt-1 and Wnt-2 
transformed cells contains 10-20 fold greater amounts of ß-catenin than do control cells. To date, this is 
one of the most sensitive assays for Wnt-signaling in cultured cells. 

Wnt causes dramatic changes to the pool of cytosolic ß-catenin. The evidence presented in Figure 
2 suggests that upregulation of cytosolic catenins correlates with the transformed phenotype of C57MG 
cells. Levels of cytosolic ß-catenin are increased by Wnt-1 and Wnt-2, both of which transform C57MG 
cells (see Table 1). C57MG cells programmed to express non-transforming Wnt-4, Wnt-5a, and Wnt-7b 
(Table 1) do not contain higher levels of cytosolic ß-catenin. These findings indicate that upregulation of 
cytosolic ß-catenin is dependent on expression of the transforming class of Wnt proteins, providing the 
first evidence that increased cytosolic ß-catenin correlates with cellular transformation. 

Figure 2. Immunoblot analysis of the cytosolic pool 
of ß-catenin from C57MG expressing Wnt proteins. 
Lysates of C57MG cells were separated into cytosolic 
and membranous fractions, the cytosolic fraction was 
analyzed by immunoblot using anti-ß-catenin 
antibodies. 

■ 95kD 
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III.    Specific aim 3 
TO MAP DOMAINS OF WNT PROTEINS REQUIRED FOR TRANSFORMING POTENTIAL. 

Little is known about the specific amino acid regions of Wnt proteins required for biological 
activity. Wnt proteins display anywhere from 30% to 60% amino acid identity. Conservation between 
different Wnts is found throughout the length of the proteins and a comparison of the sequences does not 
reveal highly conserved subdomains. Therefore, it is difficult to infer regions important for biological 
activity or regions conferring different properties among the different Wnt proteins. Identifying 
functional domains of Wnt proteins, therefore, must be done experimentally by modifying the structure of 
these proteins and testing how these modifications effect biological activity. We have documented that 
Wnt-IHA transforms C57MG cells whereas Wnt-5aHA does not. This observation serves as the basis to 
use chimeric proteins composed of regions of Wnt-1 and Wnt-5a to define the region(s) specifying 
transformation. 

We have prepared a set of chimeric proteins composed of the N-terminus of Wnt-1 and the C- 
terminus of Wnt-5aHA or vice-versa. These chimeras were generated using the PCR based technique 
"gene splicing by overlap extension" (83). Oligonucleotides were used to amplify a fragment of the Wnt- 
1 gene and to amplify a fragment of the Wnt-5a gene. The oligos were designed to share homology at the 
desired junction site to allowed the two PCR products to anneal. External primers were used to amplify a 
gene composed of the two fragments spliced together. These chimeras are designated N-terminal 
\yntamino acid #/C-terminal Wntamino acid #; note that Wnt-1 consists of residues 1-359 and Wnt-5a 
consists of residues 1-378. As an example, a set of chimeras with increasing N-terminal Wnt-1 and 
decreasing amounts of C-terminal Wnt-5a was derived from the following junctions: Wnt-l1-"^111- 
378(A), Wnt-1 l-l86/5al98-378(B ), Wnt-l1-199^219"378^), and Wnt-l1-291/5a311;378(D). A 
complementary set has been constructed consisting of increasing contributions of N-terminal Wnt-5a. 
The chimeric proteins are schematized in Figure 3. 

.        . Qnrtrut Wnt-1   activity  domain Transforming j^ 
Figure 3. Transforming Usmxt  | i Activity    Jessk 
Potential of Wnt-l/Wnt-5a «ifc-1 mmmmmmmmmm^mmm^mmmmmmmmr- 
chimeras. Wnt_5a'                .                                      = 

Schematic diagram of the A ^jj^^^J^L—-,^, 
structure of chimeric Wnt-1/ B ^—^Mii^^—' 
Wnt-5a proteins. Transforming c wmmmmmmmammmmm 
activity was judged by J wmmmmmmmummmmmammmmm 
morphological transformation of E i              IJ^^—^^^Mi^^^— 
C57MG cells programmed to F '                               na^——^^M 
express chimeric Wnt proteins. i i                                             ——— 
The levels of cytosolic ß-catenin A3E2 mammmmmmK==z==mmmmmmmmmmm 
were evaluated by immunoblot E2A3 i               j——■ 
of extracts from C57MG cells K mmm^mmmi^mmmamcmmtm^mmmmm 
expressing Wnt chimeras. M i^mmm^mmm^^mmmm^mm===^mm 

To control for differences in protein levels, lysates from C57MG cells or transiently transfected 
293 cells expressing chimeric Wnt proteins have been analyzed (Figure 4). Cell extracts were 
fractionated on SDS-PAGE, electroblotted, and probed by anti-HA antibodies (all chimeric proteins are 
HA-tagged). Figure 4 shows that equivalent levels of all chimeric Wnts are detected. The size and 
glycosylation patterns of these chimeras are consistent with that predicted for the chimeric proteins. 

++ ++ 

+ -/ + 
++ ++ 
+ + 
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■/"+ -/"+ 
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Figure 4. Immunoblot Analysis of ^ ^ <$y   ^b 
Wnt-l/5a chimeric proteins. KDa   LZn ^ ^ A    B    C    E    F    I    J     K   M   V^  ^ 
293   cells   were   transfected   with 66 — * , 
plasmids   encoding   Wnt   chimeric i-Ä»ÄB«M«'«ÄÄMB 
proteins.    Two days later, protein 43_      MMwfWWMJf/fß'^P^^ff WW^~ 
levels were evaluated by immunoblot s* J~ 
using anti HA antibodies. 

These constructs have been tested for transforming potential in mammary epithelial cells 
(C57MG) and the levels of cytosolic ß-catenin were measured, as described in cytosolic ß-catenin assay. 
Results of these experiments are schematized in Figure 3. Our preliminary results suggest the 
transformation and signaling specific determinants of Wnt-1 proteins map to the same region 
encompassing the central 120 amino acids of Wnt-1. Modest activity was found for chimeras C and 
E2A3, this analysis may allow futher localization of the minimal domain required for Wnt-1 signaling to 
the Wnt-1 domain present in E2A3. 

IV.     Specific aim 4. CHARACTERIZATION OF WNT PROTEINS AS LIGANDS. 
Specific aim 5. IDENTIFICATION OF WNT-SPECIFIC CELL SURFACE RECEPTORS. 

These aims were originally focused on the eventual identification of Wnt specific receptors. 
Recently, the Frizzled family of proteins have been identified as Wnt signaling receptors. These proteins 
are characterized by a cysteine rich extracellular domain and seven membrane spanning segments. No 
group has yet demonstrated that frizzled proteins bind directly to Wnt proteins. In collaboration with Dr. 
Frank Luyten, we have recently shown that Wnt-1 will bind to a frizzled-like protein, Frzb-1. To take 
advantage of this finding we propose to focus these aims on the interaction between Frzb and Wnt as a 
means of analyzing receptor interaction with Wnt proteins. The following section describes progress 
made in this area. 

Frzb-1 contains an N-terminal domain with 50% identity to the cysteine-rich domain (CRD) of 
Drosophila frizzled (64), proposed to be the ligand binding domain. In fact, the frizzled CRDs are as 
homologous to the CRD of frzb as they are to each other. Recently, the Luyten laboratory found that 
Frzb-1 is a secreted antagonist of Wnt-8 mediated axis duplication in Xenopus (65). We investigated if the 
inhibitory effect of Frzb-1 on Wnt-1 signaling, as observed in Xenopus, could also be demonstrated in 
mammalian cells. Ectopic Wnt-1 expression in 293 cells induces the accumulation of ß-catenin within the 
cytosol, whereas membrane-associated levels of ß-catenin remain virtually unchanged (Fig. 5A). Figure 
5B shows that the induction of cytosolic ß-catenin by Wnt-1 is attenuated in the presence of increasing 
amounts of Frzb-1 encoding plasmid. Frzb-1 expression alone had no affect on cytosolic ß-catenin levels. 
This data is described in detail in the Appendix paper (Lin et.al. ) where we also demonstrate that the 
CRD domain of Frzb-1 is required for Wnt-1 binding and that both Wnt-1 and Wnt-5a bind Frzb. 

Figure5. FrzB antagonizes      A.   G^ ^v      B- ...      . 
Wnt-1 signaling in 293 cells. -        mmg-     +    +    +    +       -     -      -      -    wnt-1 
A. Wnt-1 expression in 293 ira.D!3      o      3    10 30      0     3    10   30 Mm Frzb DNA 
cells regulates cytosolic ß- MEMBRANE  
catenin. m« ■      «n» urn* •**» -^—ß-catenin 
B. TransfectionofFrzb CYTOSOL 
expression vector blocks Wnt- 
1-mediated regulation of 
cytosolic ß-catenin. 
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We have begun a detailed examination of regions of Wnt-1 that are required for frzb association. 
A panel of HA-tagged Wnt-1 deletion mutants were prepared and tested for expression in transiently 
transfected 293 cells (see Figure 6 A,B). Frzb/Wnt-1 interactions were detected within lysates derived 
from 293 cells co-transfected by frzb and Wnt deletions. Complexes were recovered by anti-frzb 
antibody and detected by immuno-blotting using anti-HA antibodies (Figure 6C). The data indicate, thus 
far, at least two discrete binding domains downstream of Wnt-1 codon 182. 

In addition, co-expression of Wnts with full length Wnt-1 identified several Wnt deletions that 
behaved as dominant negative alleles, as judged by their ability to block Wnt regulation of ß-catenin. 
These studies start to define the domains of Wnt-1 proteins required for receptor interaction. 

Figure 6. Expression and Functional analysis of Wnt-1 deletion mutants. 
A. schematic diagram of Wnt-1 deletions, Dominant-negative activity and Frzb binding are noted. 
B. Immunoblot analysis of Wnt-1 deletions; C. Frzb-Wnt-1 deletion co-immunoprecipitations. 
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V.     Wnt Signal Transduction. 

In an effort to develop rapid assays of Wnt signaling, we found that transient transfection of Wnt- 
1 into human 293 cells (embryonic kidney cells) led to increased levels of cytosolic ß-catenin (see Fig. 5 
and Appendix paper-Lin et al. for description). Using this assay to define the activities of Wnt family 
proteins and chimeric Wnts, we found that our data concurred with that found for regulation of ß-catenin 
in C57MG cell lines (data not shown). Thus, we believe this regulation reflects Wnt receptor mediated 
events in these cell types. 

Fused suppresses Wnt signaling. To probe the utility of this assay we evaluated the regulatory 
potential of the fused (axin) protein. Please note the fused protein product has been named axin, to avoid 
confusion we will refer in the text to this gene as fused or fused(axin). Fused is a negative regulator of 
Wnt signaling in Xenopus (84). A dominant-negative allele of fused (Fused-dom/neg), lacking the RGS 
domain, was provided by Frank Costantini (Columbia University). 293 cells were transfected with 
Fused-dom/neg and protein expression was confirmed by immunoblot (data not shown). Expression of 
Fused dom/neg led to markedly increased levels of cytosolic ß-catenin (Fig. 7). The regulation was 
consistently several fold more pronounced than found for Wnt-1 . We thus conclude that Fused functions 
in the mammalian Wnt signaling pathway, presumably as a potent negative regulator. 

Figure 7. Expression of dominant-negative 
Fused (axin) leads to increased cytosolic 
levels of ß-catenin. Cytosolic ß-catenin was 
evaluated by immunoblot of extracts derived 
from 293 cells transfected with control (LZn), 
Wnt-1 HA, or dominant negative fused (d/n). 
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Adenoviral vector development. We propose to express Wnt signaling proteins using adenovirus 
(ad) vectors in cultured cells. This system has the advantage of delivering a high copy number genome to 
cultured cells and eliminates the need to generate cell lines. In our hands, ad vectors can express 
heterologous proteins at high levels after infection of human or rat cells but not mouse cells. cDNAs 
encoding Wnt signaling proteins were cloned into ad transfer vectors (kindly provided by Dr. Stephen 
Hardy, UCSF). This vector places the gene to be expressed under the control of the CMV promoter. 
Using standard procedures (85), the ad transfer vector and ad genomic DNA were co-transfected into the 
human 293 cell line which provides Ela and Elb proteins critical for adenovirus replication. 
Recombinant ad containing the genes of interest were isolated and plaque purified. These vectors lack the 
adenovirus Ela and Elb genes, which may affect the biology of infected target cells, and thus they do not 
replicate in Ela/Elb deficient cells. 

We have generated a series of adenovirus vectors expressing Wnt signaling components. The list 
of vectors currently completed is described in Table 2. Stocks for all of vectors listed in Table 2 are being 
made and we are in the process of evaluating the ectopic expression of proteins using these vectors. 

Table 2. Adenovirus expression vectors currentlv generated 

AD VECTOR EXPRESSED GENE 
Ad-LacZ control virus expressing LacZ 
Ad-Wnt-1HA murine Wnt-1 HA tagged 
Ad-Wnt-5aHA murine Wnt-5a HA tagged (non-transforming Wnt) 
Ad-GSK-3 w/t rat GSK-3ß wild type 
Ad-GSK-3dom/neg rat GSK-3ß dominant negative, mutated ATP binding lysine 
Ad-ß-catenin human ß-catenin 
Ad-ß-cateninS37A human ß-catenin with phosphorylation site mutation S37A 
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We have utilized ad vectors expressing Wnt-IHA (Ad-Wnt-1HA) and a dominant negative 
Glycogen Synthase Kinase-3ß (Ad-GSK-3dom/neg), this mutant lacks the ATP binding lysine. The 
dominant negative GSK-3 cDNA was also cloned into the ZNCX retroviral vector. Immunoblot analysis 
was used to demonstrate the expression potential of these two vectors (Fig. 8). Very high levels of Wnt-1 
proteins have been produced in RatBla fibroblast, Rat-2 fibroblast, PC12 cells, MCF-7 cells, and several 
human breast cancer cell lines. Wnt-1 proteins can be detected 24 hours post infection of Rat-2 cells (Fig. 
8A) and continue to be produced at high levels for several days. Ad-GSK-3dom/neg expression was 
analyzed by immunoblotting using anti-GSK-3ß antibodies that recognize both rat and human GSK-3ß. 
Endogenous human GSK-3ß is detected in control and infected cells (Fig. 8B). The ectopically expressed 
rat GSK-3ßdom/neg migrated more slowly and was found most efficiently expressed in Ad-GSK-3ß 
infected 293 cells. This experiment demonstrated the power of the Ad vector to express dominant 
negative GSK-3ß at levels much higher than the endogenous enzyme, as would be required for a 
dominant negative acting gene product. 

Figure 8.  Wnt-1 and GSK-3 proteins 
produced by ad-infection. 
Infected cell lysates were immuno-blotted with 
anti-HA or anti-GSK-3 antibodies. 
A. Rat-2 fibroblasts infected with Ad-WntlHA, 
analyzed at several days post infection (p.i.) 
B. GSK-3ßdom/neg expressed in cultured 293 
cells. Cells were transfected with control 
vector, GSK-3dom/neg, or infected by Ad- 
GSK-3dom/neg. 
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VI.    Wnt as a Mitogen 

In order to develop new model systems to study biological Wnt responses, we evaluated the effect 
of overexpressing Wnt-1 using adenovirus vectors in a variety of cell lines. Our goal was to develop cell 
culture systems that reflected Wnt biological activity. These assays could then be used to confirm and 
extend findings on Wnt signal transduction evaluation using C57MG mammary epithelial cells. 

Rat-1 fibroblasts respond mitogenically to Wnt-1. A Rat-1 fibroblast line (kindly provided by 
Dr. Riccardo Dalla-Favera, Columbia University) displayed a modestly elongated morphology to Wnt-1. 
More importantly, Wnt-1 expression allowed these cells to proliferate in the absence of serum; that is, 
they displayed a mitogenic response. It must be noted that Wnt proteins have never previously been 
shown to promote serum-independent growth. This finding provides evidence that Wnt-1 can act as a 
mitogen. Figure 9 shows a growth curve for Rat-1 fibroblasts seeded at low density and then allowed to 
grow in serum-free conditions (DMEM with no added components). Control Rat-1 cells slowly quiesce, 
doubling after 2 weeks in culture. Rat-1 cells expressing Wnt-1 grow in serum free media at 
approximately 3-4 fold greater rate than do controls, eventually achieving confluence between one and 
two weeks in culture. Pictures of cultures are provided in Figure 10. Rat-1 cells fail to grow in serum- 
free media (Rat-1) whereas Rat-1-Wnt-1 cells continue to grow to confluence. 

Figure 9. Growth curve for Wnt-1 expressing 
Rat-1 fibroblasts in serum-free media. 

Figure 10.   Morphology of Rat-1 and Rat-1:Wnt-1 
fibroblasts after two weeks in serum-free media. 
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Rat-1 Fibroblasts display Wnt-1 dependent signaling. We have established that Wnt-1 

transformation of cultured mammary epithelial cells correlates with increased levels of the cytosolic form 
of ß-catenin. We next conducted experiments to determine if ectopic expression of Wnt-1 proteins 
similarly affects ß-catenin levels in Rat-1 fibroblasts. Control, Wnt-1, and Wnt-5a expressing Rat-1 
fibroblasts were made using retroviral vectors. Figure 11 shows that the cytosolic ß-catenin is 
significantly increased in response to Wnt-1 expression, but not to Wnt-5a expression. Similarly, Ad- 
Wnt-1 expression induces increased cytosolic ß-catenin levels. As a control for all experiments, we have 
utilized a comparable adenovirus vector expressing LacZ, referred to as Ad-LacZ. Wnt-1 expression had 
very little effect on the levels of ß-catenin found in the membranous fraction (data not shown). These 
experiments display the utility in analyzing Wnt-signal transduction with adenovirus expression vectors. 
In addition, Wnt-5a expression did not affect the ability of Wnt-1 to regulate ß-catenin. We found that 
Wnt-1 expression increased mitogenicity and ß-catenin levels in Rat-1 fibroblasts whether the gene was 
introduced by retroviral or adenoviral vector. 

Figure 11. Wnt-1, but not Wnt-5a, expression leads to 
increased levels of cytosolic ß-catenin in Rat-1 cells. 
Rat-1 cells programmed to express Wnt-1 or Wnt-5a or 
infected with Ad-Wnt-1HA vectors were evaluated for the 
levels of cytosolic ß-catenin by immunoblot analysis. 

Ad-Wnt-1 HA 

ctr v^vv^v ctr ^v^v 

- ß-catenin 



18 

Wnt-1 activates the Tc£M-l transcription complex in Rat-1 fibroblasts. To investigate Wnt 
signaling in Rat-1 cells we used two sets of reporter constructs in a ß-catenin-Tcf reporter gene assay. 
Reporter constructs were kindly provided by Dr. Hans Clever, Utrecht, Netherlands. pTOPFLASH 
contains three copies of the optimal Tcf motif CCTTTGATC, and pFOPFLASH contains three copies of 
a mutant motif CCTTTGGCC, upstream of a minimal c-Fos promoter driving luciferase expression. 
These constructs function as Tcf responsive reporters and previous work had established that ß-catenin in 
combination with Tcf4 could activate such elements. (80). 

Wnt-1 expression led to increased Tcf transcriptional activity in Rat-1 fibroblasts (Fig. 12), thus 
providing the first demonstration that signaling via Wnt-1 can lead to transcriptional activation of Tcf 
responsive elements. A mutant version of ß-catenin, found in colon cancers, replaces residue S37 with 
A (S37A). This mutation is thought to interfere with ß-catenin phosphorylation, thus stabilizing and 
activating the protein. We tested whether ß-cateninS37A behaved as a gain of function mutation. 
Transfection of ß-cateninS37A led to increased Tcf transcriptional activity. Unlike Wnt-1, increasing 
amounts of plasmid led to increased activity. This finding is consistent with Wnt acting as a growth 
factor whose activity is amplified by a signaling cascade, whereas, ß-catenin levels are directly 
proportional to the amount of transcriptional complex made and thus to activity. As controls, LacZ 
expression lead to basal activity comparable to that seen with mutant reporter elements (FOPFLASH). 
Wild type ß-catenin also displayed transcriptional activity but less than that found for ß-cateninS37A 
(data not shown). Wnt-5a, which does not transform Rat-1 fibroblasts, does not activate the Tcf reporter 
element (data not shown). We conclude that Wnt-1 activates a signaling cascade in Rat-1 cells that can 
lead to activation of Tcf responsive elements. 

Figure 12. Wnt-1 and ß-catenin expression 
activates TCF-mediated transcription. 
Rat-1 fibroblasts were co-transfected with either 
Wnt-1 or activated ß-catenin expression constructs 
and Tcf-luciferase constructs. Luciferase activity 
was measured two days post transfection. 

Luciferase Reporter Constructs: 
pTOPFLASH - 3X optimal Tcf CCTTTGATC. 
pFOPFLASH - 3X mutant Tcf CCTTTGGCC. 
Binding sites are placed upstream of a minimal 
c-Fos promoter driving luciferase gene expression. 
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In summary, the Rat-1 cell line displays biological responses to Wnt-1 and biochemical activation 
of the Wnt signaling pathway from the cell surface to the nuclear transcription. These cells are readily 
infectable with adenovirus or retroviral vectors, thus Wnt signaling protein expression can be easily 
modulated. Our data suggests that this cell line provides an excellent tool to study Wnt signaling events. 

VII.   Wnt as a Morphogen 

Because Wnt genes are expressed in the mammary gland during growth only, it is likely that they 
contribute to its morphogenesis. Elongation and branching of epithelial ducts is a major part of this 
process. Utilizing the mouse mammary epithelial TAC-2 cell line, we examined the role of the Wnt-1, 
HGF, TGFB2 and the Notch4 receptor on branching morphogenesis. Wnt-1, HGF and TGFB2 induce 
elongation and branching of epithelial tubules. Wnt-1 strongly cooperates with HGF or TGFß2 in this 
activity. In contrast, an activated form of the Notch4 receptor completely blocks HGF- and TGFB2- 
induced branching morphogenesis. Furthermore, Wnt-1 overcomes the Notch-mediated block of ductal 
morphogenesis. This work is described in detail in the Appendix manuscript- Uyttendaele, Soriano, et 
al, which has been submitted for publication, and provides evidence that Wnt-1 induces branching 
morphogenesis. In addition, this assay for Wnt-1 function provides an alternate means to study Wnt 
genes and can be used to corroborate findings derived from the C57MG or Rat-1 cell systems. 
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CONCLUSIONS 

The data presented in this annual report represents results of experiments outlined in specific aim 
1-5 of the research proposal. We feel we have completed all of the major objectives in the first three 
aims. The former specific aims 4-5 are now focused on Wnt signal transduction and on the interaction 
between the frizzled-like protein, frzb, and Wnt proteins. Significant progress has been made in this area. 
We have documented a physical interaction between frzb and Wnt-1 and have begun to map the domains 
required for Wnt-frzb association. In addition, we have begun to define the events that lead to regulation 
of ß-catenin levels and activity. 

In conclusion, we have segregated Wnt proteins into functional classes based upon their ability to 
transform mammary epithelial cells. This segregation may represent classes of Wnt proteins that interact 
with distinct Wnt-cell surface receptors. This may represent the first type of evidence that their may be 
distinct Wnt-cell surface receptors. Alternatively, one class may be involved in mitogenic stimulus and 
are thus are transforming, whereas the other class may be involved in differentiation of the mammary 
epithelium. Two interesting aspects of the segregation come out of this analysis. First, it appears that 
those Wnt genes either not normally expressed in the mammary gland (Wnt-1, Wnt-3, Wnt-3A, and Wnt- 
7B) or expressed at very low levels in the mammary gland (Wnt-2) are the most transforming. Whereas, 
those Wnt genes that are well expressed in the mammary gland (Wnt-4, Wnt-5A, Wnt-5B, Wnt-6) do not 
exhibit transformation activity. Second, when one compares the activity of the transforming genes to 
those reported to be overexpressed in mammary tumors (70) only one Wnt gene that is not transforming is 
overexpressed in this study. Wnt-2, Wnt-3, and Wnt-7B were all found to be transforming in our hands 
and have been found to be overexpressed in several mammary tumors; however, Wnt-4 never displayed 
transforming activity in our experiments but was found to be overexpressed in mammary tumors. The 
transforming potential correlates with the ability of Wnt family proteins to increase levels of cytosolic ß- 
catenin. Thus, Transformation may depend on the ability of Wnt proteins to alter ß-catenin levels. These 
findings indicate that upregulation of cytosolic ß-catenin is dependent on expression of the transforming 
class of Wnt proteins, providing the first evidence that increased cytosolic ß-catenin correlates with 
cellular transformation. 

By generating a panel of Wnt-l/Wnt-5a chimeric proteins, we have narrowed down a region of 
Wnt-1 that confers transforming ability. These constructs have been tested for transforming potential in 
mammary epithelial cells (C57MG) and the levels of cytosolic ß-catenin were measured. Results of these 
experiments are schematized in Figure 3. We conclude that the transformation and signaling specific 
determinants of Wnt-1 proteins map to the same region encompassing the central 120 amino acids of 
Wnt-1. Modest activity was found for chimeras C and E2A3, this analysis may allow further localization 
of the minimal domain required for Wnt-1 signaling to the Wnt-1 domain present in E2A3. 

We demonstrate that Frzb-1 blocks Wnt-1 induced cytosolic accumulation of ß-catenin, a key 
component of the Wnt signaling pathway, in human embryonic kidney cells. Structure/function analysis 
reveals that complete removal or partial deletions of the frizzled domain of Frzb-1 abolishes its inhibition 
of Wnt-1 activity. Deletion of the C-terminal domain of Frzb decreases its blocking efficiency. 

Expression of Fused dom/neg leads to markedly increased levels of cytosolic ß-catenin. The 
regulation was consistently several fold more pronounced than found for Wnt-1 . We thus conclude that 
Fused functions in the mammalian Wnt signaling pathway, presumably as a potent negative regulator. 

Wnt-1 expression in Rat-1 fibroblasts allows these cells to proliferate in the absence of serum; 
that is, they displayed a mitogenic response. It must be noted that Wnt proteins have never previously 
been shown to promote serum-independent growth. These finding provides evidence that Wnt-1 can act 
as a mitogen. Wnt-1 activity in these cells correlates with increased levels of ß-catenin and increased 
transcriptional activity of a Tcf responsive element. 

Utilizing the mouse mammary epithelial TAC-2 cell line, we examined the role of the Wnt-1, 
HGF, TGF62 and the Notch4 receptor on branching morphogenesis. Wnt-1, HGF and TGFB2 induce 
elongation and branching of epithelial tubules. Wnt-1 strongly cooperates with HGF or TGFB2 in this 
activity. In contrast, an activated form of the Notch4 receptor completely blocks HGF- and TGFB2- 
induced branching morphogenesis. Furthermore, Wnt-1 overcomes the Notch-mediated block of ductal 
morphogenesis. 
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Abstract; Convincing evidence has accumulated to identify the Frizzled 

proteins as receptors for the Wnt growth factors (1, 2, 3). In parallel, a number 

of secreted frizzled-like proteins with a conserved N-terminal frizzled motif 

have been identified (4, 5, 6). One of these proteins, Frzb-1, binds Wnt-1 and 

Xwnt-8 proteins (7) and antagonizes Xwnt-8 signaling in Xenopus embryos (7, 

8). We now report that Frzb-1 also blocks Wnt-1 induced cytosolic 

accumulation of ß-catenin, a key component of the Wnt signaling pathway, 

in human embryonic kidney cells. Structure/function analysis reveals that 

complete removal or partial deletions of the frizzled domain of Frzb-1 

abolishes its inhibition of Wnt-1 activity. Deletion of the C-terminal domain 

of Frzb-1 decreases its blocking efficiency. Interestingly, whereas co- 

immunoprecipitation experiments   demonstrate a direct Frzb-1/Wnt-5A 

interaction, Frzb-1 does not block Wnt-5A signaling in a functional assay in 

Xenopus embryos. This provides evidence that a Frzb-1/Wnt protein 

interaction does not necessarily imply inhibition of Wnt function. 



The Wnt family of signaling molecules are of great interest because of 

their roles in developmental processes and in oncogenesis (9, 10). The recent 

implication of ß-catenin, one effector protein in the Wnt signaling pathway, 

in colon cancers and melanomas, has underscored the importance of this 

signaling pathway in human cancers(ll, 12, 13). A major advance in the 

understanding of Wnt signaling was provided by the discovery that Dfz2, a 

member of the class of Frizzled proteins, functions as a receptor for 

Drosophila Wingless (Wg), the homologue of vertebrate Wnt-1 (1). In 

addition, overexpression of rat fz-1 in Xenopus embryos recruits Dishevelled, 

another component of the Wnt signaling pathway (2), to the plasma 

membrane. These findings led to the proposal that the frizzled group within 

the G-protein receptor superfamily comprises receptors for the Wnt proteins 

(D- 

The Wnts have been divided into two operationally defined classes.  Class 

I Wnts (e.g. Wnt-1) induce both transformation of cultured mammalian cells 

and axis duplication in Xenopus embryos; class II Wnts (e.g. Wnt-5A) do not. 

The observation that several, but not all, mammalian frizzled proteins are 

able to confer Wg binding in cell biological assays, suggests that some Frizzled 

proteins may be selective for particular members of the Wnt family (1). This 

is supported by the demonstration that rat Fz-1 is involved in Wnt signaling 

in a manner which discriminates between the functionally distinct Xwnt-8 

(Class I) and Xwnt-5A (Class II) (2). 



Frzb-1, originally discovered by primary protein sequencing of highly 

purified cartilage-derived protein preparations, contains an N-terminal 

domain with about 50 % identity to the cysteine-rich domain (CRD) of 

Drosophila Frizzled  (5). Because this domain has been proposed to be the 

ligand binding domain of the Frizzled proteins (1), we explored the possibility 

of structural and functional interactions between Frzb-1 and members of the 

Wnt family. The observation of complementary expression patterns of Xfrzb- 

1 and Xwnt-8 in developing embryos and the demonstration of their direct 

interaction led to the finding that Frzb-1 is a Wnt -8 antagonist (7, 8,14). 

In this paper, we demonstrate that Frzb-1 prevents Wnt-1 induced 

cytosolic accumulation of ß-catenin in human embryonic kidney cells. 

Structure/function studies indicate that the N-terminal CRD of Frzb-1 is 

critical for the inhibition of Wnt-1 signaling, and suggest a supportive role for 

the C-terminus. We further show that Frzb-1 also binds to murine Wnt-5A in 

imrnunoprecipitation experiments.   However, this interaction does not 

necessarily predict inhibition of Wnt function, as our findings indicate that 

Frzb-1 does not block Wnt-5A signaling. 

Materials and Methods 

Constructs and plasmids        The bovine (B)Frzb-l plasmid was described 

previously (5). A C-term (Fig 2A) was made by deletion of amino acids 160 to 

316; A CRD, by deletion of amino acids 39 -145; A 7C, by deletion in the CRD of 

amino acids 79 -149; A 2C, by deletion of amino acids 124 to 149; and A 57-95, 



by deletion of amino acids 57 - 95, which contains the hydrophobic domain 

(Fig. 2A). The pFrzb-1-FLAG was made by replacement of the last seven 

residues of Frzb-1 by the Flag-tag (DYKDDDDK). All constructs were 

subcloned into pcDNA3 (Invitrogen Corporation, Carlsbad, CA). The 

plasmids pLNCWl-HA and pLNCW5A-HA carrying  the respective Wnt 

gene family members have been reported previously (15). 

Transient transfections 

COS7 cells (1.6 X 106 initial seeding density) were transfected either with 5 

ug of plasmid DNA, or co-transfected with 4 ug for each plasmid DNA per 

100-mm dish by using 30 ul LipofectAMINE™ reagent (Life Technologies, 

Gaithersburg, MD). Transfections were carried out for 6 hr in serum-free Opti- 

MEM I® (Life Technologies, Gaithersburg, MD). Subsequently, equal amounts 

of 10% fetal bovine serum in Opti-MEM I ® were added to the transfections 

and the cultures were continued for 18 hr. The cells were further incubated at 

37°C for 24 hr in serum-free Opti-MEM I®. The cultures were then extracted 

for 30 min on ice with RTPA buffer ( 50 mM Tris, 150 mM NaCl, 1.0% NP-40, 

0.5% Deoxycholic acid and 0.1% SDS). 293 cells were transfected as described 

(16) with varying amounts of plasmid as shown in the legend of Figure 1. 

After two days, cells were lysed in an hypotonic buffer and insoluble 

(membrane-associated) and soluble (cytosol-associated) material was 

recovered by preparative ultracentrifugation at 100,000 x g. Protein contents 

were determined using a protein assay (Bio-Rad, Richmond, CA). Samples 



were adjusted to lx Laemmli sample buffer prior to denaturation by boiling 

(17). 

rn-immunoprpripitation: 

lmmunoVreciVitaiions with HA antiserum: 50 ul of protein A-Agarose 

(Boehringer Mannheim, Indianapolis, IN) were incubated with 100 ul of 

hybridoma supernatant of anti-HA antibody 12CA5 in 450 ul of 50 mM Tris- 

HCl, pH 7.4/150 mM NaCl by rotating overnight. Cell extracts (100-400 ul) and 

RIPA buffer (0-300 ul) were added to a final volume of 1 ml and the 

incubation was continued for another hour. The agarose beads were washed 

twice 50 mM Tris-HCl, pH 7.4,150 mM NaCl, twice in 50 mM Tris-HCl, pH 

7.4, 500 mM NaCl, and once in 50 mM Tris-HCl, pH 7.4 . After the last wash, 

the beads were suspended in 30-50 ul of 2 x Laemmli sample buffer with 4% ß- 

mercaptoethanol, boiled and separated on denaturing 4-20% gradient Tris- 

Glycine gels (Novex, San Diego, CA). Samples were blotted onto 

Immobilon™-P membrane (Millipore Corporation, Bedford, MA) by using a 

GENIE™ electrophoretic blotter (Idea Scientific Company, Minneapolis, MN) 

and analyzed by immunoblotting. Membranes were blocked 30 min in 

blocking buffer (BF) consisting of 1 M Tris, pH 7.5, 0.9% NaCl, 0.05% Tween 20 

and 4% BSA. The primary antiserum (N374-PEP)(5) was incubated with the 

membranes in 1/10 BF and 9/10 TBST buffer (10 mM Tris, pH 7.5; 0.1% 

Tween; 150 mM NaCl) at a dilution of 1: 2,500. The membranes were then 

washed four times for 5 min in TBST. The membranes were subsequently 

incubated with the secondary antibody at a dilution of 1:10,000 for 60 min. 



Blots were developed by using the SuperSignal™CL Substrate System (Pierce, 

Rockford, IL) and exposed to Kodak XAR-5 films for 1 to 10 min 

Immunoprecipitation with anti-FLAG Ml antiserum. We used  50 ul of 

protein G-Agarose (Boehringer Mannheim, Indianapolis, IN) and 5 ug anti- 

FLAG M2 antibody (Eastman Kodak Company, New Haven, CT) for 

immunoprecipitation, 1: 1, 000 dilution of anti-HA-peroxidase antibody 

(HRP-HA antibody) (Boehringer Mannheim, Indianapolis, IN) for 

immunoblotting, and SuperSignal™ ULTRA Substrate (Pierce, Rockford, IL) 

for the chemiluminescent detection. 

portion nf g-c^in in transiently transited 293 cells-  Membrane or 

cytosol preparations were generated as described as described above with some 

modifications (Brown, A.M.C, personal communication). 50 ug protein from 

cell extracts were separated on denaturing 8% polyacrylamide-SDS gels. 

Proteins were transferred from gels onto nitrocellulose filters by 

electroblotting and blocked overnight at 4 °C in TBST containing 1% bovine 

serum albumin (fraction V).  Blots were then incubated in anti- mouse ß- 

catenin monoclonal antibody (Transduction Laboratories, Lexington, KY) 

diluted 1:4000 in TBST, at room temperature for 2 hr. The primary antibody 

was then removed by washing in TBST at room temperature three times for 5 

min each. Blots were exposed to a 1:5,000 dilution of horseradish peroxidase- 

conjugated sheep anti-mouse immunoglobulin G (Amersham, Arlington 

Heights, IL). Blots were then incubated 5 min in HRP substrate and exposed to 

Kodak XAR-5 films. 



8 

Xpnopus embrvo manipulations: 

Frogs and their embryos were maintained and manipulated using standard 

methods (18). mRNA injection experiments were performed by standard 

procedures as described (19). The XxvntSA assay was scored as reported 

previously (20). 

Results 

Frzb-1 blocks Wnt-1 signaling in mammalian cells 

We determined whether the inhibitory effect of Frzb-1 on Wnt-1 

signaling, observed initially in Xenopus embryos,  could also be demonstrated 

in mammalian cells.  It has been shown that Wnt-1 expression can lead to 

stabilization of the cytosolic pool of ß-catenin, a key component in the Wnt 

signaling pathway (21). Ectopic Wnt-1 expression in human embryonic 

kidney cells induces the accumulation of ß-catenin within the cytosol, 

whereas membrane-associated levels of ß-catenin remain virtually 

unchanged (Fig. 1A). Figure IB shows that the induction of cytosolic ß- 

catenin by Wnt-1 is attenuated in the presence of increasing amounts of 

plasmid encoding Frzb-1. Partial inhibition is observed when 3 ng Frzb-1 

plasmid were transfected and complete inhibition is achieved with 30 ug 

Frzb-1 expression, in the absence of Wnt-1, had no effect on cytosolic ß- 

catenin levels. 

The CRD of Frzb-1 is required for Wnt-1 binding and inhibition of Wnt-1 

function 



The observation that the extracellular domain of Dfz2 containing the CRD 

confers Wg binding (1) suggests that the CRD of Frzb-1 may be sufficient for 

Wnt binding. We confirmed this by performing immunoprecipitation 

experiments with lysates of COS7 cells co-transfected with wnt-1 cDNA and 

several Frzb-1 deletion constructs retaining the signal peptide (Fig. 2A). 

Interestingly whereas removal of the entire CRD indeed resulted in loss of co- 

immunoprecipitation with the Wnts (Fig. 2B), several  of the other CRD 

deletions  had little or no effect on the outcome of the immunoprecipitations 

(Fig. 2B). Only the deletion of 7 of the 10 cysteines (A 7C, see Materials and 

Methods) appeared to reduce the efficiency of the immunoprecipitation (Fig. 

2B). 

We further evaluated the structural requirements for inhibition of Wnt-1 

signaling in vivo. Injection of Wnt-1 mRNA into Xenopus  embryos results 

in duplication of the dorsal axis (22, 23) and can easily be scored by direct 

inspection (Fig. 3 A, B). Co-injection of Wnt-1 with Frzb-1 results in the 

complete inhibition of secondary axis formation (8). Previous reports 

suggested that this effect was due to blockade of Wnt signaling (7, 8). 

Substantial inhibition of Wnt-1 mediated axis duplication was also observed 

when the CRD of Frzb-1 only was co-injected with Wnt-1 (Fig. 3C). 

Conversely, removal of the entire CRD abolished the inhibitory activity of 

Frzb-1 (Fig. 3C). It is noteworthy that the C-terminal domain does play some 

functional role with regard to Frzb-1 activity, as inhibition appeared to be 

more efficient in the presence of this domain (Fig. 3C). In contrast to the co- 
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immunoprecipitation data however, inhibition of Wnt signaling was not 

observed in the in vivo assay by any of the deletion constructs affecting the 

CRD domain (Fig. 3C). Even a limited deletion of a small domain (A 2C, 27 

amino acids, see Materials and Methods, Fig. 3C) containing the last two of 

the 10 conserved cysteines, resulted in an almost complete loss of Wnt-1 

inhibition. These data support the critical role of a preserved cysteine core of 

the CRD for inhibition of Wnt-1 activity. 

Specifity of Frzb-1/Wnt interactions 

To further investigate the specificity of Frzb-1/Wnt interactions, COS7 

cells were co-transfected with Frzb-1 and Wnt-5A. Wnt-1 was used as a 

positive control (7). Frzb-1 co-immunoprecipitated with Wnt-5A (Fig. 4A), 

and using a Flag-tagged Frzb-1 protein, Wnt-5A co-immunoprecipitated with 

Frzb-1 (Fig 4B). These findings demonstrate that Frzb-1 has sufficient affinity 

to allow co-immunoprecipitation with both Wnt-1 and Wnt-5A. Lack of 

soluble Wnt proteins precluded classical binding studies. However, variation 

of the washing conditions after immunoprecipitation did not result in any 

noticable differences in the association between Frzb-1 and Wnt-1 or Wnt-5A 

(data not shown). We next analyzed whether Frzb-1 functioned as an 

antagonist to Wnt-5A signaling for which a Xenopus assay has been described 

(20). Overexpression of Wnt-5A in Xenopus embryos produces a characteristic 

phenotype with head and/or tail malformations (20). Co-injections of Wnt- 

5A with preprolactin resulted in about 75 % of the injected embryos in an 

abnormal phenotype (two independent experiments, 40/53 and 27/36 ), and 
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co-injection with Frzb-1 showed similar results (34/34 and 30/36). Therefore 

Frzb-1 does not appear to suppress the Wnt-5A induced phenotypic changes, 

and may even enhance the development of the head and/or tail 

abnormalities. This finding is consistent with recent reports that a dominant 

negative Xwnt-8 is also unable to block Wnt-5A activity in the same model 

(24). 

Discussion 

This report provides the first evidence that Frzb-1 can directly block the 

Wnt signaling cascade in a mammalian cell line, as measured by the 

inhibition of the Wnt-1 induced cytosolic accumulation of ß-catenin.  It was 

previously described that Fzb-1 blocks Wnt-1 and Xwnt-8 signaling in 

Xenopus embryos (7, 8). However, this blocking activity was assessed by its 

inhibition of Wnt-1/Xwnt-8 axis duplication or the induction of Xwnt-8 

response genes Xnr3 and Siamois in animal cap assays, all relatively late 

read-out systems in the Wnt signaling parwhay (7). ß-catenin, an early 

component in the Wnt signaling cascade, has been implicated in the 

development of either colon cancer or melanomas (11, 12, 13). Therefore it is 

possible that Frzb-1 could potentially act as a tumor suppressor by inhibiting 

Wnt mediated cell proliferation. Based on its mapping to chromosome 2q31- 

33, it was previously suggested that Frzb-1 may be a potential tumor 

suppressor gene (8). Loss of one copy of the 2q arm has indeed been associated 

with a high incidence of lung carcinomas, colorectal carcinomas, and 

neuroblastomas (25, 26). 
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Our deletion studies showed that the CRD of Frzb-1 is required and 

sufficient for its interaction with the Wnt proteins. Functionally, all the 

deletion constructs in the CRD  resulted in the loss of the inhibitory activity 

of Fzb-1. Our co-immunoprecipitation experiments did not reveal a specific 

motif to be critical for the Frzb-1/Wnt interaction. Disruption of the cysteine 

core and/or removal of the hydrophobic domain within the CRD (57-95), 

potentially important for the Frzb-1/Wnt interaction, did not significantly 

affect the outcome of the immunoprecipitation experiments. Our functional 

data suggest that the affinity of the interactions between Frzb-1 and Wnts may 

be critical for modulation of Wnt signaling. However, immunoprecipitations 

are not quantitative and therefore do not provide information on binding 

affinity. Classical quantitative binding studies cannot be performed at this 

point, because soluble Wnt proteins are not available. 

Interestingly, our data indicate a possible role for the C-terminal domain 

in the effectiveness of the inhibition of Wnt-1 signaling. This may suggest a 

role for the C-terminus in the stabilization of the tertiary structure of Frzb-1, 

in the binding affinity to Wnts, a possible role in Frzb-1 turnover, or 

increased solubility of the protein. 

Frzb-1 belongs to a novel family of secreted proteins containing a cysteine- 

rich N-terminal domain with high homology to the ligand binding domain 

of frizzled proteins. Indeed, other secreted proteins containing frizzled-like 

CRDs have been reported (4, 6, 27). It is of note that each of these have less 

amino acid sequence identity to the frizzleds than does Frzb-1. Nevertheless, 
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the data indicate that besides Frzb-1, another secreted frizzled-like protein, 

sFRP-2, also confers binding of Wg in transfected 293 cells (6). In addition, 

sequence alignment between the CRD of sFRP-2 and Frzb-1 reveals an identity 

of only about 25 %. Taken together, this suggests that many frizzled-like 

proteins will potentially interact with the Wnts. However, as demonstrated 

by the lack of inhibition of Wnt-5A signaling by Frzb-1, it remains to be 

determined what the functional consequences of this interaction might be. In 

this regard it can not be excluded that Frzb-1 and related proteins have 

additional yet undiscovered regulatory functions,  independent of the Wnt 

signaling pathway. 
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figure Legends 

Figure 1 

Frzb-l expression blocks Wnt-1 mediated accumulation of cytosolic ß-catenin. 

293 cells were transiently transfected cells with Frzb-l or Wnt-1 expressing 

plasmids. After transfection,   equal amounts of denatured pellet (membrane) 

and supernatant (cytosol)-derived protein were electrophoresed and blotted 

onto nitrocellulose membranes and exposed to anti-ß-catenin antibody 

(Transduction Laboratories, Lexington, Ky.). 

A,  Distribution of ß-catenin in membrane and cytosolic fractions transfected 

by a control CMV promoter-containing vector (control) or vector containing 

Wnt-1 cDNA. 

B, The accumulation of cytosolic ß-catenin by Wnt-1 is blocked by Frzb-l 

expression.  Cells were transfected by variable amounts of a CMV promoter- 

containing plasmid carrying the frzb-l gene in the presence of a control 

expression vector containing a lac z gene (right panel) or Wnt-1 gene (left 

panel). The total amount of DNA (30 |ig) transfected was maintained by 

supplementation with vector DNA. 

Figure 2 

Co-immunoprecipitation of Wnt-1 with Frzb-l deletion constructs 

A, Schematic drawing of the BFrzb-1 deletion constructs (A). The numbers 

above the bars indicate the amino acid residue numbers and the junction sites 

(zigzag lines), the numbers below and vertical bars in the CRD (cysteine-rich 

domain) indicate the position of the conserved cysteines. 
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B, COS7 cells were (co-)transfected with Wnt-1 and BFrzb-1 deletion 

constructs. Cell lysates were immunoprecipitated with anti-HA antibody and 

probed with N374 PEP antiserum. Brackets indicate immuno-detected Frzb-1 

protein. 

Figure 3: 

Inhibition of Wnt-1 induced axis duplication by Frzb-1 deletion constructs 

A-B. Induction of secondary axis by Wnt-1. Embryos injected with 25 pg 

preprolactin mRNA (A), or 5 pg Wnt-1 mRNA (B) 

C. Embryos were co- injected with Wnt-1 and different constructs as indicated. 

They were then scored for secondary axis formation. The number between 

brackets indicates the number of embryos injected. 

figure 4: 

Frzb-1/Wnt co-immunoprecipitation experiments 

COS7 cells were (co-)transfected with riA-tagged Wnt-1 and Wnt-5A and Frzb- 

1 (Flag-tagged) as indicated. The cell lysates were immunoprecipitated (see 

Methods) with anti-HA antibody (A) or anti-FLAG M2 antibody (B), and 

probed by Western blot with N374-PEP antiserum (A) or HRP-rIA antibody 

(B). 
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Abstract 

Elongation and branching of epithelial ducts is a crucial event during the development of the 

mammary gland. An in vitro assay, utilizing the mouse mammary epithelial TAC-2 cell line, 

was used to examine the role of the Wnt-1, HGF, TGF62 and the Notch4 receptor on the 

branching morphogenesis. Wnt-1, HGF and TGFß2 induce the elongation and branching of 

epithelial tubules, and Wnt-1 strongly cooperates with either HGF orTGFß2 in this activity. The 

int-3 mammary oncoprotein is an activated form of the Notch4 receptor and can completely 

block HGF and TGFB2 induced branching morphogenesis. The minimal domain within the int-3 

protein required to block morphogenesis consists of the CBF-1 interaction domain and the cdclO 

repeat domain. Co-expression of Wnt-1 and int-3 demonstrates that Wnt-1 can overcome the int- 

3 mediated block of ductal morphogenesis. This data are consistent with the opposing roles of 

the wingless and Notch signaling pathways reported in Drosophila and suggest that Wnt and 

Notch signaling may play opposite roles in mammary gland development. 



Introduction 
The development of the murine mammary gland involves an intricate sequence of 

proliferative, morphogenic and differentiative events, which gradually results in the formation of 

an arborized tree-like structure of epithelial ducts. In adult animals, under the influence of 

gonadal hormones, additional developmental stages in the mammary gland occur during puberty, 

estrous, pregnancy and lactation. At birth, the mammary epithelial ducts have few side-branches. 

However during puberty, the epithelial ducts rapidly elongate and branch, and give rise to a 

highly organized epithelial structure with terminal end buds and lateral buds. The terminal end 

buds are the major sites of proliferation, where as the lateral buds will differentiate into alveoli 

during each estrous cycle. During pregnancy, the alveoli rapidly increase in size and number 

resulting in the development of fully differentiated lobules, which under the influence of 

lactogenic hormones will produce milk at lactation. When lactation ceases, the mammary gland 

remodels, which results in the involution of the secretory lobules and regression to the ductal tree 

observed at puberty (for review see[1-3] 

Mesenchymal-epithelial and epithelial-epithelial interactions have been demonstrated to 

be essential to regulate the growth and development of the murine mammary gland, during 

embryogenesis as well as through adult life. Peptide growth factors have been implicated as 

regulators of mammary gland development based on their expression patterns and their ability to 

affect the development of the mammary gland. Hepatocyte growth factor (HGF, or scatter 

factor) is expressed in the mammary mesenchyme during ductal branching, whereas its tyrosine 

kinase receptor c-met is expressed in the mammary epithelial ducts at all stages. It has been 

demonstrated that HGF promotes branching morphogenesis of the mammary ductal tree [4-6]. 

Other mediators of receptor tyrosine kinase signaling, such as Epidermal growth factor (EGF)[7], 

Fibroblast growth factors (FGF's)[8], and Insulin-like growth factor II (IGF-II)[9] have been 

implicated as regulators of mammary gland development. Neuregulin (NRG), a member of the 

EGF gene superfamily, is expressed in the mesenchyme during lobulo-alveolar development, 

where its receptors (c-erbB3 and c-erbB4) are expressed in mammary epithelial ducts at all 

stages. NRG can stimulate lobulo-alveolar budding and the production of milk proteins[4]. 

Transforming growth factor-ß's (TGFßl, TGFß2, TGFB3) and other members of this gene 

superfamily can affect and are expressed in many mesenchymal-epithelial interactions. TGFßl 

is expressed in the epithelial compartment of the mammary gland at all stages, except during 

lactation[10, 11]. In vivo, TGFßl has been shown to inhibit ductal out-growth from the 

mammary end buds[12, 13]. In vitro however, TGFßl has been shown to induce opposite effects 

depending on its concentration. Thus, TGFßl at high concentrations (0.5-5 ng/ml) inhibit ductal 



elongation and branching of TAC-2 mammary epithelial cells, whereas at low concentrations (5- 

100 pg/ml) it is able to stimulate these biological processes[14]. 
The Wnt family of secreted growth factors have also been proposed to function as 

regulators of the developing mouse mammary gland[15]. Wnt genes are expressed during ductal 

development of the gland (Wnt-2, Wnt-5a, Wnt-7 and Wnt-10b) and during lobular development 

at pregnancy (Wnt-4, Wnt-5b and Wnt-6), and the expression of most Wnt transcripts is down 

regulated during lactation[l6, 17]. Wnt gene expression is maximal during periods of 

morphogenesis and is lost during terminal differentiation, such as lactation, suggesting that Wnt 

genes may control mammary gland morphogenesis. Wnt genes are expressed in both the stromal 

and epithelial compartments of the mammary gland, raising the possibility that Wnt genes could 

be involved in both stromal-epithelial and epithelial-epithelial interactions[17, 18]. Wnt-1 is not 

normally expressed within the mouse mammary gland, however it has been demonstrated to 

contribute to tumorigenesis when activated by insertion of mouse mammary tumor virus 

(MMTV) pro viral DNA in MMTV-induced mammary tumors[19]. Furthermore, mammary 

gland tumors arise in transgenic mice where ectopic Wnt-1 gene expression is controlled by the 

inducible, glucocorticoid-sensitive MMTV promoter. Such mice frequently develop hyperplasia 

of the mammary gland with increased branching of the ductal tree, prior to the development of 

frank tumors, again suggesting that Wnt proteins function as peptide growth factors[20]. The 

Notch4/int-3 gene was also identified as a frequent target for insertional activation by MMTV 

proviral DNA in MMTV-induced mammary gland tumors[21, 22]. The Notch4 gene encodes for 

a large transmembrane receptor protein. The int-3 oncoprotein corresponds to a truncated form 

of Notch4 which has most of its extracellular domain deleted[23]. In contrast to the Wnt-1 

transgenic mammary gland, expression of the int-3 oncogene as a transgene in the mouse 

mammary gland results in impaired development of the mammary gland which no longer 

generates a tree-like structure of epithelial ducts. Instead, a hyperproliferative mass of 

undifferentiated epithelial cells is observed near the nipple, from which undifferentiated 

mammary carcinomas rapidly develop[24]. The Notch4 protein is normally expressed in all 

tissues of the mammary gland, including stromal cells, adipocytes, endothelial cells and 

epithelial cells[25]. Both the Wnt-1 and int-3 oncoproteins have been demonstrated to transform 

mammary epithelial cells[21]. 
Using a previously described model in which TAC-2 mammary epithelial cells grown in 

collagen gels form branching cords or tubules in response to HGF or TGF-ßi[14, 26], we 

demonstrate that Wnt-1 and int-3 have opposite effects on branching morphogenesis. Wnt-1 acts 

to induce branching morphogenesis whereas int-3 blocks branching morphogenesis by either 

HGF or TGF-ß. In addition, Wnt-1 overcomes the int-3 block to morphogenesis. We also define 

the domains of the int-3 oncoprotein that are required for its biological activity. 



Results 

When suspended in collagen gels, TAC-2 mammary epithelial cells form small slowly growing 

colonies with a morphology ranging from irregular shaped cell aggregates to poorly branched 

structures. However, when TAC-2 cells are grown under these conditions in the presence of 

either HGF or TGFßl, TAC-2 colonies develop an extensive network of branching cords 

consisting of elongated epithelial cords or tubules with multiple branch points [14, 26]. Since the 

above described TAC-2 phenotype is reminiscent of key developmental process of the mammary 

gland, the TAC-2 cell culture assay is a valuable experimental model to study the roles of growth 

factors in the development of mammary epithelial cells. To investigate the role of int-3 and Wnt- 

1 oncogenes in mammary epithelial cell development and morphogenesis, we have generated 

TAC-2 cell lines programmed to express the Wnt-1 and int-3 oncoproteins and analyzed their 

effects in the TAC-2 branching morphogenesis assay. 

Wnt-1 enhances TAC-2 cell branching morphogenesis 

TAC-2 cell lines programmed to express the Wnt-1 oncoprotein were generated using the 

retroviral vector pLNC which drives Wnt-1 expression from the CMV promoter. In order to 

detect the Wnt-1 oncoprotein, the Wnt-1 cDNA was fused at the carboxy terminus to the 

haemagglutinin-epitope (HA), allowing us to detect Wnt-1 proteins in immunoblot analysis using 

the anti-HA monoclonal antibody (Fig. 1). As expected, the Wnt-1 oncoprotein migrates with a 

molecular weight between 41 and 45kd which is due to differential glycosylation. Moderate 

levels of Wnt-1 expression are detected in the TAC-2/Wnt-l cell line generated. This expression 

level can be significantly increased by treating the TAC-2/Wnt-l cell line with Sodium Butyrate 

(2mM) which enhances transcription of the CMV promoter (Fig.l). Addition of Sodium 

Butyrate to the TAC-2 branching morphogenesis assay did not alter or enhance all the observed 

phenotypes described below, and therefore Sodium Butyrate was omitted from all TAC-2 cell 

biological assays. As a control, TAC-2 cells were generated that were programmed to express 

LacZ. 
TAC-2 cells programmed to express LacZ give rise to small colonies with poorly 

branched cords when grown in collagen gels for four days (Fig. 2A). Addition of either HGF 

(20ng/ml) or TGFB2 (50pg/ml) to the culture induces pronounced changes in colony 

morphology, resulting in the formation of long branching cords or tubules (Fig. 2B and 2C). 

This experiment demonstrates that TGFß2 has an identical activity as TGFßl in the induction of 

branching morphogenesis of TAC-2 cells. When TAC-2 cells are programmed to express the 

Wnt-1 oncoprotein, cell colonies form cords with moderate branching even in the absence of 



exogenous growth factors (compare Fig. 2A and 2D). When TAC-2/Wnt-l cells are grown in 

the presence of either HGF or TGFB2 (Fig. 2E and 2F), an extensive branching network is 

observed. This network of epithelial tubules is more extensive when compared to control TAC- 

9/LacZ cells grown under identical conditions. It appears that Wnt-1 cooperates with either HGF 

or TGFB2 in the induction of branching morphogenesis by TAC-2 cells, since the extent of the 

branching network formed by TAC-2/Wnt-1 cells grown in the presence of either HGF or TGFB2 

is far greater than the combined branching networks of TAC-2/Wnt-l cells grown under control 

conditions and TAC-2/LacZ cells grown in the presence of either HGF or TGFB2. An identical 

phenotype was observed in TAC-2 cell lines programmed to express either a non-epitope tagged 

Wnt-1 cDNA or a HA epitope tagged Wnt-1 cDNA transcribed from a SV40 based retroviral 

vector (data not shown). 

Notch4/int-3 blocks TAC-2 cell branching morphogenesis 

TAC-2 cell lines programmed to express the Notch4/int-3 oncoprotein were generated using the 

retroviral vector pLNC. A similar strategy of HA-epitope tagging at the carboxy terminus was 

used to detect the int-3 oncoprotein in immunoblot analysis using the anti-HA monoclonal 

antibody (Fig. 1). The int-3 oncoprotein migrates with an approximately molecular weight of 60 

kd which corresponds to its predicted molecular weight. Low levels of int-3 expression are 

detected in the TAC-2/int-3 cell line which can be significantly increased by treatment with 

Sodium Butyrate (Fig.l). When TAC-2 cells programmed to express int-3 are grown in collagen 

eels and incubated in the presence of either HGF or TGFB2 (Fig 2H and 21), cell colonies no 

longer form elongated cords. Instead, HGF- or TGFB2-treated TAC-2/int-3 cell colonies form 

small aggregates or structures with rudimentary branches which are similar in appearance to 

those formed by either TAC-2/LacZ or TAC-2/int-3 colonies grown in the absence of HGF or 

TGFB2 (Fig 2A and 2G). An identical phenotype was observed in either TAC-2 cell lines 

programmed to express a non-epitope tagged int-3 cDNA or a HA epitope tagged int-3 cDNA 

transcribed from a SV40 based retroviral vector (data not shown). 

Wnt-1 and Notch4/int-3 do not alter the growth properties of TAC-2 cells. 

To determine whether the differential effects of the Wnt-1 and int-3 oncoproteins on 

TAC-2 cell branching morphogenesis are due to their differential effects on the growth 

characteristics of the TAC-2 cells, we compared the growth characteristics of the different TAC- 

2 cell lines generated. TAC-2 cells were plated at different densities on collagen coated dishes, 

either in the presence or absence of HGF. Media and growth factors were replaced every other 



day and viable cell numbers were determined either two or six days after plating. Two days after 

Platin* when TAC-2 cells plated at lower densities are actively growing, no Significant 

differences in cell number were found between the different TAC-2 cell lines either in «he 

presence or absence of HGF (Fig. 3A). Six days after plating, all TAC-2 cell lines, initially 

plated at different densities, reached confluence and equal cell numbers were detected in al cell 

lines, either in the presence or absence of HGF (Fig. 3B). Thus, six days after plating the TAC-2 

cell lines become quiescent due to contact/density inhibition and none of the TAC-2 cell lines 

were able to grow post confluence. These experiments demonstrate that TAC-2 cells 

programmed to express either Wnt-1 or int-3. in the presence or absence of HGF. do not display 

different growth characteristics. Hence, the differential effects of Wnt-1 and int-3 on TAC-2 

branching morphogenesis are not due to their mitogenic or anti-mitogenic action^ Identical 

results were obtained with TAC-2 cell lines that were programmed to express LacZ, Wnt-1 or 

int-3 using a SV40 based retroviral vector (data not shown). 

The carboxy terminus of the Notch4/int-3 oncogene is not required for activity 

The int-3 oncogene corresponds to a truncated form of the Notch4 gene which encodes 

for a large transmembrane receptor protein. The int-3 oncoprotein has most of the extracellular 

domain deleted and consists of the transmembrane and intracellular domain of Notch4.   To 

investigate which region(s) of the int-3 oncoprotein is required and sufficient for int-3 activity, a 

series of int-3 deletion mutants were generated (Fig. 4A). The four int-3 deletion mutants were 

named ANT (deletion of the amino terminal domain), ACDC (deletion of cdclO repeat domain). 

ACT (deletion of the carboxy terminal domain) and ANTACT (N-terminal and C-termmal 

deletion) (Fig. 4A). All four int-3 cDNA's were HA-epitoPe tagged at their carboxy termini and 

TAC-2 cell lines programmed to express each deletion mutant were generated using the 

retroviral vector pLNC.    Immunoblot analysis using anti-HA monoclonal antibodies 

demonstrated expression of int-3 deletion proteins of appropriate molecular weight m each 

respective cell line; this expression can be increased by Sodium Butyrate treatment (Fig. 4B)^ 

The ANTACT int-3 deletion protein with predicted molecular weight of 251 kd co-migrates with 

a non specific anti-HA antibody background-band, but is clearly visible over background when 

these TAC-2 cells are treated with sodium Butyrate (Fig. 4B). TAC-2 cell lines expressing the 

four different int-3 deletion mutants were grown in collagen gels as described above, and the 

ability of each int-3 deletion mutant to block HGF induced branching morphogenesis of TAC-2 

cells was analyzed. As shown in Fig. 5, TAC-2 cells expressing either ANT (Fig. 5A and 5B), 

ACDC (Fig 5C and 5D) or ANTACT (Fig. 5G and 5H) are responsive to HGF induced branching 

morphogenesis. In contrast, when grown in the presence of ACT expressing TAC-2 cells (Fig. 



5E and 5F) display an identical phenotype as the TAC-2/int-3 cells. Thus, these experiments 

demonstrate that the carboxy terminus of the int-3 oncoprotein is not required for int-3 mediated 

inhibition of TAC-2 branching morphogenesis, and the biological activity of the int-3 

oncoprotein resides in its amino terminus and cdclO repeats. 

Epistatic interaction between the Wnt-1 and Int-3 oncoproteins 

Since the Wnt-1 and int-3 mammary oncoproteins have opposite activities on HGF or 

TGFB2 induced branching morphogenesis of TAC-2 cells, we investigated the effect of 

simultaneous expression of both Wnt-1 and int-3 proteins on TAC-2 branching morphogenesis. 

The above described TAC-2/LacZ and TAC-2/int-3 cell lines which were generated with the 

pLNC expression vector were now also programmed to express Wnt-1 using the retroviral vector 

pLHTCX. This vector contains the hygromycin resistance gene and drives gene expression from 

the CMV promoter as well. In this way, four additional TAC-2 cell lines were generated that 

were named TAC-2/LacZ/X, TAC-2/LacZ/Wnt-1, TAC-2/int-3/X and TAC-2/int-3/Wnt-1 

(where X denotes empty pLHTCX vector). The Wnt-1 cDNA that was used in these experiments 

was not tagged with the HA epitope. To determine appropriate protein expression in each of 

these four cell lines, immunoblot analysis was done using either the anti-HA antibodies to detect 

HA tagged int-3 proteins, or anti-Wnt-1 monoclonal antibodies to detect the Wnt-1 proteins (Fig. 

6A, B). Again, treatment of the TAC-2 cells with Sodium Butyrate significantly increases the 

level of protein expression. The TAC-2/int-3HAAVnt-l cell line expresses both Wnt-1 and int- 

3HA oncoproteins. All four cell lines were grown in collagen gels and the ability of each TAC-2 

cell line to undergo HGF or TGFB2 induced branching morphogenesis was analyzed (Fig. 7). As 

observed previously, TAC-2/LacZ cells that are now programmed to express Wnt-1 (Fig. 7D, E, 

F) form small colonies that undergo modest branching even in the absence of HGF; in addition, 

these cells form extensive elongated branches when grown in the presence of HGF (compare to 

TAC-2/LacZ/X in Fig. 7A, B, C). The previously observed int-3 activity, that is the block of 

HGF- and TGFB2-induced branching morphogenesis, remains identical in the TAC-2/int-3HA/X 

cell line (Fig. 7G, H, I), demonstrating that hygromycin selection did not affect the phenotype of 

the TAC-2 cell lines. The TAC-2/int-3/Wnt-1 cell line is able to form colonies displaying 

extensive branching and elongation when grown in the presence of HGF and have an appearance 

indistinguishable to that of TAC-2/LacZ/Wnt-1 cells (Fig. 7J, K, L). This experiment 

demonstrates that Wnt-1 activity can override int-3 activity in TAC-2 cells, therefore Wnt-1 

activity must function downstream of int-3 activity. 



Discussion 

In this study, we have used an in vitro model to evaluate the role of the Wnt-1 and int-3 

proteins in mammary gland ductal morphogenesis. Formation of branching cords is induced in 

collagen gel cultures of TAC-2 cells by the addition of either HGF or low concentrations of 

TGFß. We demonstrate that expression of Wnt-1 and int-3 in TAC-2 cells has opposing effects 

on branching morphogenesis: Wnt-1 synergize with HGF or TGF-ß in inducing formation of 

branching cords whereas int-3 inhibits the effect of either HGF or TGF-ß. The opposite 

biological activities of Wnt-1 and int-3 observed in the TAC-2 cell assay correlates well with the 

mammary gland phenotype observed in Wnt-1 and int-3 transgenic mice that ectopically express 

these proteins in the mammary gland[24]. Although both oncogenes induce tumor development, 

Wnt-1 stimulates a hyperplastic phenotype whereas int-3 blocks ductal development. Moreover, 

Wnt-1 can override the int-3-mediated block to branching morphogenesis. This dominance of 

Wnt-1 over the activated Notch affect is analogous the epistasis reported for Drosophila Wnt 

(wingless) and Notch functions during deve!opment[27]. Hence, the TAC-2 assay may be a 

valuable experimental system, and one that is more tractable to experimental manipulation, to 

study the role of multiple distinct signaling pathways in the development of the murine 

mammary gland. 

Wnt-1 stimulates branching morphogenesis of TAC-2 cells 

Wnt-1 proteins induces moderate branching and elongation of TAC-2 cell tubules in the 

absence of added HGF or TGFß2. The extent of Wnt-1 induced branching morphogenesis of 

TAC-2 cells is comparable to the induction by either HGF or TGFB2. The Wnt gene family 

encodes factors involved in cell growth, organogenesis, oncogenesis, and cell fate determination 

during embryogenesis. Wnt proteins have also been proposed to function as peptide growth 

factors within the developing mouse mammary gland, as several Wnt genes are expressed 

exclusively when the gland is in growth phase, and the Wnt-1 protein can stimulate the growth 

and morphological transformation of certain mammary epithelial cell lines. The Wnt signal 

transduction pathway is mediated in part through ß-catenin, a cytoplasmic protein that can be 

associated with cadherins, and which is necessary for the adhesive functions of adherens 

junctions[28]. Wnt-1 signaling results in stabilization of the cytoplasmic pool of ß-catenin, 

which then can associate with downstream targets in the cytoplasm to transduce signals that lead 

to regulation of target gene expression. Recent evidence has demonstrated the importance of ß- 

catenin/cadherin interactions in regulating cell adhesion, cell migration and epithelial phenotype 

in embryonic development. The activation of ß-catenin by Wnt-1 induced signaling may result 



in changes of the adhesive and migratory characteristics of mammary epithelial cells and 

consequently affect ductal morphogenesis of TAC-2 cells. It is also possible that Wnt-1 

signaling leads to a block of an endogenous Notch pathway in TAC-2 cells, for which we do not 

ha°ve any evidence, and that the Wnt-1 activity may only consist of suppressing a yet unidentified 

endogenous inhibitory Notch pathway. 

Int-3 blocks HGF and TGFßl induced branching morphogenesis of TAC-2 cells 

We demonstrate that the int-3 oncoprotein blocks both the HGF and TGF62 induced 

branching morphogenesis of TAC-2 cells. The exact mechanism of this inhibition is unclear. 

However, activated Notch genes have been demonstrated to inhibit the cell fate commitment or 

differentiation of many different cell types. For instance, Drosophila activated Notch inhibits 

neuroblast and photoreceptor cell differentiation. Xenopus activated Notch inhibits the early 

expression of epidermal and neural crest markers, and activated mouse Notch 1 inhibits 

myogenesis and neurogenesis of cultured mouse cells. Transgenic mice expressing the int-3 

oncoprotein from the MMTV viral promoter, display severely impaired mammary ductal 

growth[24]. When int-3 is expressed from th* whey acidic protein promoter, whose expression 

is restricted to the secretory mammary epithelial cells, the differentiation of the secretory lobules 

of the transgenic animals is profoundly inhibited. These experiments demonstrate that int-3, like 

many other activated Notch genes, is a potent inhibitor of differentiative processes. Since several 

Notch genes are expressed in vivo in the mammary epithelial cells, including Notch4, Notch 

genes may inhibit or regulate the differentiative processes occurring during the mammary gland 

developmental cycle. Recently, the intracellular domain of LIN-12, a C. elegans Notch, has been 

demonstrated to associate with EMB-5, which encodes for a cytoplasmic protein containing a 

SH-2 domain[29]. This finding raises the possibility that the Notch signaling proteins may 

interact directly with those elicited by tyrosine kinase receptors, such as the HGF receptor (c- 

met). 

Cooperation between Wnt-1 and HGF or TGFßl 

In response to both Wnt-1 and HGF, TAC-2 cells form a network of elongated and 

branching tubules that is far more extensive than the branching cords observed when TAC-2 cells 

are grown in the presence of Wnt-1 or HGF singularly. Therefore, we believe that the combined 

effect of HGF addition and Wnt-1 expression is not the result of the sum of their independent 

activities on branching morphogenesis, but that the Wnt signaling may cooperate with the 

HGF/c-met tyrosine kinase pathways.   This cooperation between Wnt-1 and HGF may be 



explained by their combined activation of ß-catenin. TAC-2 cells programmed to express Wnt-1 

have indeed increased levels of cytosolic ß-catenin, when compared to TAC-2/LacZ cells (our 

unpublished data), ß-catenin has been demonstrated to be a substrate for tyrosine kinases and to 

become tyrosine phosphorylated in cells expressing activated Src and Ras[30]. Another catenin, 

pl20, which was identified as a substrate of Src and several receptor tyrosine kinases interact 

with the cadherin-ß-catenin complex and may participate in regulating the adhesive function of 

cadherins. ß-catenin has been detected in a complex with the EGF receptor and can be 

phosphorylated in response to EGF and HGF[31, 32]. The Ras pathway is essential for the 

biological activity induced by HGF/c-met[33]. Interestingly, EGF is also able to stimulate 

branching morphogenesis of TAC-2 cells, although not to the same extent as HGF, whereas 

NGF, bFGF, IGF-II and KGF can not, which may be due to the specific activation of ß-catenin 

by the EGF and HGF signal transduction pathway[32]. It is yet unclear how phosphorylation of 

ß-catenin might regulate its activity. However ß-catenin, tyrosine phosphorylated in response to 

EGF or Ras transformation, accumulates in the detergent soluble pool of ß-catenin, which is 

believed to be the actively signaling ß-catenin. Since both Wnt-1 and HGF signaling can 

converge on ß-catenin, it is therefore possible that the observed cooperation between HGF and 

Wnt-1 is due to their combined activation on ß-catenin. 

These findings thus raise the possibility that Wnt-1, HGF, and TGFB2 induce branching 

morphogenesis by regulating the adhesive and migratory properties of TAC-2 cells through 

modulation of extracellular matrix components and their interaction with their receptors. Since 

HGF has been demonstrated to decrease adhesion of TAC-2 cells to collagen and to enhance the 

deposition of type IV collagen it is also possible that the observed cooperation between HGF and 

Wnt-1 is due to their combined effect on cell-substrate adhesion. The molecular mechanisms of 

observed cooperation between Wnt-1 and TGFB2 in the induction of branching morphogenesis in 

TAC-2 cells is not known. TGFß signaling involves receptors with serine/threonine kinase 

activity. TGFß's are known to regulate the synthesis and degradation of extracellular matrix 

molecules and to induce matrix organization. Induction of branching morphogenesis by TGFB2 

could be mediated by a remodeling of extracellular matrix components and cell-substrate 

interactions. The Wnt signal transduction pathway may also regulate cell-substrate interactions, 

and the combined activity of both Wnt-1 and TGFß2 may explain their cooperative activities on 

the branching morphogenesis of TAC-2 cells. 

Finally, the possibility that Wnt proteins also cooperate in vivo with the HGF/c-met 

pathway in the regulation of mammary morphogenesis is supported by the finding of a 

coordinate temporal pattern of expression of both Wnt family members and HGF/c-met. 



The opposite biological activities of Wnt-1 and int-3 are not due to changes in growth 

characteristics ofTAC-2 cells 

The opposite effects of the Wnt-1 and int-3 oncoproteins on branching morphogenesis of 

TAC-2 cells are unlikely due to their action as mitogens or anti-mitogens, as determined by the 

arowth characteristics of these cells when grown on collagen coated dishes. HGF has been 

reported to increase TAC-2 proliferation twofold when grown on collagen coated dishes, which 

we did not observe. However when TAC-2 cells are grown in the presence of HGF in collagen 

coated gels, cells can grow to higher densities. The observed difference of HGF on TAC-2 cell 

proliferation may be explained that in collagen gels, HGF is able to stimulate the morphogemc 

differentiation of TAC-2 cells, and as a consequence can prevent density / contact inhibition. 

This HGF activity may thus allow TAC-2 cells to grow to a higher density as compared when 

cells are grown on collagen coated dishes and supports the notion that geometry of cell-substrate 

interactions is a crucial determinant of the cellular response to a growth factor. Similarly, TAC- 

2/Wnt-l cells grow to a higher density when grown in collagen gels when compared with control 

cells, even though no difference in proliferation is seen when these cells are grown on collagen 

coated dishes. So, the Wnt-1 and int-3 oncogenes do not alter the growth characteristics of TAC- 

2 cells intrinsically, however their opposite effects on the morphogenic differentiation of TAC-2 

cells may result indirectly in differences in cell densities when TAC-2 cells are grown in 

collagen gels. 

Wnt-1 can overcome int-3 mediated block ofBM 

When TAC-2 cells are programmed to express both Wnt-1 and int-3, the cells are able to 

undergo branching morphogenesis which can be increased in the presence of either HGF or 

TGFB2 This observed phenotype is indistinguishable from TAC-2 cells expressing only Wnt-1. 

We believe that this observed phenotype is not due to differential expression of these two 

oncoproteins, since TAC-2/Wnt-l/int-3 cells produce approximately similar amounts of each 

protein and small amounts of int-3 expression are sufficient to block HGF or TGFB2 induced 

branching morphogenesis. From genetic studies in Drosophila, it has been known that 

dishevelled, a cytoplasmic protein that is also a positive mediator in the Wnt-1 signal 

transduction pathway, is activated upon Wingless stimulation and can block Notch signaling. It 

has also been demonstrated that dishevelled can physically associate with the intracellular 

domain of Notch. It is therefor likely that Wnt-1 can block the int-3 activity through dishevelled, 



in TAC-2 cells expressing both oncoproteins, and may explain the observed Wnt-1 phenotype in 

those cells. 

Minimal domains within the int-3 protein required to block morphogenesis . 

We have demonstrated that the domain, carboxy terminal to the cdclO repeats, of the int- 

3 oncoprotein is not required for int-3 biological activity. However, the amino terminal domain 

and the cdclO repeats are required for int-3 activity. These findings are consistent with previous 

observed data for other Notch genes. The RAM23 domain which is localized between the 

transmembrane and cdclO repeats has been demonstrated to be the binding site of CBF-1, a 

downstream and essential element in Notch signaling[34]. Deletion of the amino terminal 

domain of int-3, which contains the RAM23 domain, may obliterate the binding with CBF-1, and 

hence destroy int-3 activity. The cdclO repeats have been demonstrated to interact with another 

downstream and positive regulator, EMB5[29]. Point mutations and deletions within the cdclO 

repeats result in loss of function of Notch. Our data thus indicates that Notch4 might interact and 

be regulated through similar mechanisms. 

During mammary gland development, the growth and differentiation of the gland is 

regulated by mesenchymal-epithelial and epithelial-epithelial interactions. Cells often receive 

different signals simultaneously and must integrate them in order to take on the correct 

proliferate or differentiate response. Our study has revealed the complex interactions 

between the signal transduction pathways of Wnt, Notch, HGF and TGFß, in regulating the 

branching morphogenesis of mammary epithelial cells. 



Materials and Methods 

Reagents 

Recombinant human HGF (rhHGF) was kindly provided by Genentech, Inc. (San Francisco, 

CA). Recombinant TGFB2 was kindly provided by Dr. G. Gunderson (Columbia University, 

New York, NY). Rat tail collagen solution was obtained from Upstate Biotechnology Inc. (Lake 

Placid, NY). Anti-HA monoclonal antibody (12CA5) was obtained from Berkeley Antibody Co. 

(Richmond, CA) and horseradish peroxidase-conjugated sheep anti-mouse immunoglobulin G 

from Amersham (Arlington Heights, IL). Anti-Wntl monoclonal antibody (Mcl23) as described 

in [35] and FITC conjugated Goat anti-mouse immunoglobulin G from Boehringer Mannheim 

Corp.. All restriction and DNA modifying enzymes were purchased from New England Biolab 

Inc. (Beverly, MA). 

cDNA's 

The murine int-3 cDNA corresponds to a truncated Notch4 cDNA as described previously. The 

int-3 nucleotide sequence corresponds to nucleotide 4551 to nucleotide 6244 of Notch4. The 

murine Wnt-1 cDNA is as previously described. An oligonucleotide sequence encoding the 

haemagglutinin (HA) antigenic determinant was appended to the 3' end of the int-3 and Wntl 

cDNA's. These eighteen codons specified the amino acid sequence 

SMAVPYDVPDYASLGPGP, including the nine amino acid-long HA epitope, as underlined. 

HA-tagged int-3 and Wntl cDNAs were created by subcloning each cDNA into Bluescript KS 

(Stratagene) that contained the coding region of the HA epitope situated downstream of the 

newly inserted cDNA, separated from it by polylinker sequence. These two sequences were 

made co-linear by the "loop-out" mutagenesis procedure using oligonucleotides designed to 

eliminate the stop codon and non-coding 3' sequence of the int-3 and Wntl cDNAs and flanking 

polylinker sequence. The sequences of the oligonucleotides used to loop out int-3 and Wnt 

specific sequences are CGG TTG TAA GAA ATC TGA ACT CCA TGG CCT ACC CAT ATG 

and CGC GCG TTC TGC ACG ACT GTC TAT CCA TGG CCT ACC C respectively. The 5' 

end of each oligonucleotide is complementary to the C-terminus of int-3 or Wntl cDNA and 

their 3' ends anneal to the beginning of the HA epitope-encoding sequence (underlined in 

oligonucleotide). Mutagenesis was accomplished using the Muta-Gene phagemid in vitro 

mutagenesis kit (Bio Rad, Richmond, CA). The presence of each fusion was confirmed by DNA 

sequencing. Four different int-3 cDNA deletion mutants were generated from the above 

described epitope tagged int-3 construct by restriction enzyme cloning, and were named ANT, 



&CDC, ACT and ANTACT. The ANT deletion mutan, corresponds „ — <9H » «« 
.   ThP APDC deletion mutant corresponds to nucleotiaes ^JJI 

of the No«ch4=. ^£* ^ ^ ^ ^ ^^ 
and to nucleotides 5706 to 6244 or me ANTACT deletion mutant corresponds 
to nucleotides 4551 to 5718 of the Notch4 sequence. The ANTACT deletion m 

to nucleotides 4921 to 5718 of the Notch4 sequence. 

Cells 

,„, /p.9r ., »I    1993) was obtained from Dr. W. Fear (Mil, mrt; D 

streptomycin (lOOug/ml). Both cell lines were grown at 37°C m 8% C02 

Ce// Im« generation 

HA,agged cDNAs «ere — into the — ^^^Z^Z 

^P7—^^JL^^l« by an imerna, cytomegalovirus 
IcZ —^-TLtroviralvLorpLHTCXwasaeriveafrontpLHCX« 

he neSin ph sphotransferase gene is replaced by the hygromycin-res.stence/t yn    n 

Le fusL glne. Distinct portions of TAC-2 ceiis, each -P-sing a un,ue « d 
„on tagged int-3 or Wnt. cDNA. were prepared by retrovtral mfecfon    Recomb.nan 
ZJL were generated by transiently transfecting pLNCX constructs m.o the BOSCH 
Tackagtag eel. line by calcium phosphate eo-precipi«a,io„, as previous* descr.bed m 
RetroTai ft .ion of TAC-2 cells was accomplished by culturing these cells m the presence of 
~p"t   obtained from the transfeeted packaging cells two day PO*-— 
Z ,Z were carried ou, in the presence of 4 pg/ml polybrene for 12 hours after wtch h 
^ d   I was replaced ,0 regular medium (DMEM + .0% FCS).  One day post mfec^n «he 

Tl   re medium was replaced to DMEM + 10» FCS containing 500 pg/ml "^O 
B^ Life Technologies, Grand fsiand, NV) or 200 pg/m. hygromycin B     *™ ™^ f 

Colonies appeared 5 days later and were pooled into medtum contammg 250 p /ml Gene«      or 
20 W nygromycin B. These resultant populations, each comprtsed of a. ieast 50 clones, 

were used in cellular and biochemical assays described below. 

Collagen cell culture 



c-,r, priTA   rentrifu^ed  and embedded in three- 

TAC-2 cen Hues were harvested ^ZTt^L "of   at tail klagen solution 

SSST.   lmnLrJ,—e („.76 mg/ml> in a sterile * ** on ice ,0 
(GIBCO) and 1 voium suspended in the cold mixture at cell 
prevent premature collagen gellation. TAC-2 cells were        p 
!     v    «f 9 or 4 x 104 cells/ml and 0.5 ml aliquots were dispensed into 16-mm wells densities of 2 or 4 x 10   cells/m ^ ^ of 

multiwell plates (Becton Dickinson Labware).  After he co 
complete medium (DMEM + 10% FCS) with or without HGF or TGFB2was adä*t 

TAG 9 collagen gel cultures were initially done in the presence and absence of 2mM Sodium 

photographed with a Nikon ELWD 0.3 phase contrast „Horoscope on Kodak T-Max film (100 X 

magnification). 

lmmunoblot analysis 

HA epitope tagged int-3, int-3 deletion mutants and Wntl proteins, as well as non-epitope tagged 

„ !, ml PBS using a rubber policeman. Cells were pelleted by centr,»^ £ 

40c for 5 min. and lysed in 90 |il TENT buffer (20 mM Tns, pH 8.0, 2 mM EDTA, 10 mM 
Nad % TrL-X.W, containing 1 mM pheny.methylsu.fonyl fluoride, 10 mg/ml aprotin, , 2 
NaCl, 1% inton ^ ^.^ by centnfugaU()n 

mg/ml leupeptm, 1 mg/ml pepstatin, at 4 c lor au , 
«10 OOOxg at 40C for 10 min., and protein contents were determmed using the^oRad1 Protein 
at lO.uouxg contai„i„g 40 itg protein were electrophoresed in 10% SDS- 
determination kit.   Lysates containing tu H» F •„„.n„i„.- filters bv 

iamiHe «Is    Proteins were transferred from gels onto nitrocellulose filters oy 

n^NaCl.O^Tween^containing ^^™^^^7Lm 

either incubated in anti-HA monoclonal antibody (12CA5) diluted 1. L0Ü 

temperature or in anti-Wnt-1 monoclonal antibody (Mc 123) diluted 1:10 m TEST at 4 C. Ate 

Zh I ihe primary antibody was removed by washing three times for 5 mm. eac in TEST 

«temperatures identical ,0 the primary antibody incubation. Elots were expose 0^ 1.16*0 

dflntion of horseradish peroxidase-conjugated sheep anti-mouse ^^^Z 
secondary antibody was removed in the same manner as the primary antibody. Blots 



mCubated 1-2 min. in enhance, chemiluminescence detect reagents ("-"■ 
Arlington Heights, IL) and exposed to X-ray film (Fujifdm, Foj, Photo Fdm Co., LTD., Tokyo,. 

Cell proliferation assay 

To measure eel. pro.ifera.ion rates of the different TAC-2 eei, i.nes generated, < « ™« 
a, different densities in collagen coated 96 well plates (Corning Ccstar Co., Cambr dge MA an 
grown in DMEM + 10% FCS either in the presence or absence of rhHGF (» After 2 and 
6 days the number of viable cells was measured using .he CellT.ter 96TM AQueous Non- 

Radioactive Cell pro.ifera.ion Assay (Promega) following the manufactures ins.n.ct,ons.The 

„icroelisa auto reader (Dynatech) was used to measure the absorbance rat.o a. 490/570 nm 

which correlates with the number of viable cells. 
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Figure Legends 

Figure 1 

Immunoblot analysis on TAC-2 cell lysates using anti-HA antibodies. TAC-2 cells programmed 

to express either LacZ, Wnt-IHA or int-3HA were grown in the presence or absence of Sodium 

Butyrate. Wnt-1 and int-3 proteins of appropriate molecular weight can be detected in the 

respective TAC-2 cell lines, and the level of protein expression can be increased by Sodium 

Butyrate treatment. 

Figure 2 *e 

TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ (A,B,C), 

Wnt-IHA (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 in the presence of TGF62 

(C.F.D. HGF and TGFB2 induce branching morphogenesis of TAC-2 LacZ cells (compare A to 

B orC). Wnt-1 expression in TAC-2 cells induces modest branching morphogenesis of TAC-2 

cells in the absence of either HGF or TGFB2 (compare D to A), and robust branching is observed 

when TAC-2 Wnt-1 cells are grown in the presence of either HGF or TGFB2 (compare E to B, 

and to C). TAC-2 cells programmed to express int-3 fail to undergo branching morphogenesis 

when grown in the presence of either HGF or TGFB2 (compare G to H or I, compare H to B, 

compare I to C). 

Figure 3 

TAC-2 cell growth assay on collagen coated plates. TAC-2 cells programmed to express either 

LacZ (white bars), Wnt-IHA (gray bars) or int-3HA (black bars) were seeded at different cell 

densities in the presence or absence of HGF (20 ng/ml). Viable cell numbers were determined 

two days (A) and six days (B) after plating. No significant differences in growth rate between 

the different TAC-2 cells, in the presence or absence of HGF, was observed. 

Figure 4 

Schematic representation of int-3 deletion mutants (A) and immunoblot analysis on TAC-2 cell 

lysates using anti-HA antibodies (B). TAC-2 cells programmed to express either ANT, ACDC, 

ACT, and ANTACT were grown in the presence or absence of Sodium Butyrate.  The int-3 



deletion proteins are epitope tags and deletion proteins of appropriate molecular weight can be 

detected in the respective TAC-2 cell lines, and the level of protein expression can be increased 

by Sodium Butyrate treatment. 

Figure 5 Ao 

TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express ANT (A-C), 

ACDC (D-F), ACT (G-I), and ANTACT were grown in collagen gels either in the absence of 

exogenous growth factor (A,D,G,J), in the presence of HGF (B,E,H,K), or in the presence of 

TGFB2 (C,F,I,L). HGF and TGFB2 induce branching morphogenesis of TAC-2 ANT cells 

(compare A to B or C), TAC-2 ACDC cells (compare D to E or F) and TAC-2 ANTACT cells 

(compare J to K or L) TAC-2 ACT cells fail to undergo branching morphogenesis when grown 

in the presence of either HGF or TGFB2 (compare G to H or I). 

Figure 6 'o 

Immunoblot analysis on TAC-2 cell lysates using anti-HA antibodies (A) or anti-Wnt-1 

antibodies (B). TAC-2 cells programmed to express either LacZ/Wnt-1, int-3HA, or int- 

3HA/Wnt-1 were grown in the presence or absence of Sodium Butyrate. Wnt-1 and int-3HA 

proteins of appropriate molecular weight can be detected in the respective TAC-2 cell lines, and 

the level of protein expression can be increased by Sodium Butyrate treatment. 

Figure 7 *o 

TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ/X (A,B,Q, 

LacZ/Wnt-IHA (D,E,F), int-3HA/X (G,H,I), or int-3HA/Wnt-1 (J,K,L) were grown in collagen 

gels either 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 TGFB2 (50 pg/ml)(C,F,I,L). HGF and TGFB2 induce 

branching morphogenesis of TAC-2 LacZ/X 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 TGFB2 (compare D to A), and robust branching is observed when 

TAC-2 LacZ/Wnt-1 cells are grown in the presence of either HGF or TGFB2 (compare E to B, 

and to C). TAC-2 cells programmed to express int-3/X fail to undergo branching morphogenesis 

when grown in the presence of either HGF or TGFB2 (compare G to H or I, compare H to B, 

compare I to C).   TAC-2 cells programmed to express both int-3HA 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 or TGFß2 (K,L) in a similar manner 

when compared to TAC-2 cells programmed to express Wnt-1 solely (D,E,F) 
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Figure 4. Uyttendaele et.al. 
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Figure 5. Uyttendaele et.ai 
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Figure 6. Uyttendaele et.al. 
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Figure 7. Uyttendaele et.al. 
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