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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 [2-4]. 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 ins-1[5] )was identified as a frequent target for insertional
activation by mouse mammary tumor virus (MMTYV) proviral DNA in MMTV-induced mammary gland
tumors[6,7]. Inappropriate expression of the Wnt-1 gene leads to mammary gland tumorigenesis[8,9].
Wnt-3, was also originally identified as a transcriptionally activated oncogene in MMTV-induced
mammary tumors[10]. Most murine Wnt genes were isolated by cloning genes homologous to Wnr-1 [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 Wn-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 [14-17]. 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-1 gene is in proper development of the cerebellum and midbrain
[19,20]. Wnt family proteins are also implicated in limb development[21,22], 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.

Whnt 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.
Wnht-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.

Whnt 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-3p [48]. Amadillo is the orthologue of vertebrate cadherin-associated molecules known
as B-catenin and plakoglobin (y-catenin) [49]. Catenins exist in three isoforms «, B, and v, which form a
complex with cadherins. The wg signaling cascade is conserved in vertebrates. Ectopically expressing
Whnt signaling components in Xenopus embryos induces axis duplication, as previously reported for Wrnt-
1[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 B-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 B-catenin and GSK-3 [56-58]. 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 B-catenin[62], possibly through ubiquitination of B-catenin. The APC
protein itself may be regulated by GSK-3 [57]. Although APC is thought to downregulate p-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 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 Wnz-1 gene in the mammary gland develop mammary tumors with high
levels of Wnt-1 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, CS7TMG 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 WNT-5a was also reported in
lung, breast, and prostate carcinomas and melanomas[71].

Wnt genes in normal mammary gland development

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-7a 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 MMTYV driven Wnt-1 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 Wnt-mediated regulation of mammary gland growth.

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

oncogenes Or tumor suppressor genes, respectively. Mutated forms of p-catenin occur in gastric cancer
cells [76] and a truncated form of p-catenin was identified as a transforming oncogene [77]. The human
B-catenin gene (CTNNBI1) 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 Apc 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 B-catenin mutations in colon and melanoma cancer cell lines.
Colorectal tumors with intact APC genes contain activating mutations of B-catenin that alter
phosphorylation sites critical to APC's ability to bind and regulate p-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 B-catenin. Colon carcinoma cells devoid of APC contained a B-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 B-catenin play a role in melanoma progression [62].
Abnormally high levels of B-catenin due to mis-splicing or missense mutations of the f-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 -
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-5A, Wnt-5B, Wnt-6, Wnt-7TA, Wnt-7TB)
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-1, Wnt-2, Wnt-3, Wnt-3A, Wnt-4,
Wnt-5A, Wnt-5B, Wnt-6, Wnt-7TA, and Wnt-7B. 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 Chapters.

Capital roman numerals will designate the Specific Aims (I-IV).

Within each aim, seperate chapters will be designated by capital letters (A, B, ...).

Chapters that describe a complete body of work will be presented with the following sections:
Introduction, Results, Discusssion, Materials and Methods, Figure legends, Figures.

L 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-1, Wnt-2,
Wnt-3, Wnt-3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, Wnt-7a, and Wnt-7b and Wnt-8c. 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 Wnt-8c
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-1, 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-1. 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-1, Wnt-2, Wnt-3, Wnt-3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6,
Wnt-Ta, and Wnt-7b. We also compared the transfoming activity of Wnt proteins to their ability to
upregulate B-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.

II. A. Transformation by Wnt Family Proteins Correlates with Regulation of 3-Catenin

Introduction

The Wnt gene family encodes secreted factors involved in cell growth regulation, cell fate
determination, organogenesis, and oncogenesis [66]. 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. Northern analysis of mouse mammary gland RNA at
different stages of postnatal development has shown the presence of mouse Wnt-2, Wnt-4, Wnt-5a, Wnt-
5b, Wnt-6, Wnt-7b, and Wnt-10b mRNAs [72-74]. In contrast, Wnts are not expressed in lactating mice
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when the glandular epithelium has ceased proliferating. The two Wnt genes Wnt-1 and Wnt-3 are not
normally expressed within the mouse mammary gland. Wnt-1 expression in adult mice is limited to round
spermatids and Wnt-3 is expressed in the brain [81,82]. However, both Wnt-1 and Wnr-3 can contribute
to tumorigenesis when activated by insertion of mouse mammary tumor virus (MMTYV) proviral DNA in
MMTV-induced mammary tumors [7,10]. Furthermore, mammary tumors arise in transgenic mice in
which ectopic Wnt-1 is expressed from an MMTYV promoter [8]. Such mice rapidly develop hyperplasia
of the mammary glands prior to tumor formation, again suggesting that Wnt proteins function as peptide
growth factors for mammary tissue.

Morphological transformation of cultured cells has been used to assay the biological activity of
different Wnt gene family members. Such studies have mostly focused on the limited set of cell lines
known to exhibit morphological responses to Wnt-1. These include C57TMG mammary epithelial cells
[68], RAC311 mammary cells [69,83], C3H 10T1/2 fibroblasts [84], and PC12 pheochromocytoma cells
[85,86]. Ectopic expression of Wnt-1 in C57MG mammary epithelial cells results in elongated refractile
cells which continue to proliferate beyond confluence [34,68]. Previous studies have indicated that
expression of several other Wnt genes in C57MG cells also induced morphological transformation, while
Wnt-4, Wnt-5a, and Wnt-6 had no effect [87,88]. In another study, C3H 10T1/2 fibroblasts responded to
three different Wnt genes, while expression of Wnt-4 and Wnt-5b had no obvious effect [84]. These
comparisons of the activity of Wnt cDNAs were made in the absence of Wnt protein quantification in the
responsive cell lines. Since pan-specific antibodies to Wnt proteins do not exist it has been difficult to
make direct comparisons of the expression levels of different Wnt proteins.

Although Wnt proteins are secretory they are predominantly associated with internal membranous
components and bound to the cell surface or extracellular matrix [29-32,36,89,90]. Wingless, the
Drosophila homologue of Wnt-1, is also associated with the cell surface and shows limited diffusion in
vivo [91,92]. However, small amounts of biologically active Wnt-1 or Wingless can be found in culture
medium conditioned by cells programmed to express these proteins [37,38].

While purified Wnt ligands have not been available for signal transduction studies, information
about intracellular Wnt signaling pathways has been inferred from genetic analysis of wingless (wg)
signaling in Drosophila. These data have lead to a generalized model of Wnt/wg signaling [40,93-95].
The candidate cell surface receptors for Wnt proteins are members of the Frizzled family of seven
transmembrane proteins [42,96,97]. While details of the biochemical cascade remain unclear, the Wnt/wg
signal is thought to be transduced sequentially via a Frizzled family member, one or more homologs of
Drosophila Dishevelled, the kinase GSK-3, the Armadillo homologs b and g catenin, and members of the
Tcf/LEF-1 family of HMG box transcription factors. The latter have been found physically associated
with B—catenin in the nucleus, where they may act as transcriptional effectors of Wnt-1 signals [98].
Armadillo is required for s1gna11ng by wingless in Drosophila, while in Xenopus embryos overexpression
of B—catenin is sufficient to mediate downstream effects of Wnts [49,93,99]. Wnt—l/wmgless expression
induces the accumulation of Armadillo/B—catenin [100-102] and this serves as a convenient and specific
biochemical assay for cellular response to a Wnt-1 signal. While B—catenin levels are known to be
elevated in C57MG cells transformed by Wnt-1 [102], it is not known whether this is an obligatory effect
that correlates with Wnt-mediated transformation, or whether other mammalian Wnt proteins also act via
pathways that regulate intracellular B—catenin levels.

To assess the role of Wnt family members in mammary cell proliferation and to investigate the
specificity of intracellular signaling by Wnt proteins, we have tested the ability of ten different Wnt
family proteins to transform C57MG mammary epithelial cells by both autocrine and paracrine
mechanisms. By employing a set of Wnt cDNAs each tagged with the same epitope, we were able to
relate the transforming potential of each protein to its expression level in the cells used to assess its
biological activity. Our results show that Wnr-1, Wnar-2, Wnt-3, and Wnt-3a are transforming Wnt genes in
this assay and that Wnt-4, Wnt-5a, Wnt-5b, and Wnt- 7b are non- transforming. Expression of Wnt-6 and
Wnt-7a induced weak morphological alterations that were observed only after extended cultivation.
Analysis of intracellular B—catenin levels in the different cell lines revealed that the transforming potential
of each Wnt gene correlated precisely with its ability to induce elevated B—catenin levels. These results
support a model in which modulation of B-catenin is instrumental in Wnt-mediated transformation of
mammary cells and suggest that several different Wnt proteins may activate a common intracellular
signaling pathway that results in morphological transformation of these cells.
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Results

Expression of Wnt family proteins in the mammary epithelial cell line C57MG.

We sought to compare the transforming potential of Wnt family proteins in C57TMG cells by
evaluating morphological transformation while concurrently assessing the relative expression levels of
different Wnt proteins. To facilitate a direct comparison of Wnt proteins levels, we added the coding
potential for a Haemagglutinin (HA) epitope to the C-terminus of ten different Wnt family cDNAs. We
have not observed consistent qualitative differences in the transforming activities of Wnt-1 and an HA-
tagged version of Wnt-1 (Wnt-1HA) in C57TMG mammary epithelial cells (data not shown). Thus,
placement of the HA epitope at the C-terminus does not appear to interfere with Wnt-1 function. Similar
constructions were generated by placing an HA tag at the C-terminus of Wnt-2, Wnt-3, Wnt-3a, Wnt-4,
Wnt-5a, Wnt-5b, Wnt-6, Wnt-7a, and Wnt-7b cDNAs. C57MG cell lines individually expressing each of
the engineered Wnt cDNAs were generated by infection with replication-defective retroviral vectors, as
described in Materials and methods.

Preliminary immunoblot analysis indicated that the Wnt-4 and Wnt-5b proteins were expressed at
much lower levels than the other Wnt proteins (data not shown). To improve the expression of these
proteins we substituted the Wnt-1 5' untranslated leader sequence for the untranslated leader sequences of
Wnt-4 and Wnt-5b. Immunoblot analyses of transiently transfected cells then showed that the levels of
these proteins increased to levels comparable to that of other Wnt proteins (data not shown).

Expression levels of the different Wnt proteins in C57MG cells were compared by immunoblot
analyses of total cell lysates using an antibody against the HA epitope (Figure 1). The sizes and
glycosylation patterns of the different Wnt proteins were consistent with the predicted amino acid
sequences. Wnt proteins varied in size from 38 kd to 48 kd. One predominant species of Wnt protein was
detected in cells expressing either Wnt-2, Wnt-3a, Wnt-4, Wnt-6, or Wnt-7a genes. Several distinct species
of Wnt proteins, presumptive glycosylation variants, were observed for Wnt-1, Wnt-3, Wnt-5a, Wnt-5b,
and Wnt-7b expressing C57MG cells. Their relative mobilities conformed to those observed in previous
reports [28,89,90].

Direct transforming potential of Wnt family proteins.

To evaluate the transforming potential of Wnt genes we used an established assay that depends on
morphological transformation of the mammary epithelial cell line C57TMG. These flat cuboidal cells
respond to Wnt-1 proteins by undergoing transformation to an elongated refractile morphology that is
accompanied by growth post confluence to higher densities than normal C57TMG cells. It is presumed that
direct expression of Wnt-1 results in transformation that is dependent on both autocrine and paracrine
stimulation by Wnt proteins. This assay has been referred to as a direct transformation assay [34].
Morphological criteria were used to compare the relative transforming activities of the ten different Wnt
gene family members in this assay. Figure 2 shows that uninfected control cells and cells infected with
the empty vector (LNCX) retained the flat morphology. C57MG cells programmed to express epitope-
tagged Wnt-1, Wnt-2, Wnt-3, and Wnt-3a genes were morphologically transformed, as shown by their
elongated refractile morphology (Figure 2). In contrast, cells expressing Wnt-4, Wnt-Sa, Wnt-5b, Wnt-6,
and Wnt-7b appeared indistinguishable from the control and did not become morphologically transformed.
The appearance of C57Wnt-7a cells in monolayer culture was distinct from the control, although not
radically different, suggesting that Wnz-7a gene expression confers a weak transforming activity (Figure
2).

The 'non-transforming' Wnt proteins were expressed at levels equivalent to that of the
transforming Wnt-2 protein and in some cases were more abundant (Figure 1). This suggests that despite
comparable protein levels, Wnt proteins do not have equivalent activities. All assays were done in the
presence of sodium butyrate which induced a ten to twenty fold increase in Wnt protein levels compared
to untreated cells and had no detectable affect on the morphology or growth properties of C57MG cells
(data not shown). Assays done in the absence of sodium butyrate treatment gave comparable
transformation results, despite the fact that Wnt protein expression was significantly lower (data not
shown) than those presented in Figure 1.

As all Wnt genes described in the current study were epitope-tagged it is conceivable that these C-
terminal modifications may have attenuated Wnt protein activity. We addressed this possibility by
examining the activities of non-HA tagged versions of those Wnt genes previously classified as non-
transforming or weakly transforming, namely Wnr-4, Wnt-5a, Wnt-5b, Wnt-6, Wnt-7a and Wnt-7Tb. We
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found that C57MG expressing non-tagged Wnt-4, Wnt-5a and Wnt-7b showed no evidence of
transformation (data not shown). However, the C57Wnt-6 and C57Wnt-7a cell lines exhibited modest
changes in their morphologies after extended cultivation (data not shown). The weak transformation
exhibited upon expression of Wnt-7a in C57TMG was comparable to that observed in C57Wnt-7aHA
cells, while the modest effect of Wnt-6 was only evident in cells expressing the untagged allele.

Paracrine Transforming Potential of Wnt family proteins.

Wnt-1 proteins have previously been shown to act as paracrine factors [33,34,37]. For example, it
has been established that co-cultivation with Wnt-1-producing donor cells causes transformation of
C57MG mammary cells [33,34]. To compare the paracrine transforming potential of various Wnt family
proteins, we prepared a panel of non-responsive fibroblast cell lines for use as donors of Wnt activities in
paracrine assays. The donor cells used here, RatBla cells, do not display morphological or growth
changes in response to Wnt-1. Retroviral vectors were used to establish ten RatB1a fibroblast populations
each programmed to express a different Wnt protein. The panel included vector-infected cells, and cells
expressing Wnt-1, Wnt-2, Wnt-3, Wnt-3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, Wnt-7a, and Wnt-7b. Wnt
proteins were detected in all of these cell lines by immunoblotting (Figure 3). The relative mobilities and
heterogeneity of the Wnt protein bands in RatB1a cells were mostly similar to those found for the C5TMG
cell lines. Ectopic expression of each of the Wnt genes in RatBla cells did not visibly alter the
morphologies of these cells (data not shown).

Co-cultivation assays were conducted to determine whether Wnt family proteins could mediate
transformation in a paracrine fashion by preparing mixtures of RatBla donor cells and C57MG target
cells, as previously described [34]. C57MG cells cultivated with control Rat-Bla cells exhibited a
relatively flat monolayer, while C57MG cells grown in the presence of Wnt-1, Wnt-2, Wnt-3, or Wnt-3a
expressing RatB 1a cells were visibly transformed (Figure 4). In contrast, RatB1a cells expressing Wnt-4,
Wnt-5a, Wnt-5b, Wnt-6, Wnt-7a, and Wnt-7b did not display measurable paracrine activity in that the cell
monolayers appeared indistinguishable from control cultures. By comparison of the protein levels in the
donor cells, however, we can-conclude that the non-transforming Wnt proteins were produced at levels
comparable to several of the transforming Wnt proteins, including Wnt-2 and Wnt-3a (Figure 3).
Modulation of B—catenin by Wnt family proteins.

Having established which Wnt genes exert gross phenotypic effects on C57MG cells, we next
wished to investigate their effects on intracellular B—catenin, a key component of the signaling pathway
defined for Wnt-1. This allowed us to address the question of whether other members of the Wnt family
may also signal via B—catenin and, if so, whether their ability to modulate B—catenin levels correlates with
transforming potential. To investigate intracellular signaling induced by different Wnt proteins, we used a
cell fractionation procedure to separate cytosolic and membrane-associated pools of p-catenin. This
procedure identifies a cytosolic pool of B—catenin whose abundance is strongly increased in response to
Wnt-1 signals (M. Giarré et al., in preparation). Immunoblotting of such fractions from C