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The mouse Wnt-1 gene plays an essential role in fetal brain development and can contribute to tumorigenesis
when activated aberrantly in the mammary gland. The gene encodes secretory glycoproteins associated with the
extracellular or pericellular matrix, and it has been proposed that Wnt-1, as well as its Drosophila homolog
wingless, may function in intercellular signalling. We show here that fibroblasts expressing Wnt-1 protein,
although not transformed themselves, are able to elicit morphological transformation of neighboring CSTMG
mammary epithelial cells in coculture experiments. Heparin inhibits this effect, possibly by displacing Wnt-1
protein from its normal site of action. Our results indicate that the Wnt-1 gene can act via a paracrine
mechanism in cell culture and strongly support the notion that in vivo the gene may function in cell-to-cell

communication.

Whnt-1 (previously known as int-1 [17]) is the first of a
family of 10 or more closely related genes in the mouse,
some of which are strongly implicated in mouse mammary
tumorigenesis and all of which are thought to encode se-
creted factors that may normally function in embryonic
development (8, 14, 16, 17, 27, 28). Wnt-1 was first identified
as an oncogene frequently activated by proviral insertions of
the mouse mammary tumor virus in virally induced mam-
mary carcinomas (19). These insertions result in expression
of a wild-type gene product in a tissue in which the gene is
normally silent (18, 19, 35). In cell culture, Wnt-1 can induce
transformation of certain mammary epithelial cell lines (4,
25), while the oncogenic potential of Wni-1 in the mammary
gland has been further demonstrated by transgenic mice
designed to express Wnt-1 specifically in that tissue. Such
mice develop extensive mammary hyperplasia, and many
are subsequently afflicted with mammary carcinomas (32).
These data are consistent with a multistep pathway of
mammary tumorigenesis in which the activation of Wnt-1
may be an early step sufficient to induce premalignant
lesions.

In normal tissues, Wnt-1 is not expressed in the mammary
gland but instead is expressed in the developing neural tube
of midgestational embryos and in spermatids of the adult
testis (30, 37). While the significance of Wnt-1 expression in
the testis remains to be established, targeted gene disruption
experiments have recently demonstrated that Wnt-1 plays an
essential role in early development of the central nervous
system; embryos homozygous for a disrupted Wnt-1 allele
develop with much of their midbrain and cerebellum missing
and most die within 24 h of birth (13, 31).

The Drosophila homolog of Wnt-1, wingless, is also
known to play a vital role in development (20, 24). Wingless
is a segment polarity gene, and its normal function is
essential for correct pattern formation within each segment
of the Drosophila embryo. Since wingless mutations are not
cell autonomous and the mutant phenotype extends beyond
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the narrow stripe of cells in each segment that express
wingless RNA, it has been proposed that the wingless gene
may act in cell-to-cell communication (1, 24, 36). This notion
is supported by the presence of an amino-terminal signal
peptide in the predicted wingless protein sequence and by
the detection of wingless antigen in blastoderm cells adjacent
to those in which the gene is transcribed (24, 34).

The extensive sequence conservation between mouse
Wnt-1 and Drosophila wingless suggests that their protein
products may act via similar mechanisms. Moreover, the
mouse Wnt-1 product is known to be secreted. Studies of
mammalian cell culture have shown that Wnt-1 encodes
secreted glycoproteins of 41 to 44 kDa which do not nor-
mally accumulate in the culture medium but instead are
found associated with the extracellular or pericellular matrix
(2, 21). The quantity of secreted Wnt-1 protein detectable in
conditioned media is substantially increased, however, when
cells are grown in the presence of either heparin or suramin
2, 21).

We have been studying the mechanism of action of Wni-1
in mammalian cell culture systems. It was previously shown
that expression of Wnt-1 in the mouse mammary epithelial
cell line C57MG causes a phenotypic transformation char-
acterized by an apparent loss of contact inhibition at conflu-
ence, growth to higher cell densities, and an elongated and
refractile morphology (4). Although a similar morphological
change can be induced by Wnt-1 in RAC311C cells, another
line derived from mouse mammary tissue (25), no such
changes are seen when Wnt-1 is expressed in fibroblast cell
lines (4, 26). It seems possible that this is due to the absence
of a functional receptor signalling pathway responsive to
Wnhnt-1 in such cells. However, the cell-type specificity of
Whnt-1 transformation provides an opportunity to distinguish
paracrine from autocrine mechanisms and to so seek evi-
dence of intercellular communication mediated by Wnt-1. In
this report, we describe experiments in which fibroblasts
expressing Wnt-1 are cocultured with C57MG cells that do
not express the gene. Our results demonstrate that cells
expressing Wnt-1 are capable of inducing morphological
transformation of neighboring C57MG cells, apparently via a
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paracrine mechanism. The effect is abolished by growing the
cells in the presence of heparin. These data indicate that the
Whnt-1 gene can play a role in cell-to-cell communication.

MATERIALS AND METHODS

Cell lines and retroviral vectors. All cell lines, with the
exception of C57TMG, were maintained in Dulbecco modified
Eagle medium supplemented with 10% fetal calf serum and
antibiotics. CS7TMG, a cell line derived from normal mouse
mammary epithelium (33), was maintained in the same
medium but with the addition of 10 pg of insulin per ml. This
medium was also used for coculture experiments. Madin-
Darby canine kidney epithelial cells (MDCK) were obtained
from E. Rodriguez-Boulan.

The retrovirus vectors MXIN and MV Whnt-1 each contain
mouse Wnt-1 cDNA together with a neomycin phospho-
transferase gene (neo) (2, 4). In both vectors, Wnt-1 is
expressed from the retroviral long terminal repeat promoter,
and in MVWnt-1, an internal thymidine kinase promoter
directs expression of neo. MV7, the parental vector from
which MV Whnt-1 was constructed, expresses neo alone (10).
MXIfSIN is identical to MXIN but carries a frameshift
mutation such that no functional Wnt-1 protein is produced
(4). Helper-free virus stocks of the above vectors were
harvested from transfected or infected {2 or PA317 packag-
ing cells and then used to infect Rat-2 cells following
procedures described by Brown and Scott (3). Infected cells
were selected in the presence of 500 pg of G418 per mi
(GIBCO). Absence of helper virus in the infected popula-
tions was confirmed by the failure to detect any focus-
forming, or neo-transducing, particles when media superna-
tants were harvested from at least 2 X 106 cells and used to
infect appropriate target cells.

Immunoblot analysis of Wnt-1 proteins. MV7/Rat-2 and
MV Wnt-1/Rat-2 cells were grown in 60-mm-diameter dishes
for 3 days until approximately 80% confluent. The culture
medium was then replaced with Dulbecco modified Eagle
medium supplemented with 1% fetal calf serum and, where
stated, heparin (from porcine intestinal mucosa; Sigma) at
200 wg/ml was included. Twenty-four hours later, the me-
dium was harvested and cells were detached by incubation in
1 mM EDTA. After the dishes were rinsed with EDTA,
extracellular material (ECM) was solubilized by being
scraped in Laemmli buffer at 90°C as previously described
(2). To concentrate Wnt-1 proteins from conditioned me-
dium, samples precleared by centrifugation at 1,000 x g for
5 min were spun at 100,000 x g for 3 h at 4°C in a Beckman
SW50.1 rotor (29). Pellets were solubilized in 100 pl of
Laemmli buffer and, together with ECM samples, loaded
onto a sodium dodecyl sulfate (SDS)-10% polyacrylamide
gel. Following electrophoresis, the proteins were transferred
to nitrocellulose and detected by using a monoclonal anti-
body against Wnt-1 peptide A as previously described (2).

Coculture experiments. For standard coculture experi-
ments, 100 or 500 infected Rat-2 fibroblasts were plated in
10-cm-diameter dishes together with 10° C57MG mammary
epithelial cells on the same day. The cultures were then
grown to confluence over a 5- to 6-day period without
replenishing of the growth medium. Foci or rings of trans-
formed cells were visible in dishes containing Wnt-1-ex-
pressing fibroblasts 24 to 48 h after the monolayers reached
confluence. Cells were photographed under phase-contrast
illumination with a Nikon TMS inverted microscope. In
some experiments, cells from the transformed foci were
trypsinized by using cloning cylinders and plated at high
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dilution for examination of the morphology of individual
colonies. Where stated, heparin (from porcine intestinal
mucosa; Sigma) was added to the cocultures at a final
concentration of 50 to 200 wg/ml at the time the cells were
plated.

Experiments involving mitomycin C followed a modified
protocol in which 100 or 500 infected fibroblasts alone were
first plated in 10-cm-diameter dishes and grown for 7 to 10
days until the colonies had reached a diameter of 2 to 3 mm.
At this point, the cells were treated with 5 pg of mitomycin
C per ml (Sigma) in Dulbecco modified Eagle medium for 1
h and rinsed several times with phosphate-buffered saline
(PBS). C57MG cells were then added to the dishes at high
density (40% of confluent density) in conditioned medium
harvested from confluent CS7TMG cells. These conditions
ensured that a quiescent monolayer of C57MG cells was
obtained within 2 to 3 days.

Hoechst staining and immunofluorescence. Cocultures of
CS57MG cells with mitomycin C-treated MV Wnt-1/Rat-2 col-
onies grown as described above were fixed in 2% paraform-
aldehyde in PBS at room temperature for 30 min and rinsed
three times with PBS, and the cell nuclei were stained with
20 pg of Hoechst 33258 stain per ml (Molecular Probes, Inc.)
for 5 min. After being rinsed extensively in PBS, the cells
were mounted in Aquamount (Lerner Laboratories, Inc.)
containing 0.1% para-phenylene diamine (Sigma) by cover-
slips being laid over the cell monolayer. DNA staining
patterns in nuclei were examined and photographed by using
a X100 objective on a Leitz Labolux microscope equipped
with epifluorescence illumination. Treatment with mitomy-
cin C reduced the intensity of staining of the Rat-2 cell nuclei
and so emphasized the differences in staining pattern be-
tween the two cell types.

RESULTS

Generation of fibroblast lines expressing Wnt-1. To express
Wnt-1 stably and efficiently in fibroblast cell lines, we
infected two different sublines of Rat-2 cells with helper-free
stocks of the murine leukemia virus-based retrovirus vectors
MXIN and MVWnt-1 (2, 4). Both these vectors express
Whnt-1 together with a bacterial neomycin phosphotransfer-
ase gene (neo), and infected cell populations were therefore
selected in the presence of G418. For controls, Rat-2 cells
were infected either with MXfsIN, a vector bearing a frame-
shift mutation near the start of the Wnt-1 open reading frame
(4) or with the parent retrovirus vector MV7, which carries
neo without a Wnt-1 allele (10). Although MXIN and
MVWnt-1 virus stocks were proficient at inducing morpho-
logical transformation of C57MG mouse mammary epithelial
cells (4) (data not shown), the Rat-2 cells infected with these
viruses showed no obvious phenotypic changes and were
morphologically indistinguishable from either uninfected
cells or Rat-2 cells infected with the control viruses (see
below and Fig. 3A and B). Immunoblot analysis confirmed,
however, that the Rat-2 cells infected with MVWni-1 ex-
pressed and secreted 44- and 41-kDa species of Wnt-1
protein associated with the ECM (Fig. 1, lane 3). As previ-
ously demonstrated for another fibroblast line expressing
Whnt-1 protein (2), growth in the presence of heparin led to a
reduced amount of extracellular Wnt-1 protein in the ECM
fraction and an increase in the level detectable in condi-
tioned culture medium (Fig. 1, lanes 3, 4, 7, and 8).

Induction of cell transformation by cocultivation of two cell
types. Since fibroblasts infected with Wnr-1 vectors produce
extracellular Wnt-1 protein but apparently do not respond to
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FIG. 1. Immunoblot analysis showing Wnt-1 proteins secreted
by MVWhnt-1/Rat-2 cells and the effect of heparin. MV Wnt-1/Rat-2
cells (lanes 3, 4, 7, and 8) and control MV7/Rat-2 (lanes 1, 2, 5, and
6) were grown in the absence (odd-numbered lanes) or presence
(even-numbered lanes) of heparin. ECM material (lanes 1 through 4)
and concentrated conditioned culture medium (lanes 5 through 8)
were analyzed by SDS-polyacrylamide gel electrophoresis followed
by transfer to nitrocellulose. Wnt-1 proteins of 41 and 44 kDa were
visualized by using a monoclonal antipeptide antibody. Under
normal growth conditions, these proteins accumulate in the ECM
fraction (lane 3). Addition of heparin increased the quantity detected
in conditioned medium (lane 8). Note that samples of conditioned
medium were concentrated from 10 times more material than that
used for ECM preparations, but not all the Wnt-1 protein present
was recovered; quantitative comparisons between medium and
ECM samples are therefore not valid.

it phenotypically, we wished to determine the effect of
coculturing such fibroblasts with cells of the C57MG line.
The latter cells do not express Wnt-1 but can be morpholog-
ically transformed by expression of the gene (4). The initial
cocultivation protocol involved plating approximately 100
MXIN/Rat-2 or control MXfsIN/Rat-2 cells, together with 2
x 10° C57MG cells, and allowing the mixture to grow to
confluence. This is illustrated diagrammatically in Fig. 2.
The majority of cells in the dishes were C57TMG, which
formed a flat cuboidal monolayer at confluence, and this

102 control Rat-2
+
2x10° CSTMG

102 wns-1/Rat-2
+ —

2x10° CSTMG

FIG. 2. Diagram of cocultivation procedure. Approximately 100
Rat-2 fibroblasts expressing Wnt-1 (MXIN/Rat-2 or MV Wnt-1/Rat-2
cells) or Rat-2 cells infected with a control vector (MXfsIN/Rat-2 or
MV7/Rat-2 cells), together with 2 x 10° C5S7MG mammary epithelial
cells, were plated in 10-cm-diameter dishes. After growth for 5 to 7
days, the cultures were composed of flat confluent monolayers of
C57MG cells surrounding small regions containing the progeny of
individual Rat-2 derivatives. In cultures containing C57MG and
fibroblasts expressing Wnt-1, transformed cells (closed circles) were
observed where the two cell types were intermingled or juxtaposed
(see Fig. 3).
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monolayer was punctuated by small patches in which the
Rat-2 and C57MG cells were intermingled. When the Rat-2
cells used for coculture were those infected with a control
virus, these patches were hard to distinguish but were
identifiable by a distortion in the cuboidal morphology of the
monolayer (Fig. 3C). When the Rat-2 cells were those
infected with MXIN, however, these patches appeared as
morphologically transformed foci of refractile cells that were
virtually indistinguishable from foci obtained previously by
infecting C57TMG cells with retroviral vectors carrying Wnt-1
(4) (Fig. 3D).

Several steps were then taken to ensure that this apparent
paracrine effect resulted from coculture of the cell lines
rather than from gene transfer. Since the virus stocks used to
infect the Rat-2 cells were replication defective, there should
be no virus spread in the cocultures, and we confirmed that
the infected cell lines produced no detectable virus by testing
their conditioned medium for Wnt-1- or neo-transducing
particles. Moreover, when refractile cells were picked from
transformed foci in the cocultures and replated at low
densities, all of the resulting colonies adopted the normal flat
morphology of either MXIN/Rat-2 or uninfected CS7TMG
cells (data not shown). Therefore, we concluded that focus
formation in these cocultures was not caused by virus spread
or by cell fusion but appeared to depend on growing the two
cell types in proximity.

To elucidate this phenomenon further, we made use of a
different subline of Rat-2 cells which displayed greater
intercellular adhesion. When cocultured with C57TMG, these
cells grew as discrete colonies of fibroblasts recognizable
within the epithelial monolayer, with little or no intermin-
gling of the two cell types. Rat-2 cells of this subline infected
with either the MV Wnt-1 retrovirus or the control vector
MV7 were cocultured with a large excess of C57MG cells as
described above and grown to confluence. At the perimeters
of colonies of MV Wnt-1/Rat-2 cells surrounded by C57MG,
distinct rings of morphologically transformed cells were
visible in these cocultures (Fig. 3H). At least 90% of the
MV Whni-1/Rat-2 colonies displayed this phenomenon in a
typical experiment, while no such effect was seen with the
control MV7/Rat-2 cells (Fig. 3G). These results confirm that
the transformation observed in the cocultures was depen-
dent on expression of Wnt-1 in the Rat-2 cells. Similar foci,
or rings of morphologically transformed cells, were also
observed when Wnt-1 was expressed in cell lines of either
mesenchymal or epithelial origin from other species and the
resulting cells were cocultured with C57MG. These cells,
whose own morphology was unaltered by expression of
Whnt-1, include the canine epithelial cell line MDCK (Fig. 3J
and K), as well as murine NIH 3T3 fibroblasts and human
HeLa cells (data not shown).

The morphologically transformed cells are CS7TMG cells.
Since the elongated and refractile morphology of the trans-
formed cells surrounding the MV Wnt-1/Rat-2 colonies was
similar to that previously observed for C57TMG cells trans-
formed by Wnt-1, it seemed very likely that the rings of
transformed cells in the cocultures were composed of
CS57TMG cells rather than MVWhnt-1/Rat-2 fibroblasts ex-
pressing Wnt-1. Nevertheless, we wished to confirm the
identity of the transformed cells. Since the rings of trans-
formed cells were associated with regions of increased cell
density, we first tested the effect of preventing cell divi-
sion of the Rat-2 cells by treating them with mitomycin C
prior to cocultivation with C57MG. In these experiments,
MV Wnt-1/Rat-2 or MV7/Rat-2 cells were first grown sepa-
rately as colonies and then treated with mitomycin C.
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FIG. 4. Coculture of C57TMG cells with MVWnt-1/Rat-2 cells
treated with mitomycin C still results in transformation. MV7/Rat-2
(A) or MVWnt-1/Rat-2 (B) cells were grown as colonies in the
absence of C57MG cells and treated with mitomycin C to prevent
further cell division. Untreated C57MG cells were then added to the
dishes, and the cultures were photographed 2 days after reaching
confluence.

Untreated C57MG cells were subsequently added to the
same dishes, and the cultures were left to grow to conflu-
ence. Typical results are shown in Fig. 4. Although some of
the fibroblasts detached from the dish following mitomycin C
treatment (allowing infiltration of the colonies by C57MG
cells), rings of transformed cells surrounding the MV Wnt-1/
Rat-2 colonies were still evident (Fig. 4B). This reinforced
the suggestion that the transformed cells were C57MG since
only those cells were capable of continued division.

In order to resolve the identity of the transformed cells
more definitively, we took advantage of species-specific
nuclear staining patterns to distinguish Rat-2 derivatives
from C57MG after treating the cells with Hoechst 33258
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fluorescent DNA stain. The nuclei of Rat-2 derivatives show
a largely uniform Hoechst staining pattern, and after mito-
mycin C treatment, they become more extended and lightly
stained (Fig. 5A). In contrast, the mouse cell nuclei in
C57TMG cells display a punctate staining pattern that is
readily distinguishable from that of MVWnr-1/Rat-2 nuclei
(Fig. SA and B). When cocultures containing C57MG and
mitomycin C-treated MV Wnt-1/Rat-2 cells were stained with
Hoechst stain, the elongated transformed cells surrounding
the fibroblast colonies clearly exhibited the punctate staining
pattern characteristic of C57TMG (Fig. SC and D). This
confirmed that it is the C57MG cells that become trans-
formed in the cocultivations.

Heparin prevents cell transformation in cocultures. The
above results suggested that extracellular Wnt-1 protein
might be directly involved in the observed paracrine trans-
formation. While we have so far been unable to confirm this
(see Discussion), we wished to determine the effect of
heparin on the coculture assays, since secreted Wnt-1 pro-
tein has been shown to associate with this glycosaminogly-
can and heparin is capable of changing the extracellular
distribution of Wnt-1 protein (2) (Fig. 1). Accordingly, we
repeated the cocultivations with the addition of 50 to 200 pg
of heparin per ml. As shown in Fig. 6, the presence of
heparin in the medium dramatically inhibited the transfor-
mation of C57MG cells surrounding the MV Wnt-1/Rat-2
colonies. Concentrations of heparin sufficient to inhibit
paracrine transformation did not alter the appearance of
control cocultures and had little or no effect on the growth
rate of C57MG cells (data not shown). Since heparin reduces
the amount of Wnt-1 protein associated with the extracellu-
lar matrix fraction of MV Wnt-1/Rat-2 cells (Fig. 1), it seems
possible that the heparin inhibition of paracrine transforma-
tion might result from a displacement of Wnt-1 protein from
its normal site of action.

DISCUSSION

In this report, we have exploited the cell-type specificity
of Wnt-1 action to show that fibroblasts expressing Wnt-1,
although not phenotypically altered themselves, are able to
induce morphological transformation of neighboring CSTMG
mammary epithelial cells in coculture experiments. Our
results indicate that the Wnt-1 gene can act via a paracrine
mechanism in a cell culture system. Thus, they provide
strong support for the idea that Wnz-1 can function in
cell-to-cell communication in mammary tumorigenesis and
central nervous system development.

The induction of transformed C57MG cells in these exper-
iments was dependent on expression of a functional Wni-1
allele in Rat-2 fibroblasts, and similar results were also
observed by coculturing C57MG cells with other cell lines
expressing a cloned Wni-1 gene. These include NIH 3T3,
HeLa, and MDCK cell lines, none of which displayed an

FIG. 3. Morphological transformation induced by coculture of C57MG cells with cells expressing Wnt-1. Phase-contrast photomicrographs
of homogeneous confluent cultures of MXfsIN/Rat-2 (A) and MXIN/Rat-2 (B) cells show that a functional Wnt-1 allele has no effect on the
morphology of Rat-2 cells. Cocultures of MXfsIN/Rat-2 (C) or MXIN/Rat-2 (D) cells with C57MG mammary epithelial cells show regions in
which the two cell types are intermingled. For cocultures containing MXIN/Rat-2 cells, this results in the appearance of transformed foci.
Individual colonies of MV7/Rat-2 (E) and MV Wnt-1/Rat-2 (F) cells again show no change in cell morphology as a result of Wnt-1 expression.
(G and H) Coculture of these cells with C57MG. In panel G, a colony of MV7/Rat-2 cells (center) surrounded by the flat CS7TMG cell
monolayer is visible, and in panel H, a ring of morphologically transformed cells surrounds a colony of MV Wnt-1/Rat-2 cells. Cocultures of
uninfected MDCK cells (J) or a clone of MVWnt-1/MDCK cells (K) with C57MG cells are shown. Some of the refractile cells in panel K

appeared to overgrow the underlying epithelial cell colony.
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FIG. 5. Fluorescent DNA staining of cocultures demonstrates
that the transformed cells are C57MG and not MV Wnt-1/Rat-2 cells.
(A and B) Mitomycin C-treated MVWnt-1/Rat-2 cells (A) and
untreated mouse C57MG cells (B) stained with Hoechst 33258 stain
and photographed under epifluorescence to show the characteristic
punctate staining pattern of C57MG cell nuclei. (C and D) C5TMG
cells were cocultured with mitomycin C-treated MV Wnt-1/Rat-2
cells as described in the legend to Fig. 4 and stained with Hoechst
33258 stain. (C) High-magnification phase-contrast photomicrograph
showing the margin between a central colony of flat fibroblasts (left)
and the surrounding elongated transformed cells (right); (D) the
same field as shown in panel C but photographed under epifluores-
cence. The nuclei of transformed cells exhibit the punctate staining
pattern of C57MG. All the transformed cells in this field were
similarly identified by photography in other planes of focus (data not
shown).

hibited by heparin. Cells were cocultured as before but with the
addition of 200 pg of heparin per ml to some dishes at the time of
plating the two cell types. C5TMG cells were cocultured with control
MV?7/Rat-2 cells (A), MVWnt-1/Rat-2 cells (B), or MV Wnt-1/Rat-2
cells in the presence of heparin (C).

altered morphology as a result of Wns-1 expression. The
cocultivation procedure therefore provides an effective as-
say for expression of a biologically active Wnt-1 product in
a variety of cell types.

Since the Rat-2 derivatives described in this report ex-
press Wnt-1 from retroviral vectors, it was important to
exclude virus spread as an explanation of the observed
paracrine transformation. Several observations allow this
conclusion. Firstly, the virus stocks used were helper free
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and the infected Rat-2 populations were tested to confirm
their lack of virus production. Secondly, the transformation
observed in cocultures was reversible when cells from the
foci were replated at low density and grown as separate
colonies. Thirdly, a similar paracrine transformation phe-
nomenon has recently been observed when C57MG cells are
cocultured with quail QT6 fibroblasts transiently transfected
with expression plasmids bearing Wnt-1 alleles (21a). In the
latter case, no viral vectors are involved.

Together with definitive identification of the transformed
cells by their species-specific nuclear staining pattern (Fig.
5), these arguments confirm that expression of Wnt-1 in
Rat-2 cells can elicit transformation of C57MG cells in the
immediate vicinity. This implies that Wnt-1 could act in
either an autocrine or paracrine manner, depending on the
cell type in which the gene is activated. It is likely that both
mechanisms may pertain to the transformation of C57MG
cells expressing Wnt-1 (4) and to the genesis of mammary
tumors following insertional activation of Wnt-1 by mouse
mammary tumor virus proviral DNA. Mouse mammary
tumor virus-induced tumors with activated Wnt-1 alleles in
C3H mice are usually clonally derived from a single cell (5),
and in such cases Wnt-1 presumably operates via an auto-
crine mechanism. The tumors of GR mice, however, are
frequently oligoclonal in their early stages and can be
composed of two or more mutually interdependent cell
populations, only one of which contains an activated Wnt-1
allele (15). It seems likely that in these cases the Wnt-1-
expressing cells exert a paracrine effect on the other cells of
the tumor mass.

An effect on neighboring cells mediated by Wnt-1 is also
reminiscent of the behavior of wingless in Drosophila em-
bryos. At the extended germ band stage, wingless RNA is
expressed in each segment in a narrow stripe of cells
adjacent to another stripe expressing the homeobox gene
engrailed (see reference 6 for review). Genetic evidence
indicates that for a certain period the maintenance of en-
grailed expression in the latter stripe depends on expression
of the wingless gene in the adjacent cells (7, 9, 11). In
addition, the protein product of another segment polarity
gene, armadillo, shows an altered distribution in a broad
stripe surrounding the cells expressing wingless RNA, and
this effect is also dependent on wingless function (22, 23).
Together with the detection of wingless antigen in cells
expressing engrailed (34), these observations can be ex-
plained by a model in which wingless protein diffuses locally
within the embryo and elicits specific changes in gene
expression within neighboring cells. In this regard, it will be
interesting to determine whether any genes related to en-
grailed or armadillo in CS7MG cells might exhibit changes in
expression in response to Wni-1.

Since Wnt-1 is known to encode a secreted glycoprotein,
and by analogy with wingless, the simplest model to account
for the paracrine transformation effect we have observed
here would be that extracellular Wnt-1 protein itself acts as
a signalling molecule diffusing locally between the cells,
perhaps via interactions with the ECM. Although we favor
this model, compelling evidence in support of it is lacking, as
attempts to demonstrate transforming potential associated
with either conditioned medium or ECM fractions from
MV Whnt-1/Rat-2 cells have so far been unsuccessful and we
cannot, therefore, exclude the possibility that cell-cell con-
tact is required. Attempts to block the paracrine effect by
adding Wnt-1 antibodies to the coculture dishes have also
been ineffectual, although the existing antibodies may not
present a particularly rigorous challenge. An alternative
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explanation for the paracrine effect could be that another
signalling mechanism is activated as a secondary conse-
quence of Wnt-1 expression in Rat-2 cells. In principle, this
might involve release of an unrelated secreted factor with
transforming potential. However, the paracrine effect has
now been observed by using Wnt-1-expressing cell lines
derived from five different species and of both mesenchymal
and epithelial origin. It would be surprising if in each case
Whnt-1 induced release of a factor that was unable to affect
the cells producing it but was nevertheless capable of
transforming C57MG. Such a factor would have to display
the same restricted specificity of target cell transformation as
shown by the Wnt-1 gene itself in the various cell lines
tested.

Certain observations are nevertheless compatible with a
direct role for Wnt-1 protein in the observed paracrine
transformation. Firstly, we have demonstrated that under
normal growth conditions secreted Wnt-1 proteins are asso-
ciated with the extracellular matrix of the MV Wnt-1/Rat-2
cells used in these coculture experiments and are barely
detectable in the culture medium (Fig. 1). The radius of
action of the paracrine effect in cocultures typically ex-
tended across the diameters of 5 to 10 transformed cells,
consistent with a factor diffusing over short distances in the
ECM but not freely soluble in the medium. Secondly, it has
recently been shown that a mutated Wne-1 allele that en-
codes a protein lacking its secretory signal peptide is inca-
pable of eliciting transformation in coculture assays similar
to those described here (11la). Thirdly, the presence of
heparin in the culture medium both reduces the amount of
Wnt-1 protein in the ECM fraction (Fig. 1) and inhibits
paracrine transformation (Fig. 6), suggesting that these phe-
nomena could be causally linked. Secreted Wnt-1 proteins
bind heparin-agarose with moderate affinity (2), and it is
therefore likely that heparin in the medium may compete
with Wnt-1-binding sites on the ECM or cell surface. Such
sites could represent signal-transducing receptors or possi-
bly proteoglycans necessary for presenting Wnt-1 protein to
its receptor (12, 38). Alternatively, association with heparin
might inactivate Wnt-1 protein. We cannot exclude the
possibility, however, that heparin is affecting other secretory
factors relevant to these biological effects.

In summary, our data indicate that phenotypic transfor-
mation of C57MG cells can occur by a paracrine mechanism
elicited by expression of the Wnt-1 gene in neighboring cells.
Once sufficient quantities of Wnt-1 protein can be obtained
in soluble form, it should be possible to investigate more
precisely the mechanism by which the Wnt-1 gene or its
protein product achieves this intercellular signalling effect.
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