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Abstract
Background information—During embryonic development, β-catenin is central both to the
transcriptional activation of Wnt [wingless-type MMTV (murine-mammary-tumour virus)
integration site family] target genes and as a mediator of cell–cell adhesion. Signals that regulate its
levels and subcellular localization are critical. One mechanism of Wnt signalling results in
stabilization of β-catenin protein, which leads to its translocation into the nucleus, where it interacts
with TCF (T-cell factor, HMG box) and activates transcription of target genes. Less well understood
are mechanisms of Wnt signalling that do not involve β-catenin stabilization and result in inhibition
of β-catenin-mediated transcription.

Results—Here, we show that a member of the Wnt protein family, Wnt4 (Wnt, member 4), regulates
the subcellular localization of β-catenin, redirecting it to the cell membrane. Unique among Wnts,
this action does not affect the stability of β-catenin but does prohibit its involvement in TCF gene
transactivation.

Conclusions—This novel mechanism suggests that Wnt4 acts as a switch between the two modes
of β-catenin function, transcriptional activation and cell–cell adhesion.

Keywords
β-catenin; murine-mammary-tumour virus (MMTV); subcellular localization; T-cell factor (TCF);
wingless-type MMTV integration site family; member 4 (Wnt4)

Introduction
The importance of Wnt [wingless-type MMTV (murine-mammary-tumour virus) integration
site family] signalling in many adult and developmental processes, such as gastrulation, axis
formation, cell polarity, organ development and maintenance of stem cell pluripotency, is
widely acknowledged (Cadigan and Nusse, 1997; Arce et al., 2006). Wnt signalling is complex;
19 mammalian Wnt genes have been cloned, and more than ten membrane receptors and a
plethora of cofactors and regulators are known. Different mechanisms of Wnt signalling have
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been identified. The best understood of these is the ‘canonical’ pathway, in which β-catenin
transduces the Wnt signal to the nucleus (Gordon and Nusse, 2006). In the absence of Wnt
signal, β-catenin forms part of a cytosolic protein complex, which includes Axin (axis
inhibition protein), APC (adenomatosis polyposis coli), CK1α (casein kinase 1α) and GSK3β
(glycogen synthase kinase 3β). CK1α and GSK3β phosphorylate β-catenin at specific serine
and threonine residues, targeting it for ubiquitination by the βTrCP (β-transducin repeat
containing protein) and subsequent proteasomal degradation. Activation of the canonical Wnt
pathway occurs when a Wnt protein binds to its cognate membrane receptor complex,
triggering a cascade of intracellular events that lead to the inhibition of GSK3β-mediated β-
catenin phosphorylation (Lustig and Behrens, 2003; Brembeck et al., 2006). Thus stabilized
(non-phosphorylated) β-catenin accumulates and is translocated into the nucleus, where it
interacts with transcription factors, such as TCF (T-cell factor, HMG box), to activate target
genes.

In ‘non-canonical’ Wnt signalling, pathways activated by Wnt proteins do not lead to β-catenin
stabilization or β-catenin-mediated gene transactivation (Kuhl et al., 2000b; Veeman et al.,
2003). There are various reports as to the mechanism by which such pathways are activated.
For example, several studies have found that Wnt5A (Wnt, member 5A) signal increases
cellular calcium influx, which activates Ca2+-dependent kinases such as CaMKII (Ca2+/
calmodulin-dependent protein kinase II) and PKC (protein kinase C) (Slusarski et al., 1997;
Sheldahl et al., 1999; Kuhl et al., 2000a). However, a recent report has dismissed the
involvement of a Ca2+-mediated pathway, showing that Wnt5A does not alter intracellular
concentrations of Ca2+ in HEK-293 cells (human embryonic kidney cells) (Mikels and Nusse,
2006a). In addition to activating its own pathway, Wnt5A can inhibit canonical Wnt signalling,
but again, the mechanism remains elusive. It has been proposed that Wnt5A inhibits β-catenin
stabilization, resulting in its degradation (Topol et al., 2003), or inhibits TCF-mediated
transcription downstream of β-catenin (Ishitani et al., 1999).

Historically, Wnt proteins were classified as either canonical, such as Wnt1 and Wnt3A, or
non-canonical, including Wnt4 (Wnt, member 4), Wnt5A and Wnt11 (Moon et al., 1993; Du
et al., 1995). The recent characterization of Fzd (frizzled homologue receptor), LRPs (low-
density lipoprotein receptor-related protein) and other receptors has challenged this either/or
classification of individual Wnt proteins. Evidence suggests that Wnt5A, for example, may
activate the canonical pathway or inhibit it, depending on the receptor context (Mikels and
Nusse, 2006b). Accordingly, the terms ‘canonical’ and ‘non-canonical’ are used here to
indicate molecular mechanisms, not specific Wnt proteins.

In addition to its role in gene transactivation, β-catenin also functions at the cell membrane,
where it reversibly links cadherins to α-catenin and to the actin cytoskeleton to form adherens
junctions, which are essential for cell–cell adhesion and cell migration (Nelson and Nusse,
2004; Brembeck et al., 2006). One regulator of the switch between β-catenin adhesion and
transcriptional functions is the phosphorylation of Tyr142 of β-catenin, which prevents binding
of β-catenin to α-catenin, disrupts adherens junction formation and promotes β-catenin
transcriptional action (Brembeck et al., 2004).

Wnt4, initially defined as having non-canonical action, is essential for axonal development
(Lyuksyutova et al., 2003), proliferation of progenitor cells in the pituitary (Treier et al.,
1998) and formation of the zona glomerula in the adrenal cortex (Heikkila et al., 2002). Wnt4
is necessary for initiation of duct formation in the kidney, and Wnt4-null mutant mice die
perinatally, probably due to kidney failure (Stark et al., 1994; Kispert et al., 1998). Wnt4 is
also involved in gonadogenesis and female mice lacking Wnt4 are masculinized (Vainio et al.,
1999). In developing ovaries, Wnt4 prevents migration of endothelial cells from the
mesonephros that, in males, participate in formation of the male-specific coelomic blood vessel
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(Martineau et al., 1997; Brennan et al., 2002; Jeays-Ward et al., 2003; Jordan et al., 2003).
Moreover, Wnt4 inhibits synthesis of androgen in the female gonad; testosterone is produced
ectopically in Wnt4-null mice and is reduced in the testes of male mice overexpressing Wnt4
(Jordan et al., 2003; Heikkila et al., 2005). Previously, we showed that Wnt4 represses β-
catenin-mediated gene transcription by disrupting recruitment of β-catenin at, or near, SF1
(steroidogenic factor 1)/NR5A1 (nuclear receptor subfamily 5, group A, member 1)-binding
sites found in multiple steroidogenic gene promoters (Jordan et al., 2003). However, the
molecular mechanism by which Wnt4 inhibits the recruitment of β-catenin to a target gene
remains unknown.

Here, we show that Wnt4 signals through a novel pathway, which antagonizes canonical Wnt
signalling by redirecting β-catenin to the cell membrane in vitro. Using Wnt4-null mice, we
also found that, downstream of the Wnt4 signal, β-catenin is strongly associated with the
membrane in the developing ovary. Wnt4 signal therefore acts as a switch between the
transcriptional and membrane functions of β-catenin.

Results
Wnt4 inhibits canonical Wnt signalling

TCF transcriptional activation via canonical Wnt signalling can be assayed in HEK-293T cells
[HEK-293 cells expressing the large T-antigen of SV40 (simian virus 40)] using a luciferase-
driven reporter, TOPFLASH (Korinek et al., 1997). To investigate Wnt4 function in this
context, we first compared its activity with that of Wnt3A, a known activator of the canonical
pathway, and with Wnt5A, a known inhibitor (Mikels and Nusse, 2006a). Increasing
concentrations of expression plasmids encoding Wnt4, Wnt3A or Wnt5A were co-transfected
with the reporter (Figure 1A). Wnt3A expression activated transcription of the reporter 8.6-
fold compared with the control, as expected for an activator of the canonical pathway (Figure
1A, dark grey bars). Wnt5A, on the other hand, did not activate the reporter, even at high doses
(Figure 1A, light grey bars). Similarly, cells expressing Wnt4 did not show increased
transcription of the reporter, indicating that Wnt4 does not activate canonical Wnt signalling
in these cells (Figure 1A, black bars). Wnt3A, Wnt4 and Wnt5A did not activate the mutant
TOPFLASH reporter, FOPFLASH (results not shown), confirming the specificity of the assay
(Korinek et al., 1997).

To test whether Wnt4 not only fails to activate the canonical Wnt pathway but also inhibits it,
we co-transfected a constant amount of Wnt3A with increasing doses of Wnt4 or Wnt5A
(Figure 1B). Activation of the canonical pathway, up to 8.6-fold, was achieved when Wnt3A
alone was transfected (Figure 1B, dark grey bar). Wnt5A inhibited this activation in a dose-
dependent manner (Figure 1B, light grey bars), and a similar dose-dependent repression was
observed with Wnt4 (Figure 1B, black bars). This indicates that Wnt4, like Wnt5A, inhibits
the canonical Wnt pathway in HEK-293T cells.

Activation of the canonical Wnt pathway inhibits proteasomal degradation of cytosolic β-
catenin, resulting in increased levels of β-catenin (Mikels and Nusse, 2006a). To assess the
effect of Wnt4 signal on the levels of β-catenin protein, we prepared cytoplasmic cell extracts
from HEK-293T cells transfected with Wnt3A, Wnt4 or Wnt5A and performed Western-blot
analyses using an antibody against β-catenin (Figure 1C). As expected, increased levels of β-
catenin were observed in cells expressing Wnt3A (Figure 1C, top panel), probably reflecting
a stabilization of the protein through inhibition of its phosphorylation by the canonical path
(Mikels and Nusse, 2006a). No noticeable change in β-catenin levels was observed in the
presence of Wnt4 or Wnt5A when compared with control (Figure 1C, top panel). To
demonstrate that Wnt4 protein is produced, V5 epitope-tagged Wnt4 was transfected in
HEK-293T cells. Western-blot analysis showed that Wnt4 migrates at 40 kDa, which
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corresponds to its predicted molecular mass (Figure 1C, middle panel). Wnt4–V5 displayed
the same activity as the Wnt4 expression plasmid in the TOPFLASH assay (results not shown).
Unlike the action of Wnt3A, Wnt4 and Wnt5A do not appear to increase the cytoplasmic level
of β-catenin.

To test the specificity of Wnt4 action, we transfected HEK-293T cells with Wnt3A to activate
canonical Wnt signalling and stimulated the cells with conditioned medium from cells
transfected with either pcDNA, Wnt4 or Wnt5A (Figure 1D). Both Wnt5A and Wnt4
conditioned media were able to reduce TOPFLASH activity, indicating that active Wnt proteins
were produced, secreted and capable of signalling. In summary, Wnt5A and Wnt4 do not
activate, but inhibit TCF-mediated transcription, and the mechanism of action maintains a low
level of cytoplasmic β-catenin.

Inhibition of canonical Wnt signalling by Wnt4 is independent of CK1α or GSK3β activity
Because stimulation of canonical Wnt signalling leads to stabilization of β-catenin through
inhibition of its phosphorylation, we next tested whether Wnt4 signal could modify the level
of β-catenin phosphorylation in cells stimulated by a canonical Wnt signal (Figure 2A). To do
this, we used an antibody that only recognizes β-catenin that is not phosphorylated at residues
Ser37 and Thr41, two of the sites that are phosphorylated by GSK3β in the absence of canonical
signal (van Noort et al., 2002). As expected, transfection with Wnt3A alone resulted in
increased levels of non-phosphorylated β-catenin protein in total cell extracts (Figure 2A, lane
2), and the expected increase in TOPFLASH reporter activity (Figure 2A, upper panel, dark
grey bar). Increasing doses of Wnt5A co-transfected with a constant amount of Wnt3A resulted
in a gradual decrease in the amount of non-phosphorylated β-catenin induced by Wnt3A
(Figure 2A, lanes 6–8) and a concomitant reduction in TOPFLASH reporter activity (Figure
2A, upper panel, light grey bars), indicating inhibition of the canonical Wnt pathway as
previously observed (Topol et al., 2003). Contrary to the action of Wnt5A, increasing doses
of Wnt4 did not change the level of β-catenin Ser37/Thr41 phosphorylation (Figure 2A, lanes
3–5), although TOPFLASH reporter activity was again inhibited (Figure 2A, upper panel, black
bars). These results suggest that Wnt4 uses a different mechanism than Wnt5A to inhibit the
canonical Wnt pathway.

Since Wnt4 action did not decrease the levels of Ser37/Thr41-phosphorylated β-catenin
produced by canonical signalling, we tested whether its mechanism involves inhibition of
GSK3β or CK1α. Mutant forms of β-catenin have been identified in cancer patients, where β-
catenin is stabilized through mutations at serine/threonine residues, such as Ser37, Ser33 and
Thr41, normally phosphorylated by GSK3β, or Ser45, normally phosphorylated by CK1α,
leading to ectopic activation of canonical Wnt signalling target genes (Rubinfeld et al., 1997;
Liu et al., 2002). Co-transfection of a Ser37 β-catenin mutant (S37A) and the TOPFLASH
reporter into HEK-293T cells led to strong transcriptional activation, over 90-fold, of the
reporter (Figure 2B, dark grey bar). Increasing the concentrations of either Wnt4 or Wnt5A
led to a reduction in S37A-mediated activation (Figure 2B, black bars and light grey bars
respectively). Therefore inhibition of canonical Wnt signalling by Wnt4 and Wnt5A does not
involve modulation of GSK3β kinase activity, since this enzyme cannot phosphorylate the
S37A mutant. To confirm these observations, we co-transfected two other naturally occurring
phosphorylation mutants of β-catenin with TOPFLASH: Δ45, which cannot be phosphorylated
by CK1α, and S33Y, which cannot be phosphorylated by GSK3β (Figure 2C). Each of these
mutant β-catenin proteins showed an increase in luciferase activity when compared with cells
that were transfected with TOPFLASH alone (Figure 2C, dark grey bars). When Wnt4 or
Wnt5A was co-transfected with the mutant β-catenin plasmids, we observed a strong reduction
in luciferase activity, indicating an inhibition of the canonical Wnt pathway (Figure 2C, dark
bars and light grey bars respectively). Together, these results indicate that Wnt4 inhibits
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canonical Wnt signalling by a mechanism that is independent of the serine/threonine
phosphorylation events triggered by GSK3β or CK1α.

Wnt4 relocates β-catenin to the cell membrane
β-Catenin has been localized to three cell compartments: the cytoplasm, the nucleus and the
cell membrane (Nelson and Nusse, 2004; Brembeck et al., 2006). We examined the subcellular
localization of β-catenin downstream of Wnt signal by stably transfecting HEK-293 cells with
pcDNA, Wnt4 or Wnt3A. The use of stably transfected cell lines allows a more robust and
homogeneous signal compared with the variability often observed in transient transfection. We
prepared cytoplasmic and membrane extracts from these clones and analysed β-catenin levels
in the two compartments (Figure 3A). Purity of the fractions was estimated by measuring the
amount of Hspa5 (heat-shock 70 kDa protein 5) in the membrane fraction (Figure 3A, upper
panel, Hspa5) and β-tubulin in the cytosol (Figure 3A, upper panel, β-tubulin). Cytosolic β-
catenin was barely detectable in the control cell line and was strongly increased by Wnt3A
overexpression, while a very modest but significant increase was observed by overexpression
of Wnt4 construct (Figure 3A, upper panel, Cytosol, and the graphical representation).
Membrane-bound β-catenin was increased in both Wnt4- and Wnt3A-expressing cells when
compared with the control cell line (Figure 3A, upper panel, Membrane, and the graphical
representation). These results suggest that the increased membrane levels of β-catenin after
Wnt3A stimulation may be a direct consequence of increased cytosolic levels of β-catenin,
whereas the slight increase in cytosolic β-catenin levels upon Wnt4 stimulation cannot explain
the strong increase in β-catenin levels at the cytoplasmic membrane. Altogether, this indicates
that Wnt4 action specifically triggers β-catenin relocalization to the cytoplasmic membrane.

To explore this possibility further, we examined β-catenin subcellular localization in stably
transfected HEK-293 cells by using immunofluorescence (Figure 3B). In the control cell line,
β-catenin was scarcely detectable in the cytoplasm, with a few punctate structures observed at
the cell membrane (Figure 3B, top panel). Cells expressing Wnt3A showed a much higher level
of overall expression of β-catenin, with considerable staining observed in the cytoplasm, cell
membrane and nucleus (Figure 3B, arrowheads), indicative of active canonical Wnt signalling
(Figure 3B, middle panel) (Staal et al., 2002). Cells expressing Wnt4 showed a radically
different pattern, with most of the β-catenin staining localized exclusively to the cell membrane,
while cytoplasmic and nuclear β-catenins were absent (Figure 3B, bottom panel). Altogether,
these results demonstrate that Wnt4 signalling triggers relocalization of β-catenin to the cell
membrane in HEK-293 cells, thereby preventing both its degradation and its involvement in
gene transactivation in the nucleus.

To investigate a possible developmental effect of Wnt4 on β-catenin in vivo, we performed
immunofluorescence in mouse embryos at 12.5 dpc (days post coitum) (Figure 3C). Previous
studies have shown that Wnt4 mRNA is expressed in the ovary at this developmental stage and
that ovarian development in Wnt4−/− embryos is altered towards a male-like phenotype (Vainio
et al., 1999). In cell layers just beneath the coelomic epithelium of developing wild-type
ovaries, we observed strong β-catenin expression localized at the cell membrane. A comparable
region of the ovaries of Wnt4−/− XX animals showed little or no β-catenin in all cell
compartments (Figure 3C, compare the upper and lower panels). Because Wnt4−/− XX gonads
are masculinized, male genes that are not expressed in the wild-type ovary become activated
in the Wnt4−/− XX gonad. Such is the case for Sox9 (Kim et al., 2006b), which has been shown
to stimulate the cytosolic degradation of β-catenin in chondrocytes (Akiyama et al., 2004).
This suggests that the loss of β-catenin at the membrane in Wnt4−/− XX gonads is probably
due to the loss of Wnt4. This finding is consistent with in vitro results above and suggests that
there is a downstream effect of Wnt4 on β-catenin in vivo that results in its association with
the cell membrane.
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Discussion
β-Catenin is critical to the canonical Wnt signalling mechanism. Activation of the canonical
pathway by Wnt3A enhances β-catenin-dependent gene transactivation by preventing
degradation of β-catenin (Lustig and Behrens, 2003). Here, we show that Wnt4 can direct the
function of β-catenin by a novel mechanism that inhibits β-catenin-dependent gene
transactivation by relocating β-catenin to the cell membrane.

Our in vitro results indicate that, like Wnt5A, Wnt4 not only fails to activate canonical Wnt
signalling, but also inhibits the action of that pathway in HEK-293T cells. Wnt4 signal does
not decrease the level of active, non-phosphorylated β-catenin, yet it interferes with β-catenin-
mediated gene transactivation. In addition, while the canonical Wnt mechanism inhibits
phosphorylation of β-catenin by GSK3β, we found that inhibition of canonical signalling by
Wnt4 is independent of GSK3β action. Rather, using several approaches, we showed that the
Wnt4 signal inhibits canonical signalling by triggering relocalization of β-catenin to the cell
membrane, thus removing it from participation in gene transactivation. Surprisingly, β-catenin
relocalization to the cell membrane is not associated with a strong increase in cytoplasmic β-
catenin. It is possible that Wnt4 action directly modifies the protein properties of β-catenin,
through inhibition of tyrosine phosphorylation for instance, thereby flagging it for direct
membrane relocalization without cytoplasmic pooling.

The dual functions of β-catenin, and appropriate switching between the two, are critical to
normal development, and as such have been the focus of many recent studies (Nelson and
Nusse, 2004; Brembeck et al., 2006). In the nucleus, β-catenin takes part in gene
transactivation. At the cell membrane, formation of the β-catenin–E-cadherin–α-catenin
complex in adherens junctions results in increased cadherin-mediated cell–cell adhesion and
decreased cell migration. Conversely, loss of cadherin-mediated cell–cell adhesion correlates
with increased β-catenin-mediated gene transactivation. Tyrosine phosphorylation plays a role
in regulating this switch. Phosphorylation of Tyr142, for instance, induces binding of B-cell
CLL/lymphoma 9-like to β-catenin and inhibits β-catenin–α-catenin interaction (Brembeck et
al., 2004), while phosphorylation of Tyr654 results in loss of β-catenin/E-cadherin binding
(Brembeck et al., 2006). Both events lead to nuclear translocation of β-catenin and subsequent
target gene activation (Brembeck et al., 2004). Here, we show that Wnt4 signal can act in the
opposite way in HEK-293T cells, resulting in both a decrease in β-catenin-mediated gene
transcription and an increase in β-catenin at the cell membrane. Although further investigation
is needed to reveal the specific mechanism involved (possibly, control of the β-catenin tyrosine
phosphorylation status or regulation of B-cell CLL/lymphoma 9-like activity), Wnt4 can
operate as a switch between the two modes of β-catenin function. In Figure 3(D), we present
a model for β-catenin-dependent Wnt4 action in comparison with canonical Wnt signalling.

Several studies have described non-canonical mechanisms for Wnt4 that do not utilize β-
catenin in gene transactivation. Two groups have found that Wnt4 activates MAPK8 (mitogen-
activated protein kinase 8) (Cai et al., 2002; Maurus et al., 2005), which results in
phosphorylation of paired box 2 and subsequent paired box 2-dependent gene transactivation
(Cai et al., 2002). A second β-catenin-independent mechanism has been inferred from assays
that show a strong interaction between Wnt4 and the Frizzled-6 receptor (Lyons et al., 2004).
Frizzled-6 mediates activation of the calcium-sensitive enzymes PKC and CaMK (Sheldahl et
al., 1999; Kuhl et al., 2000b). Binding to Frizzled-6 and activation of MAPK8 may represent
early cellular events in Wnt4 signalling that subsequently lead to translocation of β-catenin to
the cell membrane.

Contrary to expectations from early functional studies of Wnt family members (Moon et al.,
1993; Du et al., 1995), Wnt4 activation of the canonical pathway has also been reported. β-
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Catenin-mediated gene transactivation using the canonical mechanism was seen in response
to Wnt4 signal in three different kidney cell lines (Surendran and Simon, 2003; Terada et al.,
2003; Lyons et al., 2004) and in renal tissue following injury (Surendran and Simon, 2003;
Terada et al., 2003).

The fact that Wnt4 can elicit different responses in different cell types reflects a general trend
in our understanding of Wnt signalling: the response to a given stimulus depends not only on
which Wnt is present, but also on which cognate receptor is expressed on the cell (Perez-
Moreno and Fuchs, 2006). For example, while injection of Wnt5A alone into Xenopus embryos
results in a phenotype associated with a non-canonical Wnt stimulus, co-injection of Wnt5A
and the Frizzled-5 receptor triggers a phenotype that typically follows a canonical Wnt signal
(He et al., 1997). It is likely, in fact, that one Wnt protein can signal more than one type of
response in a cell if multiple types of receptors are present (Lyons et al., 2004). Adding still
more layers of complexity, cofactors and secreted antagonists of Wnt signalling are likely to
affect both canonical and non-canonical actions (Hecht and Kemler, 2000; Kawano and Kypta,
2003).

We previously demonstrated that Wnt4 action inhibits β-catenin/SF1 co-regulation of StAR
(steroidogenic acute regulatory protein), a gene critical to steroidogenesis, by attenuating
recruitment of β-catenin to the StAR promoter, but the mechanism involved remained unclear
(Jordan et al., 2003). The present study suggests that this attenuation may be due to relocation
of β-catenin to the cell membrane following Wnt4 signal. We also performed a micro-array
analysis of gene expression in Wnt4-expressing HEK-293T cells compared with controls
(results not shown). Consistent with Wnt4 repression of canonical Wnt signalling, our results
showed a 2-fold decrease in expression of v-myc myelocytomatosis viral oncogene homologue
(Myc) and cyclin D1, two genes previously shown to be up-regulated by canonical Wnt
signalling (He et al., 1998; Shtutman et al., 1999; Tetsu and McCormick, 1999).

In vivo, Wnt4 signal is required for development of the ovary. It is expressed in the bipotential
gonad of both males and females, but is down-regulated in the testis at 11.5 dpc (Vainio et al.,
1999). We examined the effect of Wnt4 on β-catenin during gonadogenesis, using a Wnt4
mutant mouse model. At 12.5 dpc, strong membrane-associated β-catenin staining was
observed in the coelomic region of wild-type ovaries but was absent from that region of
Wnt4−/− mutant ovaries. Two of the known roles of Wnt4 in ovarian development are inhibition
of male-like cell migration (Martineau et al., 1997; Brennan et al., 2002; Jeays-Ward et al.,
2003) and repression of steroidogenesis (Jordan et al., 2003; Heikkila et al., 2005). Together,
our results provide mechanistic insight into each of these functions of Wnt4. In the developing
ovary, relocalization of β-catenin to the cell membrane could both increase cell–cell adhesion
and thereby inhibit male-like cell migration, while, at the same time, prevent involvement of
β-catenin in transcription of genes, such as StAR, that are necessary for steroidogenesis.

The recent identification of RSpo1 (R-spondin1) as a female sex-determining gene in humans
(Parma et al., 2006) suggests that nuclearization of β-catenin is critical to this process. R-
spondins have been shown to activate β-catenin/TCF-dependent gene transactivation
(Kazanskaya et al., 2004; Kim et al., 2005, 2006a; Nam et al., 2006), and do so by enhancing
canonical Wnt signalling (Kazanskaya et al., 2004; Binnerts et al., 2007). Yet we observe strong
membrane localization of β-catenin during development in wild-type ovaries. To reconcile
these observations, we note that RSpo1 has recently been shown to activate β-catenin-
dependent transactivation independent of Wnt signalling (Kim et al., 2005, 2006a; Nam et al.,
2006) and speculate that this may occur in the ovary, with the resulting nuclear β-catenin below
our method of detection. Wnt4 could then act independently to relocalize additional β-catenin
to the cell membrane. Alternatively, RSpo1 may synergize with Wnt4 to localize β-catenin at
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the membrane using a mechanism that does not involve nuclear β-catenin and gene
transactivation.

Fine modulation of the dual roles of β-catenin in gene transactivation and in cell–cell adhesion
is crucial to normal developmental processes, and mechanisms that switch β-catenin from one
mode to the other are central to this modulation. In the present study, we have presented
evidence for a novel mechanism of Wnt4 action that acts as such a switch (see model, Figure
3D). Wnt4 signal inhibits canonical Wnt transcriptional activity by relocalizing β-catenin to
the cell membrane.

Materials and methods
Plasmids

Plasmids expressing human Wnt4 and S37A mutant human β-catenin have previously been
described (Jordan et al., 2003). The TCF reporter plasmid kit with TOPFLASH and
FOPFLASH plasmids was purchased from Upstate Cell Signaling Solutions. Expression
vectors encoding the wild-type human β-catenin, S33Y mutant human β-catenin and Δ45
mutant human β-catenin were provided by Hans Clevers (Netherlands Institute for
Developmental Biology, Utrecht, The Netherlands). Plasmids expressing Wnt3A and GFP
(green fluorescent protein)–Wnt5A were provided by Yingzi Yang [NIH (National Institutes
of Health), Bethesda, MD, U.S.A.]. The V5-tagged Wnt4 expression plasmid was obtained by
PCR amplification of the coding sequence of human Wnt4 and insertion into the pcDNA31/
V5-His plasmid (Invitrogen). All constructs were verified by DNA sequencing.

Antibodies
Mouse monoclonal antibody against β-catenin (E5, sc-7963) and fluorochrome-coupled
secondary antibodies were purchased from Santa Cruz Biotechnology. Mouse monoclonal
antibody against stabilized β-catenin (αABC, 8E7, 05-665) was purchased from Upstate
Biotechnology. Mouse monoclonal antibody against V5 tag was obtained from Invitrogen.
Hspa5 mouse primary antibody was purchased from BD Transduction Laboratories. Mouse
monoclonal antibody against β-tubulin was purchased from Chemicon. IR rabbit anti-mouse
secondary antibody Dye800 was purchased from Rockland Immunochemicals.

Cell culture and transfections
HEK-293T cells (A.T.C.C., CRL-11268) and HEK-293 cells (A.T.C.C., CRL-1573) were
routinely cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10%
(v/v) fetal calf serum, in a 5% CO2 humidified atmosphere. For transient transfections,
HEK-293T cells were plated on to 12-well plates, grown to 70–80% confluence and transfected
with the indicated plasmids using Lipofectamine™ 2000 according to the manufacturer's
instructions (Invitrogen). Transfections were performed with 200 ng of either TOPFLASH or
FOPFLASH reporter plasmids, the indicated expression plasmid and 5 ng of CMV
(cytomegalovirus)-β-galactosidase as an internal control. The total amount of DNA was kept
constant at 1.6 μg per well by using empty pcDNA3.1 expression vector. After 36 h, luciferase
activity was measured according to the Luciferase Assay System (Promega) and data were
normalized to the β-galactosidase activity. For stable transfections, HEK-293 cells were plated
on to 10 cm plates, grown to 70–80% confluence and transfected with 4 μg of the human Wnt4
or Wnt3A expression plasmids or mock-transfected with 4 μg of the empty pcDNA3.1 vector.
Stably transfected clonal cell lines were selected using Geneticin (also known as G418;
Invitrogen; 400 μg/ml). For conditioned media, cells were transfected with 1 μg of pcDNA,
Wnt4 or Wnt5A, grown to near confluence. The media were then removed and used to replace
the media from untransfected or Wnt3A-transfected HEK-293T cells grown to near confluence
in separate flasks. These cells were grown for 6 h in the conditioned media and then harvested.
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Western blots and subcellular fractionation
HEK-293T cells were seeded on to 6-well plates at 0.3 × 106 cells per well and co-transfected
with the indicated plasmids by using the Lipofectamine™ 2000 reagent. At 36 h after
transfection, proteins were solubilized, and protein concentration was determined by Bradford
assay (Bio-Rad Protein Assay kit; Bio-Rad). Subcellular fractionation was performed using
the Qproteome cell compartment kit according to the manufacturer's instructions (Qiagen).
Cell lysates were incubated for 5 min at 95°C and resolved by SDS/PAGE. Proteins were
transferred to a PVDF membrane (Immun-Blot PVDF membrane; Bio-Rad), incubated with
primary antibodies, washed and incubated with rabbit anti-mouse Dye800 secondary antibody.
Membranes were scanned on the Odyssey Infrared Imaging System (LiCor). Densitometric
analysis was performed by using the ImageJ software package (http://rsb.info.nih.gov/ij/).

Immunofluorescence
Stable cell lines expressing Wnt4, Wnt3A or empty vector were grown on coverslips, fixed
with 4% (w/v) paraformaldehyde, permeabilized in TBS (Tris-buffered saline) with 0.2%
Triton X-100 and incubated with antibody against β-catenin (1:500) in TNB blocking buffer
[TBS plus 0.5% blocking reagent (PerkinElmer)] overnight at 4°C. Slides were then washed
three times with TBS and incubated overnight at 4°C with a 1:100 dilution of Cy3-conjugated
anti-mouse IgG secondary antibody (Jackson ImmunoResearch) in TNB. Coverslips were
mounted with Vectashield Plus DAPI (Vector Laboratories), and cells were visualized on a
Leica (Heidelberg, Germany) TCS-SP MP confocal and multiphoton inverted microscope.

Wnt4+/− mice from The Jackson Laboratory were time mated, with the noon on the day of the
vaginal plug designated as E0.5 (embryonic day 0.5). Embryos were genotyped, fixed
overnight at 4°C in 4% paraformaldehyde, paraffin-embedded, sectioned at 6 μm and mounted
on SuperFrost Plus slides (Fisher). De-paraffinized and rehydrated sections were placed in
boiling Antigen Unmasking Solution (Vector Laboratories) for 15 min and then treated for
endogenous peroxidases. Antibody against β-catenin (1:6000) was used with the M.O.M. Basic
kit (Vector Laboratories), and the signal was amplified further with the TSA Fluorescein
System (PerkinElmer Life Sciences) following the manufacturer's protocols. Coverslips were
mounted on to slides with Vectashield Plus DAPI (Vector Laboratories). Confocal images were
taken on a Leica TCS-SP MP confocal and multiphoton inverted microscope.
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PKC, protein kinase C
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RSpo1, R-spondin 1
StAR, steroidogenic acute regulatory protein

Bernard et al. Page 9

Biol Cell. Author manuscript; available in PMC 2009 April 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://rsb.info.nih.gov/ij/


TBS, Tris-buffered saline
TCF, T-cell factor, HMG box
Wnt, wingless-type MMTV integration site family
Wnt4, Wnt, member 4
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Figure 1. Wnt4 inhibits the canonical Wnt pathway
(A) Wnt4 and Wnt5A do not activate the canonical Wnt pathway. Cells were co-transfected
with TOPFLASH reporter plasmid (200 ng) and an increasing concentration of Wnt4, Wnt3A
or Wnt5A expression plasmid (10, 40, 160 and 640 ng). (B) Wnt4 and Wnt5A inhibit Wnt3A-
mediated signalling. Cells were co-transfected with TOPFLASH reporter plasmid (200 ng),
Wnt3A expression plasmid (40 ng) to activate the canonical Wnt pathway and an increasing
concentration of Wnt4 or Wnt5A expression plasmid (10, 40, 160 and 640 ng). (C) Wnt3A,
but not Wnt4 and Wnt5A, affects β-catenin levels in cytoplasmic cell extracts. Cells were co-
transfected with 500 ng and 1 μg of pcDNA or expression plasmids for Wnt4, Wnt3A and
Wnt5 and β-catenin levels were assayed in Western blot on 10 μg of extract. Wnt4 expression
was monitored by using V5-tagged Wnt4 plasmid (Wnt4–V5). Expression of β-tubulin was
used as a loading control. (D) Media conditioned with Wnt4 and Wnt5A protein inhibit Wnt3A
signalling. Cells were co-transfected with TOPFLASH reporter plasmid (100 ng) and Wnt3A
(160 ng) and treated with conditioned media prepared from cells transfected with 1 μg of either
pcDNA, Wnt4 or Wnt5A. Activities are expressed as fold activation of TOPFLASH activity
in the presence of Wnt expression plasmid over that of empty vector. Results of each
experiment are presented as the means±S.E.M. for three independent transfections.
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Figure 2. Wnt4 inhibits canonical Wnt signalling independently of GSK3β activity
(A) Wnt4 does not change the phosphorylation status of β-catenin. Cells were co-transfected
with TOPFLASH reporter plasmid (200 ng), Wnt3A expression plasmid (40 ng) and an
increasing concentration of Wnt4 or Wnt5A expression plasmid (160, 640 and 1280 ng). Lower
panels: 10 μg of the cell extracts was used for Western-blot detection of stabilized (ABC) β-
catenin. Actin detection was used as a loading control. Upper panel: the remaining extract from
each transfection was used to measure luciferase activity normalized to β-galactosidase activity
(RLU, relative luciferase units). (B) Cells were co-transfected with TOPFLASH reporter
plasmid (200 ng), S37A β-catenin mutant expression plasmid (10 ng) and an increasing
concentration of Wnt4 or Wnt5A expression plasmid (10, 40, 160 and 640 ng). (C) Cells were
co-transfected with TOPFLASH reporter plasmid (200 ng); pcDNA 3.1 control vector, or
mutant (S33Y, Δ45 or S37A) or wild-type (WT) β-catenin expression plasmid (10 ng); and
Wnt4 or Wnt5A expression plasmid (1280 ng). Activities are expressed as fold activation of
TOPFLASH activity in the presence of S37A β-catenin mutant expression plasmid over that
of empty vector. Results of each experiment are presented as the means±S.E.M. for three
independent transfections.
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Figure 3. Wnt4 redirects β-catenin to the cell membrane in vitro and in vivo
(A) Wnt4 increases β-catenin levels at the cytoplasmic membrane. Immunoblotting of β-
catenin in subcellular fractions prepared from stably transfected cell lines. Hspa5, marker of
membrane fraction, and β-tubulin, marker of cytosolic fraction, were used as purity and loading
controls. Densitometric analysis is shown below and corresponds to three independent
experiments. Relative β-catenin levels correspond to the ratio between β-catenin protein levels
and the protein level for the matching fraction (Hspa5 for the membrane fraction or β-tubulin
for the cytosolic fraction). Error bars represent the S.E.M. values. Two-tailed t test of paired
sample means was performed between the control cell line (pcDNA) and Wnt-expressing cell
line (Wnt4 or Wnt3A). *P < 0.05. (B) Immunofluorescence assay of β-catenin localization in
cells stably transfected with empty vector pcDNA, Wnt3A or Wnt4. Arrowheads indicate
nuclear staining; DAPI (4′,6-diamidino-2-phenylindole), nuclear stain. (C)
Immunofluorescence detection shows differential localization of β-catenin in Wnt4−/−
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compared with wild-type (Wnt4+/+) 12.5 dpc mouse ovaries. The boxed area within the
enlarged image of the haematoxylin/eosin-stained full embryo section indicates the region
depicted in the lower panels. Abbreviations: CE, coelomic epithelium of gonad; G, gonad; M,
mesonephros. (D) Model depicting proposed mechanism of non-canonical Wnt4 action
compared with the known mechanism of Wnt3A. Abbreviations: β, β-catenin; PS/T, serine/
threonine phosphorylation; PTyr, tyrosine phosphorylation.
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