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The stabilization of b-catenin is a key regulatory step
during cell fate changes and transformations to tumor
cells. Several interacting proteins, including Axin, APC,
and the protein kinase GSK-3b are implicated in regu-
lating b-catenin phosphorylation and its subsequent deg-
radation. Wnt signaling stabilizes b-catenin, but it was
not clear whether and how Wnt signaling regulates the
b-catenin complex. Here we show that Axin is dephos-
phorylated in response to Wnt signaling. The dephos-
phorylated Axin binds b-catenin less efficiently than the
phosphorylated form. Thus, Wnt signaling lowers Axin’s
affinity for b-catenin, thereby disengaging b-catenin
from the degradation machinery.
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The stabilization of the b-catenin protein is a key regu-
latory step during cell fate changes and transformations
to tumor cells (for review, see Cadigan and Nusse 1997;
Brown and Moon 1998; Wodarz and Nusse 1998; Polakis
1999). Several proteins, including the serine/threonine
kinase GSK-3b, the protein product of the Adenomatous
polyposis coli (APC) gene, and Axin are implicated in the
control of b-catenin protein levels. Signaling by Wnt pro-
teins regulates the stability of b-catenin. b-Catenin lev-
els, in turn, mediate expression of many Wnt target
genes by modulating transcription in concert with the
Lef-1/Tcf family of transcription factors.

Axin, which directly associates with b-catenin, GSK-
3b, and APC, was implicated in negatively regulating the
Wnt signaling pathway (Zeng et al. 1997; Behrens et al.
1998; Hart et al. 1998; Ikeda et al. 1998; Itoh et al. 1998;
Kishida et al. 1998; Nakamura et al. 1998; Sakanaka et
al. 1998; Yamamoto et al. 1998, 1999; Kishida et al.
1999). Overexpressed Axin destabilizes b-catenin and
blocks the axis-duplicating activity of XWnt-8 in Xeno-
pus embryos (Zeng et al. 1997; Behrens et al. 1998; Ya-
mamoto et al. 1998) and Wnt-induced accumulation of
b-catenin in cell culture (Kishida et al. 1999).

The stability of b-catenin is controlled by phosphory-
lation, most likely by GSK-3b (Yost et al. 1996; Aberle et
al. 1997; Morin et al. 1997; Rubinfeld et al. 1997), which
targets b-catenin to the ubiquitin/proteasome pathway
(Aberle et al. 1997; Maniatis 1999). Axin is likely to have
an indispensable role in the phosphorylation of b-catenin
by GSK-3b, as it is able to bind both proteins simulta-
neously and may thereby bring them into close proxim-
ity. b-Catenin is a much better substrate for GSK-3b
when Axin is present than when it is absent (Ikeda et al.
1998). It has not been clear, however, whether or how
Wnt regulates the interactions among Axin, b-catenin,
and GSK-3b. Here we show that Axin is a component of
the Wnt signaling pathway as it is dephosphorylated in
response to Wnt, and this dephosphorylated Axin binds
b-catenin less efficiently than phosphorylated Axin.

Results and Discussion

We examined the effect of Wnt signaling on the endog-
enous Axin protein in a cell culture system. For detec-
tion of Axin, we generated antibodies to various domains
of Axin. All antibodies recognize a set of proteins that
migrate with an apparent molecular mass of 120–140 kD
(Fig. 1; data not shown).

Stimulation of cells with the Wnt protein was accom-
plished in two ways: (1) We used the mammary epithe-
lial cell line C57MG into which a tetracycline (tet)-re-
pressible Wnt-1 transgene was introduced (Korinek et al.
1998); and (2) we used conditioned medium from cells
overexpressing and secreting Wnt-3A. The Wnt-3A pro-
tein in this conditioned medium leads to the elevation of
cytoplasmic b-catenin levels in C57MG cells, a Wnt-
specific effect (Fig. 1A; Shibamoto et al. 1998).

Activation of the Wnt signaling pathway either by in-
duction of Wnt-1 expression in C57MG cells (Fig. 1A) or
by stimulation of C57MG or mouse L cells with Wnt-
3A-conditioned medium (Fig. 1A,B) modified the Axin
protein, evidenced by an increase in its mobility on gels.
As both Wnt-1 induction and Wnt-3A stimulation elicit
the same effect on the Axin protein and b-catenin levels,
the remaining experiments were performed using Wnt-
3A-conditioned medium.

Treating cells with conditioned medium allowed us to
perform a kinetic analysis of Axin modification. The
change in mobility of Axin in response to Wnt-3A is
time-dependent, first becoming visible at 15 min, and
nearing completion within 4 hr (Fig. 1C). This is the
same time course as observed for b-catenin accumula-
tion in response to Wnt-3A (data not shown). Prolonged
stimulation of cells with Wnt-3A leads to an overall de-
crease in the levels of the Axin protein (240-min time
point in Fig. 1C; data not shown). Wnt-induced degrada-
tion of Axin has been reported previously (Yamamoto et
al. 1999); however, as this effect occurs subsequent to
the mobility shift, we did not investigate this aspect of
Wnt signaling on Axin any further.

As changes in the mobility of proteins are frequently
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due to changes in their phosphorylation state, we inves-
tigated whether the shift in mobility of Axin in response
to Wnt signaling was due to dephosphorylation. Treat-
ment of immunoprecipitated Axin with protein phos-
phatase 2A (PP2A) leads to a mobility shift in Axin simi-
lar to that seen when cells are stimulated with Wnt-3A
(Fig. 2A). Phosphatase 1 (PP1) does not shift the mobility
of Axin. Furthermore, treatment of cells with okadaic
acid, a potent inhibitor of PP2A, blocks the dephosphory-
lation of Axin in response to Wnt-3A (Fig. 2B). These
data demonstrate that in unstimulated cells Axin is
phosphorylated and it is dephosphorylated in response to
Wnt signaling.

At present, we have no evidence that Wnt signaling
regulates this phosphatase activity. Based on inhibition
experiments in vitro by microcystin (data not shown)
and in vivo by okadaic acid (Fig. 2B), this phosphatase
could be PP2A, which can dephosphorylate Axin effi-
ciently in vitro (Figs. 2A and 4A, below) and has been
shown to bind to Axin (Hsu et al. 1999). Recently, Seel-
ing et al. (1999) showed that overexpression of the PP2A
regulatory subunit B56 reduces b-catenin levels and in-
hibited transcription of b-catenin target genes in mam-
malian cells and Xenopus embryo explants. Although
these workers primarily entertain the possibility that
B56 may direct the dephosphorylation of specific Wnt

signaling components, it is also possible that overexpres-
sion of this PP2A regulatory subunit prevents dephos-
phorylation of certain signaling components such as
Axin.

It has been shown previously that the Ser/Thr kinase
GSK-3b is partially inhibited by Wnt signaling (Cook et
al. 1996) and that lithium (Li+) is a potent in vivo inhibi-
tor of its kinase activity (Klein and Melton 1996; Stam-
bolic et al. 1996; Hedgepeth et al. 1997). Furthermore,
Ikeda et al. (1998) have shown that GSK-3b can directly
phosphorylate Axin in vitro. To address the possibility
that GSK-3b phosphorylates Axin in vivo, we treated
cells with Li+ to inhibit GSK-3b kinase activity. This
produced an effect similar to treatment with Wnt-3A,
which leads to the dephosphorylation of Axin (Fig. 2C)
and to the elevation of b-catenin levels in the cytoplasm
(data not shown). This observation suggests that Wnt
signaling primarily acts to inhibit GSK-3b kinase activ-
ity while having little or no effect on the above-men-
tioned phosphatase activity. As GSK-3b activity is inhib-
ited by Wnt signaling, a constitutive phosphatase activ-
ity leads to an overall dephosphorylation of Axin which,
in turn, binds b-catenin less efficiently.

We then examined whether Wnt-3A signaling has an
effect on the formation of complexes between Axin and

Figure 2. The Axin protein is phosphorylated. (A) PP2A, but
not PP1, dephosphorylates the Axin protein in vitro. Axin pro-
tein was immunoprecipitated from cell extracts of C57MG cells
treated with control (−) or Wnt-3A (+)-conditioned medium. The
immune complexes were treated with phosphatase buffer only,
PP2A, or PP1 and immunoblotted with anti-Axin antibody. (B)
The phosphatase inhibitor okadaic acid inhibits the dephos-
phorylation of Axin. Cell lysates were prepared from C57MG
cells treated with control (−) or Wnt-3A (+)-conditioned medium
and with or without 400 nM okadaic acid and immunoblotted
with anti-Axin antibody. (C) Lithium, an inhibitor of GSK-3b,
promotes the dephosphorylation of Axin. Cell lysates were pre-
pared from C57MG cells first treated with or without 25 mM

LiCl for 4 hr and treated with control (−) or Wnt3A (+)-condi-
tioned medium for an additional 2 hr.

Figure 1. Wnt signaling modifies Axin. (A) Western analysis of
Axin and b-catenin protein from C57MG cells treated with ei-
ther Wnt-1 or Wnt-3A. (B) Axin and b-catenin protein from L
cells treated with Wnt-3A. C57MG and L cells were stimulated
with control (−) or Wnt-3A (+)-conditioned medium for 2 hr
prior to lysis. C57MG cells containing a tet-repressible Wnt-1
transgene were incubated in tet-containing medium to repress
Wnt-1 expression (−) or in tet-free medium for 12 hr to induce
Wnt-1 expression (+). (C) Time course of Axin protein modifi-
cation in response to Wnt-3A. C57MG cells were stimulated
with control (−) or Wnt-3A (+)-conditioned medium for the in-
dicated times and immunoblotted with anti-Axin antibody.
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its known binding partners. GSK-3b, b-catenin, and APC
bind to Axin through distinct domains (Behrens et al.
1998; Hart et al. 1998; Ikeda et al. 1998; Itoh et al. 1998;
Kishida et al. 1998; Nakamura et al. 1998; Sakanaka et
al. 1989; Yamamoto et al. 1998). Both b-catenin (Fig. 3A)
and GSK-3b (data not shown) can be coimmunoprecipi-
tated with Axin antibodies. No dramatic differences in
the amount of coimmunoprecipitated b-catenin or GSK-
3b in response to Wnt-3A signaling are detected by this
approach. Furthermore, we did not detect a striking
change in Axin-associated GSK-3b kinase activity in re-
sponse to Wnt signaling (data not shown).

Despite the failure to detect a change in the amount of
complexes formed, one result struck us as peculiar: Wnt-
3A signaling significantly up-regulates cytoplasmic lev-
els of b-catenin (Figs. 1A,B and 3A); however, there is no
corresponding increase in the amount of b-catenin asso-
ciated with Axin (Fig. 3A). This suggests two possibili-
ties: (1) Axin levels are limiting so that it is completely
saturated with b-catenin prior to Wnt-3A signaling, or (2)
Wnt-3A signaling modifies the Axin protein in a way
that prevents it from binding b-catenin as effectively.
Because Wnt-3A signaling modifies Axin through de-
phosphorylation we investigated the latter possibility.

To address whether Wnt signaling lowers Axin’s abil-
ity to bind b-catenin, we covalently immobilized bacte-
rially produced b-catenin protein on Sepharose beads and
used the beads to retrieve Axin from lysates prepared
from either unstimulated or Wnt-3A-stimulated cells.

The b-catenin-precipitating proteins are then immuno-
blotted with anti-Axin antibodies. As shown in Figure
3B, Axin from unstimulated cells binds to b-catenin sig-
nificantly better than Axin from Wnt-3A-stimulated
cells, suggesting that Axin in Wnt-3A-stimulated cells
binds b-catenin less effectively than does Axin in un-
stimulated cells. Quantitation of multiple immunoblots
revealed that Axin protein levels in the whole cell lysate
declined by 11%–16% (also see Fig. 1C), whereas Axin
levels in the b-catenin-coated bead precipitations de-
creased by 75%–80% upon Wnt stimulation. Moreover,
the b-catenin-coated beads precipitate the slower migrat-
ing phosphorylated Axin (Axin-P) exclusively, and never
the underphosphorylated Axin (Axin) (Fig. 3B). Further-
more, treatment of cells with Li+, which leads to dephos-
phorylation of Axin in vivo (Figs. 2C and 3B, left), also
lowers the amounts of Axin binding to the b-catenin-
coated beads.

These results showed a correlation between Axin
modification and binding affinity for b-catenin. We then
tested directly whether the phosphorylation of Axin by
GSK-3b regulates the binding of Axin to b-catenin. We
produced Axin protein in bacteria as a GST fusion pro-
tein. As shown previously (Ikeda et al. 1998) and in Fig-
ure 4A, Axin protein can be phosphorylated in vitro by
GSK-3b. This phosphorylation leads to a mobility shift
of GST–Axin, similar to the difference in mobility seen
between Axin from Wnt-3A-stimulated versus unstimu-
lated cells. The GSK-3b phosphorylations can subse-

Figure 3. In the absence of a Wnt signal, Axin binds b-catenin
with higher affinity. (A) b-Catenin coimmunoprecipitates with
Axin. Axin protein was immunoprecipitated from L cells
treated with control (−) or Wnt-3A (+)-conditioned medium and
immunoblotted with either anti-Axin or anti-b-catenin antibod-
ies. (B) Axin from Wnt-3A-stimulated cells binds b-catenin less
efficiently. b-Catenin-coated beads were used to retrieve the
Axin protein from cell extracts prepared from C57MG cells
treated with control (−) or Wnt-3A (+)-conditioned medium in
the absence (−) or presence (+) of 25 mM LiCl. The precipitating
Axin protein was then visualized by immunoblotting with anti-
Axin antibodies. The bracket indicates the position of phos-
phorylated Axin (Axin-P); the arrowhead indicates the position
of un- or under-phosphorylated Axin (Axin).

Figure 4. Phosphorylation of Axin with GSK-3b increases Ax-
in’s affinity for b-catenin. (A) Phosphorylation of GST–Axin
with GSK-3b and subsequent dephosphorylation with PP2A.
GST–Axin immobilized on glutathione–Sepharose beads was
treated with (+) or without (−) purified GSK-3b. Phosphorylated
or unphosphorylated GST–Axin subsequently was washed to
remove the ATP and incubated in the absence (−) or presence (+)
of purified PP2A. The GST–Axin protein was visualized by im-
munoblotting with anti-Axin antibody. (B) GSK-3b phosphory-
lated Axin binds b-catenin significantly better than unphos-
phorylated or dephosphorylated GST–Axin. The GSK-3b and
PP2A-modified GST–Axin proteins were used to precipitate
b-catenin from lysates of L cells treated with Wnt-3A. Phos-
phorylated and unphosphorylated GST–Axin was also used to
precipitate bacterially produced b-catenin protein. Axin-bind-
ing proteins were immunoblotted with anti-b-catenin antibody.
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quently be removed by treating the GST–Axin protein
with PP2A (Fig. 4A). Protein kinase A and CK2 also phos-
phorylate Axin in vitro, but these phosphorylations fail
to shift the mobility of Axin (data not shown).

We then used this unphosphorylated and GSK-3b-
phosphorylated Axin to examine whether it would bind
b-catenin differentially. As a source of b-catenin protein
we used whole cell lysates from L cells that were stimu-
lated with Wnt-3A and therefore contained high levels of
uncomplexed b-catenin protein. Phosphorylated GST–
Axin binds b-catenin significantly better than unmodi-
fied GST–Axin (Fig. 4B). Furthermore, dephosphoryla-
tion of Axin with PP2A reverses these effects so that
dephosphorylated Axin binds b-catenin as poorly as does
unmodified GST–Axin. GSK-3b-phosphorylated GST–
Axin also precipitated bacterially produced b-catenin
protein (Fig. 4B), arguing that this interaction between
Axin and b-catenin is direct and requires no other pro-
teins and modifications on b-catenin. A similar experi-
ment has been performed previously but did not reveal
such a difference (Ikeda et al. 1998)—a discrepancy we do
not understand.

These results provide a plausible mechanism for the
way in which Wnt signaling regulates interactions be-
tween Axin and b-catenin and the subsequent stabiliza-
tion of b-catenin (Fig. 5). In an unstimulated cell, Axin is
phosphorylated by GSK-3b, promoting effective binding
to b-catenin. Axin-associated b-catenin is then phos-
phorylated by GSK-3b and targeted for degradation,

which involves APC and the ubiquitin–proteasome path-
way (Aberle et al. 1997). Upon reception of a Wnt signal,
GSK-3b is inhibited (Cook et al. 1996), and Axin is de-
phosphorylated by a phosphatase and releases b-catenin.

An additional implication of these results is that the
primary target for GSK-3b phosphorylation is Axin. Pre-
vious models argued that GSK-3b directly phosphory-
lates b-catenin and thereby targets it for degradation.
However, GSK-3b does not bind directly to b-catenin,
and efficient in vitro phosphorylation of b-catenin by
GSK-3b requires the presence of Axin, which binds both
proteins (Ikeda et al. 1998). Efficient Axin phosphoryla-
tion by GSK-3b on the other hand, does not require ad-
ditional proteins (Fig. 4A; Ikeda et al. 1998). Thus, in a
Wnt-stimulated cell, b-catenin fails to be phosphory-
lated by GSK-3b because it is not recruited into the
Axin/GSK-3b complex. It should also be noted that
phosphorylation of APC by GSK-3b increases b-catenin
binding to APC (Rubinfeld et al. 1996); however, in con-
trast to Axin, phosphorylation of APC has not been
shown to be regulated by Wnt signaling.

Materials and methods
Plasmids and antibodies
The pGEX-b-catenin plasmid used for the production of GST–b-catenin
was kindly provided by Rolf Kemler (Max-Planck Institute for Immunol-
ogy, Freiburg, Germany). GST fusion proteins for Axin antibody produc-
tion were expressed from the pGEX4T-1 vector (Pharmacia). The GST
fusion to full-length Axin was expressed from pGEX4T-2 into which a
2.5-kb StuI–NotI Axin cDNA, including a carboxy-terminal myc tag, was
cloned (starting at position 43 from the first methionine and extending to
the end of the published Axin sequence).

Antisera to Axin were obtained from rats and rabbits by immunization
with bacterially produced GST fusion to either the amino or carboxyl
termini of mouse Axin. Antisera were affinity purified against the fusion
proteins to which they were raised. All antisera recognized a similar set
of bands at ∼120–140 kD. Mouse monoclonal anti-b-catenin antibody
was purchased from Transduction Laboratories.

Cell culture
Culture conditions and stimulation protocols of C57MG cells with a
tet-repressible Wnt-1 transgene are described elsewhere (Korinek et al.
1998). L cells were cultured in DMEM, 10% FBS, and penicillin/strepto-
mycin. Preparation of Wnt-3A and control conditioned medium (CM)
and Wnt-3A stimulations were performed as described (Shibamoto et al.
1998). Unless specified otherwise, cells were treated with Wnt-3A or
control CM for 2 hr. When indicated, cells are incubated at the same time
with 400 nM okadaic acid (Calbiochem) or for 4 hr with 25 mM LiCl.

Preparation of cell lysates, immunoprecipitations,
phosphatase treatment, and immunoblotting
Cells were washed with PBS and lysed on a plate on ice for 20 min in lysis
buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl at pH 8) supple-
mented with protease inhibitors (1 mM Pefabloc, 0.5 µg/ml leupeptin, 1
µg/ml pepstatin A) and phosphatase inhibitors (0.4 µM microcystin-LR, 1
mM vanadate). Addition of microcystin in the lysis buffer is essential to
recover the fully phosphorylated form of Axin in unstimulated cells.
Insoluble proteins were pelleted at 20,000g, and protein concentrations
were determined using the Bio-Rad protein assay dye reagent. For visu-
alization of b-catenin accumulation in C57MG cells (Fig. 1A), cells were
lysed into hypotonic buffer as described (Shibamoto et al. 1998). Twenty
micrograms of total protein per lane was resolved by SDS-PAGE after
boiling for 5 min in sample buffer (50 mM Tris-HCl at pH 6.8, 2% SDS,
10% glycerol, 5% b-mercaptoethanol, Bromophenol blue). For immuno-
precipitation, 200 µg of total protein was incubated overnight at 4°C with
1 µl of affinity-purified rabbit anti-Axin antibody and 10 µl of a 1:1 slurry

Figure 5. A model for the role of Axin in Wnt signal transduc-
tion. In an unstimulated cell, GSK-3b is active and phosphory-
lates Axin, which in turn, recruits b-catenin into the Axin/
GSK-3b complex. By virtue of its proximity to GSK-3b,
b-catenin is then phosphorylated. Phosphorylated b-catenin is
then targeted for degradation. Upon transduction of the Wnt
signal through the Frizzled (Fz) receptors to Dishevelled (Dvl),
GSK-3b kinase activity is inhibited so that PP2A dephosphory-
lates Axin. Unphosphorylated Axin, in turn, no longer recruits
b-catenin to the complex. Failure of b-catenin to associate with
the Axin/GSK-3b complex prevents its phosphorylation by
GSK-3b so that it can accumulate to high levels in the cyto-
plasm and nucleus and activate transcription in concert with
the Tcf/Lef-1 family of transcription factors. GSK-3b also phos-
phorylates APC, which may facilitate b-catenin recruitment
into the complex; however, this event has not been shown to be
regulated by Wnt signaling.

Wnt induces Axin dephosphorylation
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of protein A–Sepharose. Immune complexes were washed four times
with lysis buffer, boiled in SDS-PAGE sample buffer, and resolved by
SDS-PAGE. For phosphatase treatment, the immune complexes prior to
boiling were incubated in phosphatase reaction buffer (lysis buffer with
0.1% b-mercaptoethanol, 1 mM EGTA, 0.5 mg/ml BSA, and protease
inhibitors) and incubated with 1 unit of PP1 (Promega) or 1 unit of PP2A
(Upstate Biotechnologies, Inc.) for 1 hr at 30°C. Proteins resolved by
SDS-PAGE were transferred to nitrocellulose, and blots were incubated
in blocking buffer (3% nonfat dry milk, 1% BSA in 20 mM Tris-HCl, 150
mM NaCl, 0.2% Tween 20 at pH 8) and incubated overnight at 4°C with
anti-Axin antibody at 1:1000 or anti-b-catenin antibody at 1:500 in block-
ing buffer. Proteins were detected using HRP-conjugated secondary an-
tibodies (Bio-Rad) with ECL Western blot detection reagents (Amer-
sham).

Production of b-catenin beads and Axin precipitation
GST–b-catenin protein was expressed in Escherichia coli strain BL-21
(Stratagene) and purified with glutathione–Sepharose CL4B beads as de-
scribed by the vendor (Pharmacia). The immobilized b-catenin was re-
leased from the beads by cleavage in PBS containing 2 U/ml Thrombin
(Pharmacia) for 2 hr at room temperature. The b-catenin protein was then
either used in precipitation experiments with GST–Axin fusion proteins
or covalently immobilized to Sepharose beads using the AminoLink Plus
Immobilization kit (Pierce, 0.2 mg of purified b-catenin/ml of Sepharose
beads). Twenty microliters of a 1:1 slurry of immobilized b-catenin (b-
catenin-coated beads) was incubated for 15 hr at 4°C with 500 µg of
whole cell extracts of C57MG cells treated or not treated with Wnt-3A-
conditioned medium and treated or not treated with 25 mM LiCl. The
beads were washed three times with lysis buffer, boiled in loading dye,
and resolved by SDS-PAGE.

Modification of GST–Axin and b-catenin precipitation
GST–Axin protein was expressed in E. coli strain BL-21 (Stratagene) and
purified with glutathione–Sepharose CL4B beads. Twenty-five microli-
ters of a 1:1 slurry carrying ∼1 µg of GST–Axin/glutathione–Sepharose
complexes were washed extensively with lysis buffer and then treated as
follows: (1) washed once with kinase buffer (50 mM Tris-HCl, 10 mM

MgCl2, 0.2 mM ATP, 1 mM DTT at pH 8), and incubated in the presence
or absence of 5 units of GSK-3b (New England Biolabs) in 50 µl total
volume of kinase buffer for 1 hr at 37°C; and (2) washed three times with
lysis buffer, once with phosphatase buffer (50 mM Tris-HCl, 0.1% b-mer-
captoethanol, 0.1 mg/ml BSA at pH 7.5) and incubated in the presence or
absence of 1.0 unit of PP2A in 50 µl total volume of phosphatase buffer
for 6 hr at 30°C. These modified GST–Axin proteins were then incubated
for 15 hr at 4°C with 400 µg of total lysate prepared from L cells treated
for 2 hr with Wnt-3A-conditioned medium or purified b-catenin protein
(30 ng in 200 µl). The beads were washed four times with lysis buffer,
boiled in loading dye, and resolved by SDS-PAGE.
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