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The N-terminal region of Dvl-1 (a mammalian Dishevelled homolog) shares 37% identity with the C-terminal
region of Axin, and this related region is named the DIX domain. The functions of the DIX domains of Dvl-1
and Axin were investigated. By yeast two-hybrid screening, the DIX domain of Dvl-1 was found to interact with
Dvl-3, a second mammalian Dishevelled relative. The DIX domains of Dvl-1 and Dvl-3 directly bound one
another. Furthermore, Dvl-1 formed a homo-oligomer. Axin also formed a homo-oligomer, and its DIX domain
was necessary. The N-terminal region of Dvl-1, including its DIX domain, bound to Axin directly. Dvl-1
inhibited Axin-promoted glycogen synthase kinase 3b-dependent phosphorylation of b-catenin, and the DIX
domain of Dvl-1 was required for this inhibitory activity. Expression of Dvl-1 in L cells induced the nuclear
accumulation of b-catenin, and deletion of the DIX domain abolished this activity. Although expression of Axin
in SW480 cells caused the degradation of b-catenin and reduced the cell growth rate, expression of an Axin
mutant that lacks the DIX domain did not affect the level of b-catenin or the growth rate. These results indicate
that the DIX domains of Dvl-1 and Axin are important for protein-protein interactions and that they are
necessary for the ability of Dvl-1 and Axin to regulate the stability of b-catenin.

Genetic and biochemical analyses have revealed that there
are components which are structurally and functionally con-
served in the Wnt signaling pathway among flies, frogs, and
mammals (6, 9, 26). In mammals, these include Wnt, frizzled,
Dvl (a Dishevelled [Dsh] homolog), glycogen synthase kinase
3b (GSK-3b), b-catenin, and Lef/Tcf, and there are multiple
Wnt, frizzled, and Dvl families (6, 9, 26). In the absence of
Wnt, GSK-3b phosphorylates b-catenin, resulting in the deg-
radation of b-catenin. Wnt inactivates GSK-3b probably
through Dvl, although the mechanism is not clear (7). This
leads to the stabilization of b-catenin. The accumulated
b-catenin translocates to the nucleus (48) and binds to tran-
scription factors of the Lef/Tcf family (4, 27).

Several Wnt proteins are thought to be essential for the
proper development of different parts of the brains and spinal
cord (30) and have been implicated in the establishment of
dorsoventral and anteroposterior axes in vertebrates (14, 32,
37, 38). Axin was originally identified as a product of the
mouse Fused locus (49). The mouse mutant Fused is recessive
lethal; mutants have a duplication of the embryonic anteropos-
terior axis (11, 31). Injection of Axin into Xenopus embryos
causes strong axis defects, and coexpression of Axin inhibits
the Wnt-dependent axis duplication (49). Thus, Axin is a neg-
ative regulator of the Wnt signaling pathway and inhibits axis
formation. We have identified rat Axin (rAxin) and its ho-
molog, Axil (for Axin like), as GSK-3b-interacting proteins
(16, 45). Conductin has been identified as a b-catenin-binding
protein (3) and is identical to Axil. Both Axin and Axil bind not
only to GSK-3b but also to b-catenin (3, 13, 16, 17, 36, 45) and
promote GSK-3b-dependent phosphorylation of b-catenin
(16, 45). Furthermore, the regulators of G-protein signaling
(RGS) domains of Axin and conductin directly interact with

adenomatous polyposis coli protein (APC), and expression of
rAxin or conductin in COS or SW480 cells stimulates the
degradation of b-catenin (3, 13, 19, 20). Thus, Axin family
members downregulate b-catenin. In addition to GSK-3b-,
b-catenin-, and APC-binding sites, the C-terminal region of
Axin has a domain that is homologous to the N-terminal region
of Dvl (16, 49). This region is called the Dsh homologous
domain or the DIX domain (6). However, the function of this
domain is not known.

Dsh encodes a cytoplasmic protein of unknown biochemical
function in flies (21, 42). Dsh mediates Wg signaling during
embryogenesis and adult fly development, which in turn deter-
mine the ultimate cell polarity and fate in Drosophila (21, 42).
Genetic evidence shows that Dsh acts upstream of shaggy, a
GSK-3b homolog, and inhibits its activity (6, 9, 26). Overex-
pression of Dsh in the Drosophila imaginal disc cell line clone
8 causes the accumulation of Armadillo, a b-catenin homolog
(46, 47). Dsh homologs are conserved in Xenopus frogs and
mammals (22, 33, 38, 40). Overexpression of Xenopus Dsh
(Xdsh) induces a secondary body axis in Xenopus embryos
(38). In mammals, Dvl-1, -2, and -3 genes have been isolated
(22, 33, 40). All Dsh protein family members contain three
highly conserved domains: an N-terminal DIX domain; a cen-
tral PDZ domain, which has been shown to be a protein-
protein interaction surface; and a DEP domain, which can also
be found in several other proteins (6, 9). Disruption of the
PDZ domain abolishes its activity in the Wg-Armadillo path-
way and in the Xenopus axis induction assay (38, 46, 47). Re-
cently, it has been reported that the DEP domain is critical for
rescue of the dsh planar polarity defect and in the activation of
Jun N-terminal kinase (5, 24). However, the function of the
DIX domain of Dvl is not clear.

To clarify the function of the DIX domain, we have tried to
find a Dvl-binding protein by using the DIX domain of Dvl-1 as
bait in the yeast two-hybrid method. Here we report that Dvl-1
and Dvl-3 bind one another through their DIX domains and
that oligomerization of Axin requires its DIX domain. We also
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show that Dvl-1 directly binds to Axin and that Dvl-1 inhibits
Axin-promoted GSK-3b-dependent phosphorylation of b-cate-
nin and APC. Furthermore, we demonstrate that the deletion
of the DIX domains of Dvl-1 and Axin destroys their abilities
to accumulate and to degrade b-catenin, respectively. These
results suggest that the DIX domain is a novel protein-protein
interaction domain and that the DIX domains of Dvl and Axin
are necessary for their functions.

MATERIALS AND METHODS

Materials and chemicals. Saccharomyces cerevisiae L40, plasmid vectors for
two-hybrid screening, and a pGAD-derived rat brain cDNA library were kindly
supplied by Y. Takai and K. Tanaka (Osaka University, Suita, Japan). Human
Dvl-1 and Dvl-3 cDNAs were provided by B. Dallapiccola and G. Novelli (Ver-
gata University, Rome, Italy) (33). SW480 cells and L cells were provided by E.
Tahara (Hiroshima University, Hiroshima, Japan) and A. Nagafuchi and S.
Tsukita (Kyoto University, Kyoto, Japan), respectively. The anti-glutathione
S-transferase (anti-GST) and anti-maltose-binding protein (anti-MBP) antibod-
ies, anti-hemagglutinin 1 (anti-HA) antibody, and recombinant baculoviruses
expressing GST–Dvl-1 (full length) and GST–APC-(1211-2075) were provided
by M. Nakata (Sumitomo Electronics, Yokohama, Japan), Q. Hu (Chiron Corp.,
Emeryville, Calif.), and Y. Matsuura (National Institute of Infectious Diseases,
Tokyo, Japan), respectively. GST fusion proteins, MBP fusion proteins, and
six-histidine-tagged b-catenin (His6–b-catenin) were purified from Escherichia
coli except that GST–Dvl-1 (full length) and GST–APC-(1211-2075) were puri-
fied from Spodoptera frugiperda sf9 cells. The anti-Myc antibody was prepared
from 9E10 cells. Other materials and chemicals were purchased from commer-
cial sources.

Plasmid construction. pBSKS/rAxin, pEF-BOS-Myc/rAxin, pUC19/rAxin,
pUC19/rAxin-(298-832), pBSKS/rAxin-(508-832), pBJ-Myc/rAxin, pBJ-Myc/
rAxin-(1-229), pEF-BOS/Myc-rAxin-(298-506), pBJ-Myc/rAxin-(713-832), pEF-
BOS-Myc/rAxin-(1-713), and pMAL-c2/rAxin were constructed as described
elsewhere (16, 19, 20). To construct pUC19/Dvl-1, pBSKS/Dvl-1 was digested
with XbaI, blunted with Klenow fragment, and digested with SalI. The 2.0-kb
fragment encoding Dvl-1 was inserted into SalI- and SmaI-cut pUC19. pUC19/
Dvl-1 was digested with SalI and EcoRI, and the 2.0-kb fragment encoding Dvl-1
was inserted into SalI- and EcoRI-cut pBTM116HA to generate pBTM116HA/
Dvl-1. To construct pBTM116HA/Dvl-1-(1-82) and pBTM116HA/rAxin, the
0.25-kb fragment encoding Dvl-1-(1-82) and the 2.5-kb fragment encoding rAxin
were inserted into pBTM116HA. To construct pVIKS/Dvl-1, pBSKS/Dvl-1 was
digested with SacI, blunted with T4 DNA polymerase, and digested with XbaI.
The 2.0-kb fragment encoding Dvl-1 was inserted into XbaI- and SmaI-cut
pVIKS. To construct pRSETA/b-catenin, pGAD/b-catenin was digested with
BamHI and inserted into BamHI-cut pRSETA. pVIKS/APC-(1211-2075) was
constructed as follows. pMKITneo/APC was digested with NdeI, blunted with
Klenow fragment, and digested with BglII. The 2.6-kb fragment encoding APC-
(1211-2075) was inserted into pBluescript KS (pBSKS), which was digested with
SpeI, blunted with Klenow fragment, and digested with BamHI to generate
pBSKS/APC-(1211-2075). pBSKS/APC-(1211-2075) was digested with SpeI and
HindIII and the 2.6-kb fragment encoding APC-(1211-2075) was inserted into
XbaI- and HindIII-cut pMAL-c2 to generate pMAL-c2/APC-(1211-2075). To
construct pVIKS/APC-(1211-2075), pMAL-c2/APC-(1211-2075) was digested
with BamHI and SmaI and the 2.6-kb fragment encoding APC-(1211-2075) was
inserted into BamHI- and SmaI-cut pVIKS. To express HA-tagged Dvl-1, rAxin,
and their deletion mutants in COS and L cells, various deletion mutants of Dvl-1
and rAxin cDNAs were made and inserted into pCGN. To express Myc-tagged
Dvl-1, Dvl-3, rAxin, and their deletion mutants in COS cells, various deletion
mutants of Dvl-1, Dvl-3, and rAxin cDNAs were made and inserted into pBJ-
Myc and pEF-BOS-Myc (16, 20, 45). To make GST and MBP fusion proteins,
deletion mutants of Dvl-1, Dvl-3, and rAxin cDNAs were inserted into pGEX-
2T, pGEX-KG, and pMAL-c2.

Yeast two-hybrid screening. S. cerevisiae L40 was used as a host for the
two-hybrid screening (15, 16, 43). L40 carrying pBTM116HA/Dvl-1-(1-82) was
transformed with a rat brain cDNA library constructed in pGAD10. Approxi-
mately 3.5 3 106 transformants were screened. Plasmids harboring cDNAs were
recovered from positive colonies, and the nucleotide sequences of plasmid
DNAs which conferred the His1 and LacZ1 phenotype on L40 containing
pBTM116HA/Dvl-1-(1-82) were determined. To examine the interaction of
Dvl-1 with other proteins, plasmids expressing Dvl-3, rAxin, GSK-3b, b-catenin,
and Ras were made by restriction enzyme digestion or PCR and tested for
interaction in a b-galactosidase assay.

Kinase assay. Ninety nanomolar MBP-rAxin (full length) and 90 nM GST–
GSK-3b were incubated with 1.4 mM His6-b-catenin or 250 nM GST–APC-
(1211-2075) in 30 ml of reaction mixture (50 mM Tris-HCl [pH 7.5], 10 mM
MgCl2, 1 mM dithiothreitol [DTT], 50 mM [g-32P]ATP [500 to 1,500 cpm/pmol])
in the presence or absence of MBP–Dvl-1 or its deletion mutants for 15 min at
30°C. The samples were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by autoradiography, and then the radio-
activities of the phosphorylated b-catenin and APC were counted. The kinase

activities of GSK-3b for GSK peptide 1 were measured as described elsewhere
(16, 29, 45).

Interaction of Dvl-1, Dvl-3, and rAxin in intact cells and in vitro. COS cells
transfected with plasmids containing HA–Dvl-1, Myc–Dvl-1, Myc–Dvl-3, Myc-
rAxin, HA-rAxin, and their deletion mutants were lysed as described previously
(16, 20, 45). The lysates were immunoprecipitated with the anti-Myc or anti-HA
antibody, and then the precipitates were probed with the anti-Myc and anti-HA
antibodies (16, 20, 45). To examine the direct binding of Dvl-1, Dvl-3, and rAxin,
GST fusion proteins (25 to 50 pmol) were incubated with MBP fusion proteins
(10 to 30 pmol) immobilized on amylose resin in 100 ml of reaction mixture (20
mM Tris-HCl [pH 7.5], 1 mM DTT) for 1 h at 4°C. MBP fusion proteins were
precipitated by centrifugation, and then the precipitates were probed with the
anti-GST antibody.

Cell lines stably expressing Myc-rAxin. Cotransfection of wild-type SW480
cells with pEF-BOS-Myc/rAxin-(1-713) or pBJ-Myc/rAxin-(298-832) and pNeo
was carried out by using Transfast (Promega Corp., Madison, Wis.). Colonies of
the cells resistant to G418 (Geneticin; GIBCO-BRL, Life Technologies, Inc.,
Rockville, Md.) were picked up, and the G418-resistant cells were further se-
lected by immunoblot analysis using the anti-Myc antibody.

Microinjection, immunofluorescence, and confocal laser-scanning micros-
copy. L cells were grown on glass coverslips and microinjected with various
plasmids (0.2 to 0.8 mg/ml), using a 5171 micromanipulator and 5246 transjector
(Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). The following proce-
dures were performed at room temperature. At 4 h postmicroinjection, the cells
were fixed for 20 min in phosphate-buffered saline (PBS) containing 4% para-
formaldehyde. After being washed with PBS three times, the cells were perme-
abilized with PBS containing 0.2% Triton X-100 and 2 mg of bovine serum
albumin per ml for 12 h. The cells were washed and incubated for 1 h with the
anti-Myc, anti-HA, or anti-b-catenin antibody. After being washed with PBS,
they were further incubated for 1 h with Cy3-labeled anti-mouse immunoglobulin
G and Cy2-labeled anti-rabbit immunoglobulin G. Coverslips were washed with
PBS, mounted on glass slides, and viewed with a confocal laser-scanning micro-
scope (TCS-NT; Leica-laser-technik GmbH, Heidelberg, Germany).

Gel filtration column chromatography. Purified MBP, MBP–Dvl-1, and MBP-
rAxin (4 to 8 mg of each protein) were applied to Superdex 200HR 10/30 columns
equilibrated with equilibration buffer (25 mM Tris-HCl [pH 8.0], 250 mM NaCl,
1 mM DTT, 0.1% Nonidet P-40) and eluted with the same buffer at a flow rate
of 0.5 ml/min. Fractions of 0.5 ml each were collected. An aliquot (20 ml) of each
fraction was probed with the anti-MBP antibody.

RESULTS

Identification of proteins which interact with Dvl. To iden-
tify proteins that physically interact with the DIX domains of
rAxin [rAxin-(757-820)] and Dvl-1 [Dvl-1-(1-82)], we screened
a rat brain cDNA library using the yeast two-hybrid method.
We could not obtain the clones which interact with the DIX
domain of rAxin, while several clones were found to confer
both the His1 and LacZ1 phenotypes on L40 containing
pBTM116HA/Dvl-1-(1-82). Among these, one clone was found
to encode a sequence containing Dvl-3. As assessed by filter
assays of b-galactosidase, Dvl-1-(1-82) indeed bound to Dvl-3
(full length) (Table 1). The association of Dvl-1-(1-82) with
rAxin (full length), GSK-3b (full length), or b-catenin (full
length) was not observed. When full-length Dvl-1 was used, it
bound not only to Dvl-3 but also to rAxin, while it did not bind

TABLE 1. Interaction of Dvl-1, Dvl-3, and Axin in the yeast two-
hybrid systema

Protein

b-Galactosidase activity

Dvl-1-(1-82)
(pBTM116HA)

Dvl-1
(pBTM116HA)

rAxin
(pBTM116HA)

Dvl-3 (pGAD) 1 1 1
rAxin (pGAD) 2 1 1
GSK-3b (pGAD) 2 2 1
b-Catenin (pGAD) 2 2 1
Ras (pGAD) 2 2 2

a L40 cells were cotransformed with pGAD- and pBTM116HA-derived plas-
mids, as indicated in parentheses. To assay for b-galactosidase activity, cells were
streaked on permissive (histidine-containing) medium and incubated for 3 days
at 30°C, and then b-galactosidase activity was measured as negative (2) or
positive (1). All constructs except Dvl-1-(1-82) are full-length proteins.
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to GSK-3b or b-catenin. rAxin bound to Dvl-3, and interest-
ingly rAxin interacted with rAxin itself. Ras, used as a negative
control, did not bind to Dvl-1-(1-82), Dvl-1, or rAxin. These
results suggest that Dvl-1 forms a complex with Dvl-3 through
its DIX domain, that Dvl-1 and Dvl-3 associate with Axin, and
that Axin forms a homo-oligomer. The structures of the mu-
tants of Dvl-1, Dvl-3, and rAxin used in the following experi-
ments are shown in Fig. 1.

Interaction of Dvl-1 with Dvl-3. To examine whether Dvl-1
forms a complex with Dvl-3 in intact cells, we coexpressed
HA–Dvl-1 with Myc–Dvl-3 in COS cells (Fig. 2A). When the
lysates coexpressing HA–Dvl-1 and Myc–Dvl-3 were immuno-
precipitated with the anti-Myc antibody, HA–Dvl-1 was de-
tected in the Myc–Dvl-3 immune complex (Fig. 2A). HA–
Dvl-1 was not immunoprecipitated when nonimmune
immunoglobulin was used instead of the anti-Myc antibody
(data not shown). To confirm that the DIX domain of Dvl-1 is
necessary for its interaction with Dvl-3, HA–Dvl-1-(140-670)
was coexpressed with Myc–Dvl-3. Unexpectedly, HA–Dvl-1-
(140-670) was coprecipitated with Myc–Dvl-3 (Fig. 2A). These
results suggest that both the DIX domain and the remaining
region of Dvl-1 can form a complex with Dvl-3 in intact cells.
However, the results obtained with COS cells do not exclude
the possibility that the interaction of Dvl-1 with Dvl-3 is indi-
rect.

To examine the direct interaction of Dvl-1 with Dvl-3, de-
letion mutants of GST–Dvl-1 and MBP–Dvl-3 were purified

from E. coli. GST–Dvl-1-(1-82) bound to both MBP–Dvl-3
(full length) and MBP–Dvl-3-(1-80) but not to MBP (Fig. 2B).
However, GST–Dvl-1-(140-670) did not bind to MBP–Dvl-3 or
MBP–Dvl-3-(1-80) (Fig. 2B). Furthermore, GST–Dvl-1-(1-82),
GST–Dvl-1-(83-282), or GST–Dvl-1-(1-140) did not bind to
MBP–Dvl-3-(82-716) (data not shown). Therefore, the DIX
domains of Dvl-1 and Dvl-3 bind directly to one another, but
regions other than the DIX domain do not. These results
suggest that Dvl-1 and Dvl-3 directly interact with one another
through their DIX domains and that they also form a complex
via other proteins which bind to some region other than the
DIX domains.

Self-association of Dvl-1. To examine whether Dvl-1 forms a
homo-oligomer, HA–Dvl-1 was coexpressed with Myc–Dvl-1 in
COS cells (Fig. 3A). HA–Dvl-1 formed a complex with Myc–
Dvl-1 in COS cells (Fig. 3A). An in vitro binding assay showed
that GST–Dvl-1-(1-82) directly binds to MBP–Dvl-1-(1-82) but
not to MBP alone (Fig. 3B). On gel filtration column chroma-
tography, MBP–Dvl-1 purified from E. coli eluted as a single
protein population with a peak Mr of around 340,000 under
conditions in which MBP alone eluted with a peak Mr of about
50,000, indicating that MBP does not oligomerize (data not
shown). Since the Mr of MBP–Dvl-1 on SDS-PAGE was about
125,000, Dvl-1 may form a trimer. These results indicate that
Dvls form a homo- or hetero-oligomer.

FIG. 1. Schematic representations of Dvl-1, Dvl-3, and rAxin constructs used
in this study.

FIG. 2. Interaction of Dvl-1 with Dvl-3. (A) Intact cells. Lysates (20 mg of
protein) of COS cells expressing Myc–Dvl-3 (lane 2), HA–Dvl-1 (lane 3), HA–
Dvl-1-(140-670) (lane 4), Myc–Dvl-3 and HA–Dvl-1 (lane 5), or Myc–Dvl-3 and
HA–Dvl-1-(140-670) (lane 6) were simultaneously probed with anti-Myc and
anti-HA antibodies. The same lysates (200 mg of protein) were immunoprecipi-
tated with the anti-Myc antibody, and the immunoprecipitates were probed with
the anti-Myc and anti-HA antibodies (lanes 7 to 11). The lysates of COS cells
transfected with empty vectors were used as a control (lane 1). IP, immuno-
precipitation; Ab, antibody; Ig, immunoglobulin. The arrows and arrowhead
indicate the positions of HA–Dvl-1 or HA–Dvl-1-(140-670) and Myc–Dvl-3,
respectively. (B) Direct binding. After GST–Dvl-1-(1-82) (lanes 1 to 3) or GST–
Dvl-1-(140-670) (lanes 4 to 6) (50 pmol of each) was incubated with MBP–Dvl-3
(full length) (lanes 1 and 4), MBP–Dvl-3-(1-80) (lanes 2 and 5), and MBP (lanes
3 and 6) (30 pmol of each) immobilized on amylose resin, MBP fusion proteins
were precipitated by centrifugation. The precipitates were probed with the anti-
GST antibody. The positions of GST–Dvl-1-(1-82) and GST–Dvl-1-(140-670) are
shown in lanes 7 and 8, respectively. The results shown are representative of
three independent experiments.
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Self-association of rAxin. In two-hybrid experiments, rAxin
interacted with rAxin (Table 1). We examined whether rAxin
forms a homo-oligomer in intact cells. When HA-rAxin and
Myc-rAxin were coexpressed in COS cells, HA-rAxin was
found in the Myc-rAxin immune complex (Fig. 4A). To deter-
mine which region of rAxin is required for its self-association,
the lysates of COS cells expressing deletion mutants of Myc-
rAxin were incubated with MBP-rAxin (full length). Only Myc-
rAxin (full length) was complexed with MBP-rAxin (full
length), but Myc–rAxin-(1-713), Myc–rAxin-(1-229), Myc–
rAxin-(298-506), or Myc–rAxin-(713-832) did not form a com-
plex with MBP-rAxin (full length) (Fig. 4B). When the lysates
of COS cells expressing Myc-rAxin (full length) were incubated
with MBP–rAxin-(298-832) and MBP–rAxin-(508-832), Myc-
rAxin formed a complex with MBP–rAxin-(298-832) but not
with MBP–rAxin-(508-832) (Fig. 4B). These results suggest
that the N-terminal region of rAxin including the RGS domain
is not necessary for its self-association and that the remaining
region, containing the GSK-3b- and b-catenin-binding sites
and the DIX domain, is necessary, but that none of these
individual sites is sufficient. However, the results observed with
COS cells do not exclude the possibility that other cellular
proteins are present.

To examine the direct self-association of rAxin, MBP-rAxin
was incubated with GST–rAxin-(298-832). GST–rAxin-(298-
832) but not GST alone bound to MBP-rAxin (Fig. 4C). MBP-
rAxin purified from E. coli eluted as a single protein popula-
tion with a peak at an Mr of around 500,000 on gel filtration

column chromatography (data not shown), and the Mr of
MBP-rAxin on SDS-PAGE was about 140,000, suggesting that
rAxin forms a trimer or tetramer.

Interaction of Dvl-1 with rAxin. In two-hybrid experiments,
Dvl-1 interacted with rAxin (Table 1). To examine whether
Dvl-1 forms a complex with rAxin in intact cells, we coex-
pressed HA–Dvl-1 with Myc-rAxin in COS cells (Fig. 5A).
When the lysates coexpressing Myc-rAxin with HA–Dvl-1 were

FIG. 3. Self-association of Dvl-1. (A) Intact cells. Lysates (20 mg of protein)
of COS cells expressing HA–Dvl-1 (lane 2), Myc–Dvl-1 (lane 3), or HA–Dvl-1
and Myc-Dvl-1 (lane 4) were sequentially probed with anti-HA and anti-Myc
antibodies. The same lysates (200 mg of protein) were immunoprecipitated with
the anti-Myc antibody, and the immunoprecipitates were probed with the an-
ti-HA and anti-Myc antibodies (lanes 5 to 7). The lysates of COS cells trans-
fected with empty vectors were used as a control (lane 1). IP, immunoprecipi-
tation; Ab, antibody; Ig, immunoglobulin. The arrow and arrowhead indicate the
positions of HA–Dvl-1 and Myc–Dvl-1, respectively. (B) Direct binding. After
GST–Dvl-1-(1-82) was incubated with MBP–Dvl-1-(1-82) (lane 1), MBP–Dvl-3-
(1-80) (lane 2), or MBP (lane 3) immobilized on amylose resin, MBP fusion
proteins were precipitated by centrifugation. The precipitates were probed with
the anti-GST antibody. The results shown are representative of three indepen-
dent experiments.

FIG. 4. Self-association of Axin. (A) Intact cells. Lysates (20 mg of protein)
of COS cells expressing HA-rAxin (lane 2), Myc-rAxin (lane 3), or HA-rAxin and
Myc-rAxin (lane 4) were probed with anti-HA and anti-Myc antibodies. The
same lysates (200 mg of protein) were immunoprecipitated with the anti-Myc
antibody, and the immunoprecipitates were probed with the anti-HA and anti-
Myc antibodies (lanes 5 to 7). The lysates of COS cells transfected with empty
vectors were used as a control (lane 1). IP, immunoprecipitation; Ab, antibody.
The arrow and arrowhead indicate the positions of HA-rAxin and Myc-rAxin,
respectively. (B) In vitro. The lysates of COS cells expressing Myc-rAxin (full
length) (lanes 1 and 6), Myc–rAxin-(1-713) (lanes 2 and 7), Myc–rAxin-(1-229)
(lanes 3 and 8), Myc–rAxin-(298-506) (lanes 4 and 9), or Myc–rAxin-(713-832)
(lanes 5 and 10) were directly probed with the anti-Myc antibody (lanes 1 to 5)
or incubated with MBP-rAxin (full length) (10 pmol) immobilized on amylose
resin, and then MBP-rAxin was precipitated by centrifugation (lanes 6 to 10).
The lysates of COS cells expressing Myc-rAxin (full length) were incubated with
MBP-rAxin (full length) (lane 11), MBP–rAxin-(298-832) (lane 12), or MBP–
rAxin-(508-832) (lane 13) (10 pmol of each) immobilized on amylose resin.
MBP-rAxin and its deletion mutants were precipitated by centrifugation, and the
precipitates were probed with the anti-Myc antibody. The arrow indicates the
position of Myc-rAxin (full length). (C) Direct binding. GST–rAxin-(298-832)
(lanes 1 and 2) or GST (lane 3) (50 pmol of each) was incubated with MBP (lane
1) or MBP-rAxin (full length) (lanes 2 and 3) (10 pmol of each) immobilized on
amylose resin, and then MBP-rAxin and MBP were precipitated by centrifuga-
tion. The precipitates were probed with the anti-GST antibody. The arrows
indicate the positions of GST–rAxin-(298-832) and GST. The results shown are
representative of three independent experiments.
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immunoprecipitated with the anti-HA antibody, Myc-rAxin
was detected in the HA–Dvl-1 immune complex (Fig. 5A).
Next, we examined which region of rAxin interacts with Dvl-1
in intact cells. Various deletion mutants of Myc-rAxin were
coexpressed with HA–Dvl-1 in COS cells, and the cell lysates
were immunoprecipitated with the anti-Myc antibody (Fig.
5B). Myc-rAxin (full length) and Myc–rAxin-(1-713) but not
Myc–rAxin-(1-437), Myc–rAxin-(1-229), or Myc–rAxin-(298-
506) were coprecipitated with HA–Dvl-1 (Fig. 5B). HA–Dvl-1
was also present faintly in the Myc–rAxin-(713-832) immune
complex (Fig. 5B). From these results obtained with COS cells,
it could be concluded that Dvl-1 forms a complex with Axin
and that the DIX domain of Axin is sufficient for the complex
formation of Dvl-1, although weakly. However, their interac-
tion may be indirect.

To confirm the direct binding of rAxin and Dvl-1 and to
examine which region of Dvl-1 binds to rAxin, various deletion
mutants of GST–Dvl-1 were incubated with MBP-rAxin (Fig.
5C). Both GST–Dvl-1-(1-282) and GST–Dvl-1-(281-670)
bound to MBP-rAxin, but GST–Dvl-1-(1-82), GST–Dvl-1-(1-
140), or GST–Dvl-1-(83-282) did not bind to MBP-rAxin.
These results indicate that Dvl-1 has two binding sites to rAxin
and that in the N-terminal binding site the DIX domain of
Dvl-1 is necessary but not sufficient for its interaction with
rAxin. GST–Dvl-1-(281-670) inhibited the binding of GST–

Dvl-1-(1-282) to MBP–rAxin-(508-832), suggesting that both
regions of Dvl-1 can bind to the same site on Axin (data not
shown). Various deletion mutants of MBP-rAxin were incu-
bated with GST–Dvl-1-(1-282) (Fig. 5C). GST–Dvl-1-(1-282)
bound to MBP-rAxin (full length) and MBP–rAxin-(508-832)
but not to MBP–rAxin-(1-529) or MBP–rAxin-(713-832) (Fig.
5C). GST–Dvl-1-(281-670) also bound to MBP-rAxin (full
length) and MBP–rAxin-(508-832) but not to MBP–rAxin-(1-
529) (data not shown). These results from in vitro experiments
suggest that the region containing amino acids 530 to 712 of
rAxin is important for its direct interaction with Dvl-1. Taken
together with the experiments with COS cells, the DIX domain
of rAxin may form a complex with Dvl-1 through other pro-
teins. Thus, Axin has a Dvl-binding site in addition to the
binding sites for GSK-3b, b-catenin, and APC. However, the
binding of GST–Dvl-1 (full length) to MBP-rAxin (full length)
did not affect the interaction of GST–GSK-3b or GST–b-
catenin to MBP-rAxin (Fig. 5D). APC-(1211-2075) containing
seven 20-amino-acid repeat motifs binds to Axin (20). Like-
wise, GST–Dvl-1 did not affect the binding of GST–APC-
(1211-2075) to MBP-rAxin (Fig. 5D).

Inhibition of Axin-promoted GSK-3b-dependent phosphor-
ylation of b-catenin by Dvl. It has been shown that Axin-
induced ventralization is rescued by Xdsh in Xenopus embryos,
suggesting that Dvl antagonizes the functions of Axin (49).

FIG. 5. Interaction of Dvl-1 with Axin. (A) Intact cells. Lysates (20 mg of protein) of COS cells expressing Myc-rAxin (lane 2), HA–Dvl-1 (lane 3), or Myc-rAxin
and HA–Dvl-1 (lane 4) were probed with anti-Myc and anti-HA antibodies. The lysates of COS cells transfected with empty vectors served as the control (lane 1). The
same lysates (250 mg of protein) of COS cells prepared in lanes 2 to 4 were immunoprecipitated with the anti-HA antibody (lanes 5 to 7). The immunoprecipitates were
probed with the anti-Myc and anti-HA antibodies. IP, immunoprecipitation; Ab, antibody; Ig, immunoglobulin. The arrow and arrowhead indicate the positions of
Myc-rAxin and HA–Dvl-1, respectively. (B) Binding region. The lysates (250 to 500 mg of protein) of COS cells coexpressing HA–Dvl-1 and Myc-rAxin (full length)
(lanes 1 and 7), Myc–rAxin-(1-713) (lanes 2 and 8), Myc–rAxin-(1-437) (lanes 3 and 9), Myc–rAxin-(1-229) (lanes 4 and 10), Myc–rAxin-(298-506) (lanes 5 and 11),
or Myc–rAxin-(713-832) (lanes 6 and 12) were immunoprecipitated with the anti-Myc antibody, and the immunoprecipitates were probed with the anti-Myc (lanes 1
to 6) and anti-HA (lanes 7 to 12) antibodies, respectively. IB, immunoblotting. The arrow indicates the positions of HA–Dvl-1. (C) Direct binding. GST–Dvl-1-(1-282)
(lane 1), GST–Dvl-1-(1-140) (lane 2), GST–Dvl-1-(1-82) (lane 3), GST–Dvl-1-(83-282) (lane 4), GST–Dvl-1-(281-670) (lane 5), or GST (lane 6) (25 pmol of each) was
incubated with MBP-rAxin (10 pmol) immobilized on amylose resin, and then MBP-rAxin was precipitated by centrifugation. The precipitates were probed with the
anti-GST antibody. After GST–Dvl-1-(1-282) (25 pmol) was incubated with MBP-rAxin (full length) (lane 7), MBP–rAxin-(1-529) (lane 8), MBP–rAxin-(508-832) (lane
9), MBP–rAxin-(713-832) (lane 10), or MBP alone (lane 11) (10 pmol each) immobilized on amylose resin, MBP fusion proteins were precipitated by centrifugation.
The precipitates were probed with the anti-GST antibody. The arrows and arrowhead indicate the positions of GST–Dvl-1-(1-282) and GST–Dvl-1-(281-670),
respectively. (D) Effects of Dvl-1 on the binding of GSK-3b, b-catenin, and APC to rAxin. MBP-rAxin (full length) (10 pmol) immobilized on amylose resin was
incubated with 1 mM GST–GSK-3b, 1.4 mM GST–b-catenin, or 250 nM GST–APC-(1211-2075) in the presence of the indicated concentrations of GST–Dvl-1 (full
length). MBP-rAxin was precipitated by centrifugation, and then the precipitates were probed with the anti-GSK-3b, anti-b-catenin, or anti-GST [for GST–APC-
(1211-2075)] antibody. The positions of GST–APC-(1211-2075), GST–b-catenin, and GST–GSK-3b are indicated by the arrows. The results shown are representative
of three independent experiments.
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Therefore, we examined whether Dvl-1 affects Axin’s ability to
promote GSK-3b-dependent phosphorylation of b-catenin.
MBP–Dvl-1 itself was not phosphorylated by GST–GSK-3b
(data not shown). GST–GSK-3b phosphorylated His6–b-cate-
nin in the presence of MBP-rAxin in a time-dependent manner

(16) (Fig. 6A). MBP–Dvl-1 inhibited this phosphorylation of
His6–b-catenin (Fig. 6A). This inhibitory activity of MBP–
Dvl-1 was dose dependent, and MBP alone did not inhibit the
GSK-3b-dependent phosphorylation of b-catenin (Fig. 6B).
Deletion of the N-terminal region containing the DIX domain
[MBP–Dvl-1-(140-670)] reduced but did not eliminate the
Dvl-1 activity (Fig. 6B). MBP–Dvl-1-(D283-336) (MBP–Dvl-
1DPDZ), which lacks the PDZ domain, did not inhibit the phos-
phorylation of b-catenin (Fig. 6B). It has been demonstrated
that GSK-3b phosphorylates APC directly and that Axin pro-
motes GSK-3b-dependent phosphorylation of APC (13, 35).
Consistent with these previous observations, GST–GSK-3b
phosphorylated GST–APC-(1211-2075) and MBP-rAxin en-
hanced this phosphorylation (Fig. 6C). MBP–Dvl-1 inhibited
the phosphorylation of GST–APC-(1211-2075) in the presence
but not in the absence of MBP-rAxin (Fig. 6C). However,
MBP-rAxin did not enhance the phosphorylation of synthetic
peptide by GST–GSK-3b, and the phosphorylation was not
affected by MBP–Dvl-1 in the presence or absence of MBP-
rAxin (Fig. 6D). Taken together, these results suggest that
Dvl-1 inhibits Axin-promoted GSK–3b-dependent phosphory-
lation of b-catenin and APC but not GSK-3b activity itself.

Effect of Dvl-1 on b-catenin nuclear accumulation. It has
been shown that overexpression of Drosophila Dsh elevates
Armadillo levels in Drosophila imaginal disc cell line clone 8
and that both the DIX and PDZ domains are essential for the
action of Dsh (47). Therefore, we examined the effects of
mammalian Dvl-1 on b-catenin. Microinjection of Dvl-1 into L
cells induced the accumulation of b-catenin in the nucleus
(Fig. 7A and B). Deletion of the N-terminal region including
the DIX domain abolished the ability of Dvl-1 to cause nuclear
accumulation of b-catenin (Fig. 7C and D). Furthermore, the
PDZ domain deletion mutant also did not have this activity
(Fig. 7E and F). These results were consistent with the obser-
vations that removal of the DIX or PDZ domain from Dvl-1

FIG. 6. Inhibition of GSK-3b-dependent phosphorylation of b-catenin in the
presence of Axin by Dvl. (A) Time course. Ninety nanomolar MBP-rAxin and 90
nM GST–GSK-3b were incubated with 1.4 mM His6–b-catenin in the presence of
1 mM MBP or MBP–Dvl-1 for the indicated periods. (B) Effects of the DIX and
PDZ domains of Dvl on its activity. GST–GSK-3b was incubated with His6–b-
catenin and MBP-rAxin in the presence of the indicated concentrations of
MBP–Dvl-1 (F), MBP–Dvl-1-(140-670) (Œ), MBP–Dvl-1DPDZ (■), or MBP (E)
for 15 min. (C) Inhibition of GSK-3b-dependent phosphorylation of APC in the
presence of Axin by Dvl. GST–GSK-3b was incubated with 250 nM GST–APC-
(1211-2075) and the indicated concentrations of MBP–Dvl-1 in the presence (F)
or absence (E) of MBP-rAxin for 15 min. (D) Phosphorylation of synthetic
peptide. GST–GSK-3b was incubated with 10 mM GSK peptide 1 and the
indicated concentrations of MBP–Dvl-1 in the presence (F) or absence (E) of
MBP-rAxin for 15 min. The results shown are representative of five independent
experiments.

FIG. 7. Roles of the DIX domains of Dvl-1 and rAxin on the nuclear accumulation of b-catenin. L cells grown on coverslips were microinjected with pCGN/Dvl-1
(full length) (A and B), pCGN/Dvl-1-(140-670) (C and D), pCGN/Dvl-1DPDZ (E and F), pBJ-Myc/rAxin (full length) (G and H), pEF-BOS-Myc/rAxin-(1-713) (I and
J), or pBJ-Myc/rAxin-(713-832) (K and L). Cells were fixed, permeabilized, and stained with anti-HA (A, C, and E), anti-Myc (G, I, and K), and anti-b-catenin (B, D,
F, H, J, and L) antibodies. The arrows indicate injected cells. The results shown are representative of three independent experiments.
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abolishes its ability to increase b-catenin in COS-7 cells (24)
and indicate that mammalian Dvl accumulates b-catenin in the
nucleus and that the DIX and PDZ domains are necessary for
this ability.

Requirement of the DIX domain of rAxin for b-catenin
degradation activity. To clarify the function of the DIX do-
main of rAxin, we made SW480 cells stably expressing Myc–
rAxin-(298-832) or Myc–rAxin-(1-713). Consistent with the
previous observations (3, 13), expression of Myc–rAxin-(298-
832), which lacks the RGS domain, reduced the cellular level
of b-catenin (Fig. 8A). However, expression of Myc–rAxin-(1-
713) did not affect the level of b-catenin (Fig. 8A). Further-
more, expression of Myc–rAxin-(298-832) but not Myc–rAxin-
(1-713) in SW480 cells reduced the cell growth rate (Fig. 8B).
These results suggest that the DIX domain of Axin is necessary
for its abilities to cause degradation of b-catenin and to sup-
press cellular proliferation. Since the expression of b-catenin
in the cytosol of L cells was low, no significant reduction of
b-catenin was observed after microinjection of rAxin (full
length) into L cells (Fig. 7G and H). However, rAxin-(1-713)
and rAxin-(713-832) stabilized cytoplasmic b-catenin in L cells
(Fig. 7I to L). It appears that these rAxin fragments act
through a dominant-negative mechanism to inhibit the endog-
enous Axin activity. It is notable that in contrast to Dvl-1, these
rAxin mutants do not drive nuclear accumulation of b-catenin.

DISCUSSION
A region of about 80 amino acids at the N terminus of the

Dishevelled family is evolutionarily conserved and is referred
to as the DIX domain. More than 60% of the amino acids of
the DIX domains are identical among Drosophila Dsh, Xeno-
pus Dsh, and mammalian Dvl. Expression of Dsh in Drosophila
imaginal disc cell line clone 8 induces the accumulation of
Armadillo, and deletion of the 166 N-terminal amino acids
including the DIX domain abolishes the activity (47). Expres-
sion of the DIX domain of Dsh functions dominant negatively
in fly cuticle formation (2). These results have suggested that
the DIX domain of Dsh contacts other proteins to transmit the
signal. We have found that the DIX domain of Dvl-1 directly
binds to the DIX domains of Dvl-1 and Dvl-3. Furthermore,
the apparent molecular weight of recombinant Dvl-1 is three
times larger than that of the monomer on gel filtration column

chromatography, suggesting that Dvl undergoes association to
form a homo- or hetero-oligomer through the DIX domain in
mammalian Dvl-1, -2, and -3. Taken together, these results
suggest that the DIX domain of Dvl functions in protein-
protein interactions and that oligomerization may be necessary
for the activity of Dvl-1. We have also shown that expression of
Dvl-1 in L cells induces the accumulation of b-catenin in the
nucleus and that the deletion of the 139 N-terminal amino
acids including the DIX domain abolishes this activity. How-
ever, the same Dvl-1 mutant reduces but does not eliminate
the Dvl-1 activity to inhibit GSK-3b-dependent phosphoryla-
tion of b-catenin in in vitro assays. If the former assay is not
sufficiently sensitive to determine whether any residual activity
is present in the deletion mutant of Dvl-1, these results suggest
that a domain other than the DIX domain in Dvl-1 confers
some ability to promote b-catenin stabilization. Indeed, at
least two domains in Dvl-1, one in the N-terminal region that
contains the DIX domain and the other in the C-terminal
region that contains the PDZ and DEP domains, are capable
of binding to rAxin. Consistent with these observations, Dsh
mutants lacking the DIX domain can still rescue the cuticle
phenotype of dsh mutants in Drosophila, but the activity is
reduced relative to that of wild-type Dsh (2). We have also
shown that the PDZ domain of Dvl-1 is necessary for its ability
to induce nuclear accumulation of b-catenin, consistent with
the previous observations on Drosophila and Xenopus (2, 38,
47). These results suggest that both the DIX and PDZ domains
are important for stabilizing b-catenin and promoting its nu-
clear import.

The DIX domain is also found in the C-terminal region of
rAxin. Whereas 14 amino acids among 66 amino acids are
different between the DIX domains of Dvl-1 and Dvl-3 (33),
the identity between the DIX domains of Dvl-1 and rAxin is
much lower, 37% (16, 49). The DIX domain of Dvl-1 does not
bind to the DIX domain of rAxin, nor does the DIX domain of
rAxin show self-association. Thus, the characteristics of the
DIX domain of rAxin are different from those of Dvl-1. How-
ever, rAxin also undergoes a homo-oligomerization like Dvl.
The DIX domain of rAxin is not sufficient but is necessary for
its self-association. Stabilization of b-catenin due to its own
mutation or the loss of APC has been shown to cause several
human cancers (23, 28, 34), and expression of APC downregu-
lates b-catenin and Tcf activity (23, 28). Therefore, it is possi-
ble that the inhibition of the cellular proliferation by Axin is
due to less activation of Tcf through the degradation of b-cate-
nin. Since deletion of the DIX domain from rAxin abolishes its
ability to promote the degradation of b-catenin and to inhibit
cellular proliferation in SW480 cells, the region containing the
DIX domain of Axin is necessary for its oligomerization and
oligomerization may be important for the Axin action. Alter-
natively, other proteins that are required for the degradation
of b-catenin may bind to the DIX domain of Axin. Since
rAxin-(1-713) enhances GSK-3b-dependent phosphorylation
of b-catenin, our results showing that rAxin-(1-713) does not
downregulate the levels of b-catenin also suggest that the phos-
phorylation of b-catenin is not sufficient for its degradation.
Therefore, it is intriguing to speculate that the DIX domain of
Axin may bind to bTrCP, a Slimb homolog, which is an F-box
protein; Slimb is necessary for the degradation of b-catenin’s
fly homolog, Armadillo (18). It is notable that in contrast to
Dvl-1, rAxin-(1-713) and rAxin-(713-832) increase the cytoso-
lic but not nuclear b-catenin. These results suggest that the
cytosolic accumulation of b-catenin is not sufficient for its
nuclear import and that another signal from Dvl-1 may be
necessary.

The region containing amino acid residues 508 to 713 of

FIG. 8. Effects of the DIX domain of rAxin on its function. (A) Effects of
rAxin-(1-713) and rAxin-(298-832) on the degradation of b-catenin. Lysates (20
mg of each protein) of wild-type SW480 cells (lane 1) or SW480 stably expressing
Myc–rAxin-(298-832) (lane 2) or Myc–rAxin-(1-713) (lane 3) were probed with
anti-Myc and anti-b-catenin antibodies. The arrows and arrowhead indicate the
positions of Myc–rAxin-(298-832) or Myc–rAxin-(1-713) and endogenous b-cate-
nin, respectively. (B) Growth rates. The numbers (35-mm-diameter dish) of
wild-type SW480 cells (E) and SW480 cells stably expressing Myc–rAxin-(1-713)
(F) or Myc–rAxin-(298-832) (‚) were determined. The results shown are rep-
resentative of three independent experiments.
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rAxin is important for the binding of Axin to Dvl-1. The DIX
domain of rAxin does not bind to Dvl-1 directly but is sufficient
for its complex formation with Dvl-1. Dvl-1 has two binding
sites to rAxin. In the N-terminal binding site, the DIX domain
of Dvl-1 is necessary but not sufficient for the interaction with
rAxin. These two regions interact with the overlapping and
perhaps identical site on rAxin. Which region of Dvl-1 associ-
ates with rAxin in intact cells remains to be clarified. One
intriguing possibility is that the mode of binding of Dvl-1 to
rAxin is regulated by the Wnt signal. This Dvl-binding site on
rAxin is distinct from the binding sites of APC, GSK-3b, and
b-catenin (13, 16, 20), suggesting that these proteins form a
pentamer. Since APC and b-catenin also form homo- or het-
ero-oligomers (34, 39), the Axin complex could be more com-
plicated.

We have demonstrated that Dvl-1 directly inhibits GSK-
3b-dependent phosphorylation of b-catenin and APC in the
presence of Axin. These studies provide the first biochemical
evidence in support of the proposed genetic model that Dro-
sophila Dsh antagonizes shaggy activity (6, 9). It has been shown
that serine phosphorylation of GSK-3 induced by p90rsk, pro-
tein kinase B (PKB), or PKC is important for the regulation
of GSK-3 activity (8, 10, 12, 41). Since Dvl-1 is not a protein
kinase, Dvl-1 could inactivate GSK-3b by different mecha-
nisms. Dvl-1 does not inhibit kinase activity itself of GSK-3b
for a synthetic peptide substrate, Dvl-1 inhibits only Axin-
promoted phosphorylation of b-catenin and APC but does not
affect their phosphorylation in the absence of Axin, and the
binding of Dvl-1 to Axin does not affect the interaction of
GSK-3b, b-catenin, or APC with rAxin. Therefore, it is possi-
ble that the binding of Dvl-1 to Axin induces the structural
change of the Axin complex, and thus GSK-3b does not effec-
tively phosphorylate b-catenin or APC. However, b-catenin is
usually phosphorylated, ubiquitinated, and degraded in resting
cells (1) even though Dvl-1 forms a complex with Axin. Since
higher concentrations (micromolar order) of Dvl-1 are re-
quired to inhibit the action of GSK-3b in our in vitro experi-
ments, modification of Dvl-1 such as phosphorylation may be
necessary to act on the Axin complex in intact cells. It has been
shown that soluble Wg protein inhibits GSK-3 activity in
10T1/2 fibroblasts and that phorbol ester-sensitive PKC may be
involved in this signaling pathway (7). Although the relation-
ship of Dvl-1 to PKC is unclear, Dvl-1 may lie downstream of
PKC. Furthermore, in Drosophila imaginal disc cell line clone
8, a Dsh-associated kinase that phosphorylates Dsh has been
identified as casein kinase 2 (44). Taken together with the
observations that Dsh is a phosphoprotein localized predomi-
nantly in the cytoplasm of the cells and that Wg stimulation in
the cells leads to hyperphosphorylation of Dsh (44, 46, 47), it
is possible that the hyperphosphorylated form of Dvl-1 is an
active form and that phosphorylated Dvl-1 transduces the sig-
nal onto the next signaling component, leading to the inhibi-
tion of the phosphorylation by GSK-3b. Studies to clarify the
mechanism by which Wnt activates Dvl are under way.

Structures of Dvl family members are highly conserved and
Dvl genes (Dvl-1, Dvl-2, and Dvl-3) are ubiquitously expressed
in fetal and adult tissues, including brain, lung, skeletal muscle,
and heart (22, 33, 40). Dvl-1-deficient mice are viable, fertile,
and structurally normal but exhibit abnormal sensorimortor
gating and reduced social interaction (25). These observations
suggest redundancy of function among the Dvl genes in the
Wnt signaling pathway and the participation of Wnt signaling
components through Dvls in complex behavioral phenomena.
Since whether Dvls have similar or distinct roles in the Wnt
signaling pathway is not known, it remains to be elucidated

whether Dvl-2 and -3 bind to Axin and suppress the GSK-3b-
dependent phosphorylation of b-catenin.
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