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Signaling by the Wnt family of secreted proteins plays an important role in animal development and is often
misregulated in carcinogenesis. Wnt signal transduction is controlled by the rate of degradation of (3-catenin
by a complex of proteins including glycogen synthase kinase 3 (GSK3), adenomatous polyposis coli, and Axin.
Dishevelled is required for Wnt signal transduction, and its activation results in stabilization of 3-catenin.
However, the biochemical events underlying this process remain largely unclear. Here we show that Xenopus
Dishevelled (Xdsh) interacts with a Xenopus Axin-related protein (XARP). This interaction depends on the
presence of the Dishevelled-Axin (DIX) domains in both XARP and Xdsh. Moreover, the same domains are
essential for signal transduction through Xdsh. Finally, our data point to a possible mechanism for signal
transduction, in which Xdsh prevents (3-catenin degradation by displacing GSK3 from its complex with XARP.

A central problem of molecular and cell biology is to under-
stand how an extracellular signal is transmitted from the cell
surface to the nucleus. One essential signaling pathway is the
Wnt pathway, which controls cell fate and cell proliferation in
embryonic development and is frequently activated during car-
cinogenesis (6, 41, 43). In vertebrate embryos, the Wnt signal-
ing pathway is involved in specification of the dorsoventral axis
(15, 35, 56). Ectopic Wnt signaling in Xenopus laevis leads to
the activation of genes that are normally expressed in the
dorsal signaling center, known as the Spemann organizer, re-
sulting in the formation of a complete secondary body axis (32,
52, 53). Inhibition of this pathway at different levels abolishes
the response to Wnt ligands and leads to deficient dorsal de-
velopment (ventralization), providing a unique model system
for signal transduction studies (2, 17, 34, 67, 68).

The canonical Wnt pathway is initiated by the interaction of
Wnts with the Frizzled family of seven-transmembrane-do-
main receptors (6). The cytoplasmic protein Dishevelled (Dsh)
is necessary to relay the signal further downstream, leading to
an increase in the cytoplasmic level of B-catenin. In the ab-
sence of Wnt signaling, B-catenin is degraded by the complex
of glycogen synthase kinase 3 (GSK3) (42, 66), the adenoma-
tous polyposis coli (APC) gene product (43), PP2A (20, 50),
and Axin (14, 61, 68). Wnt signaling leads to stabilization of
B-catenin and its translocation to the nucleus (6, 8). In the
nucleus, B-catenin forms a complex with transcription factors
of the T-cell factor family and activates target gene expression
(2,5, 21, 34, 58).

Although Dsh is required for the cellular response to Wnt
signals, the mechanism by which Dsh stabilizes 3-catenin has
not been elucidated. Dsh has three conserved protein domains.
The DIX (Dishevelled-Axin) domain of Dsh is similar to the
C-terminal domain of Axin (6, 68). Another conserved domain
of Dsh belongs to the family of PDZ domains, which are found
in many proteins interacting with transmembrane receptors
and/or the cytoskeleton (45). The DEP domain of Dsh is also
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found in several proteins regulating G-protein signaling (44)
and was recently proposed to be responsible for Jun kinase
activation and for establishment of planar cell polarity (1, 4,
29). Thus, Dsh is a multidomain protein that is likely to func-
tion in different signal transduction pathways.

Dsh may operate by inhibiting the function of Axin, a neg-
ative regulator of the pathway. Mice with a mutation in the
Fused locus that encodes Axin often develop duplicated em-
bryonic axes, indicating that Axin is an inhibitor of dorsal
development in vertebrates (11, 24, 68). Axin contains two
conserved protein domains: the RGS domain, found in some
regulators of G-protein signaling, and the C-terminal DIX
domain with similarity to Dsh (68). When overexpressed in
frog embryos, Axin inhibits dorsal development and blocks the
ability of Xwnt8 to induce a secondary body axis. In contrast, a
putative dominant-negative form of Axin, lacking the RGS
domain, mimics Wnt signaling and dorsalizes the embryo, con-
sistent with the proposed suppressive role for Axin in dorsal
development (68).

Biochemical studies have shown that Axin and a related
protein, Axil/Conductin, occupy a central position in Wnt sig-
nal transduction and form a complex with GSK3 and B-catenin
in tissue culture cells (3, 16, 22, 38, 47, 62) and in Xenopus
embryos (23). GSK3 is an essential negative regulator of the
pathway (66). When the GSK3-binding domain of Axin is
deleted, it is no longer able to inhibit axial development (23).
Furthermore, the RGS domain of Axin was shown previously
to interact with APC (3, 16, 25, 38). In the absence of the RGS
domain, Axin behaves as a dominant-negative mutant (68) and
fails to bind B-catenin in the embryo (23). These results sug-
gest that Axin operates by allowing GSK3 to phosphorylate its
putative substrate, B-catenin. Thus, a large protein complex of
Axin, APC, and GSK3 functions to promote the phosphoryla-
tion and degradation of B-catenin.

In a Saccharomyces cerevisiae two-hybrid screen for proteins
interacting with Xenopus Dishevelled (Xdsh), we identified a
c¢DNA encoding a novel maternally encoded Xenopus Axin-
related protein (XARP). Here we establish the biochemical
association of XARP and Xdsh and define their interacting
domains. We propose that the DIX domain of XARP is subject
to regulation by Dsh and is essential for Wnt signal transduc-
tion. Our data suggest that, upon binding to XARP, Xdsh
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causes the release of GSK3 from the complex with XARP, thus
providing a possible mechanism for Wnt signal transduction.

MATERIALS AND METHODS

Isolation of the XARP ¢DNA. Proteins interacting with Xdsh were isolated in
a yeast two-hybrid screen, according to the method of Gyuris et al. (13). In brief,
a Xenopus gastrula cDNA expression library was constructed in the yeast pJG4-5
vector that is inducible by galactose and contains a transcriptional activation
domain. The bait contained the fusion of the LexA DNA-binding domain and
full-length Xdsh in the pEG202 vector. The bait and the library were trans-
formed into the EGY48 yeast strain, which requires leucine for growth. Positive
colonies were selected by growth in a leucine-free medium and on X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside)-containing plates as described
previously (13). Plasmid DNA was recovered from positive yeast colonies and
sequenced. Two positive colonies contained inserts encoding 212 amino acids
with similarity to the C terminus of the Axin protein. A full-length XARP cDNA
was isolated by probing a Xenopus ovary cDNA NZAP library (27) with a short
fragment of the XARP cDNA using standard procedures (49). pBluescript plas-
mids with the XARP cDNA inserts were rescued from the positive phage by an
in vivo excision protocol (Stratagene). Both DNA strands of the XARP cDNA
were sequenced using a 373A DNA sequencer (Applied Biosystems, Inc.).

DNA constructs. To construct Myc-XARP and XARP-cyanfluorescent protein
(XARP-CFP), the 2.5-kb XARP cDNA insert, encoding amino acids 40 to 706 of
XARP, was isolated from XARP-pBSSK digested with Ncol and Xhol and
ligated in frame into pCS2-MT (57) or pECFP-C1 (Clontech). Other fragments
of XARP cDNA were subcloned in frame into pXT7-Myc and pXT7-HA vectors
(S. Sokol, unpublished data) to generate XARPADIX, encoding amino acids 40
to 584 of XARP, XARPARGS (amino acids 266 to 706), XARPARGSAC (ami-
no acids 266 to 394), and XARP-C (amino acids 506 to 706), using available
restriction enzyme sites. Myc-Xdsh-pCS2 and Myc-Xdd1-pCS2 were described
previously (55). Hemagglutinin (HA)-tagged Xdsh constructs were obtained by
in-frame subcloning of full-length Xdsh cDNA into the pXT7-HA vectors. Trun-
cated Xdsh variants were constructed using PstI (for Xdsh-A), Smal (for Xdsh-
Ab), BglII (for Xdsh-BC), and Xhol (for Xdsh-C and Xdsh-AB) sites. Xdsh-
yellow fluorescent protein (Xdsh-YFP) was constructed by fusing the YFP insert
(Clontech) to the 3’ terminus of the Xdsh cDNA by using the Ncol site next to
the start codon of YFP and the third Ncol site in Xdsh (obtained by partial
digestion). This construct lacks the C-terminal 12 amino acids of wild-type Xdsh.
Further details of plasmid construction are available on request.

Embryo culture and analysis, RNA microinjections, and localization studies.
Capped synthetic RNAs were generated by in vitro transcription with Sp6, T7,
and T3 RNA polymerases (28), using the mMessage mMachine kit (Ambion).
Eggs and embryos were obtained from Xenopus females and cultured in 0.1X
Marc’s modified Ringer’s medium (MMR) as described previously (39). Embry-
onic stages were determined according to the work of Nieuwkoop and Faber
(40). For microinjection, embryos were transferred to 3% Ficoll in 0.5X MMR
and injected at the four- to eight-cell stage with 10 nl of a solution containing 0.5
to 1 ng of RNA, unless specified otherwise. Injections were carried out in one
ventral blastomere for secondary axis induction, two dorsal blastomeres for
assaying the ventralizing activity of XARP, and all four blastomeres for protein
analysis. Embryonic phenotypes were scored morphologically at the equivalent
of stage 36. The results are combined for at least three independent experiments.

For subcellular localization studies, mRNAs encoding XARP-CFP and/or
Xdsh-YFP (1 ng each) were injected into the animal pole of two-cell embryos. At
stage 9 to 10.5, animal caps were dissected, fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 30 min, washed three times in PBS, and
mounted in 70% glycerol-PBS supplemented with 25 mg of DABCO [diazabi-
cyclo(2,2,2)-octane; Sigma] per ml. Fluorescence was visualized using a Zeiss
Axiophot microscope with an Omega XF102 filter for CFP, an XF22 filter for
GFP, and an XF30 filter for YFP visualization.

Immunoprecipitations and Western blot analysis. Injected embryos were
lysed in 500 wl of lysis buffer (1% Triton X-100, 50 mM Tris-HCI at pH 7.5, 50
mM NaCl, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 1
mM Na;VO,) when sibling embryos had developed to late blastula to early
gastrula stages (stage 9" to stage 10"). Immunoprecipitation and Western blot
analysis were carried out as described previously (23). For immunoprecipitations,
20 pl of 9E10 (anti-Myc) or 12CAS5 (anti-HA) hybridoma supernatants was used
per each sample. The equivalent of 0.14 embryo was loaded per lane for analysis
of embryo lysates, and the equivalent of 4 to 24 embryos was used for analysis of
immunoprecipitated proteins. GSK3 was detected by monoclonal antibodies
from Transduction Labs, and APC was detected with antibodies from Oncogene
Research Products. Peroxidase activity was visualized by enhanced chemilumi-
nescence as described previously (10). When necessary, membranes were
stripped for 15 min in 7 M guanidine-HCI-50 mM Tris-HCI (pH 8.0)-20 mM
dithiothreitol-2 mM EDTA and reprobed with different antibodies. Each exper-
iment was repeated at least three times.

Nucleotide sequence accession number. The sequence of the XARP cDNA
was deposited in GenBank (accession no. AF140243).
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RESULTS

Dsh associates with XARP, a novel maternal Xenopus homo-
logue of Axin. In a yeast two-hybrid screen for proteins inter-
acting with Xdsh, we isolated a short cDNA fragment encoding
a novel XARP. Repeated screening of a Xenopus ovary cDNA
library with the XARP cDNA probe resulted in the isolation of
a 3.0-kb XARP cDNA, which contained an open reading frame
of 706 amino acids. At the amino acid level, XARP is 45%
similar to mouse Axin (68) and 50% similar to rat Axil (62).
Sequence alignment of XARP and other Axin homologues
(Fig. 1) reveals the conserved RGS domain and the DIX do-
main, as well as the regions required for binding of GSK3 and
B-catenin (3, 22, 38, 62). A Drosophila melanogaster Axin ho-
mologue is approximately 25% similar to both XARP and
mAxin (14). XARP has only 43% similarity to the recently
cloned Xenopus Axin (18). Thus, based on the analysis of their
amino acid sequences, XARP, Axin, and Axil/Conductin are
not orthologues but clearly belong to the same protein family.

Since the XARP cDNA was isolated from an ovary cDNA
library, XARP may be present maternally. Both maternal and
zygotic XARP transcripts of approximately 3.5 kb in size were
detected by Northern analysis (data not shown), consistent
with the idea that XARP plays a role in early dorsoventral axis
specification. Functional activity of XARP was evaluated by
microinjecting XARP mRNA into Xenopus early embryos.
Similar to mouse Axin (68), XARP inhibited axial develop-
ment when overexpressed in dorsal blastomeres (Fig. 2A).
Furthermore, a truncated form of XARP, lacking the RGS
domain (XARPARGS), induced a complete secondary body
axis in the embryo (Fig. 2B). XARPARGS thus appears to
have a dominant-negative effect that is opposite to the ventral-
izing activity of the wild-type XARP. These findings suggest
that XARP and Axin function similarly in dorsoventral axis
determination.

Biochemical interactions of XARP and Xdsh. To confirm
the biochemical association of Xdsh and XARP that was in-
ferred from the yeast system, we tagged both proteins with
different peptide epitopes (36) for immunoprecipitation anal-
ysis. Xenopus embryos were coinjected with mRNAs encoding
HA-tagged Xdsh and Myc-tagged XARP (Fig. 3). At the early
gastrula stage, protein complexes were precipitated from em-
bryo lysates with anti-HA monoclonal antibodies. Western blot
analysis with anti-Myc antibodies revealed the presence of
Myc-XARP in the complex. In the absence of HA-Xdsh, Myc-
XARP was not detected, illustrating the specificity of interac-
tions between Xdsh and XARP (Fig. 3). Moreover, the asso-
ciation of XARP with Xdsh was dose dependent, and the
complex was detected only weakly at lower doses of HA-Xdsh
RNA (data not shown). These experiments reveal that Xdsh
and XARP interact biochemically and form a complex in gas-
trula lysates.

The DIX domains mediate the association of XARP and
Xdsh. Initially, our two-hybrid screen resulted in the isolation
of a small C-terminal fragment of XARP that can bind Xdsh in
yeast. Since the DIX domain was the major conserved domain
in the isolated fragment, we suspected that it might be essential
for XARP-Xdsh interactions. The removal of the DIX domain
in XARP impaired its ability to associate with Xdsh (Fig. 3 and
4A), demonstrating that this domain is required for the asso-
ciation of XARP and Xdsh. Moreover, the XARP-C construct
encoding the DIX domain of XARP with the adjacent se-
quences was able to bind Xdsh on its own (Fig. 4B), consistent
with the ability of a similar construct to interact with Xdsh in
a two-hybrid assay (data not shown).

To determine which domain of Xdsh is involved in binding
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FIG. 1. Sequence alignment of XARP, mouse Axin, and rat Axil. (A) Deduced amino acid sequences for XARP, mouse Axin (68), and rat Axil (62) were compared
using the PILEUP program of the GCG software package. The RGS domain, the DIX domain, and the GSK3- and B-catenin-binding domains are indicated. (B)
Conservation of different protein domains in XARP. A bar at the C terminus of XARP indicates the position of the XARP fragment that associated with Xdsh in the
two-hybrid screen.
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FIG. 2. Functional activities of XARP constructs. (A) Inhibition of dorsal
axial development by XARP. Both dorsovegetal blastomeres of four- to eight-
cell embryos were injected with 2 ng of XARP mRNA and allowed to develop
until control siblings reached stage 36. An uninjected embryo is shown at the
bottom. (B) Axis duplication caused by a truncated form of XARP lacking the
RGS domain. Two nanograms of Myc-XARPARGS mRNA was injected into a
ventrovegetal blastomere of four- to eight-cell embryos.

of XARP, a Myc-tagged XARP was overexpressed in frog
embryos together with truncated HA-tagged Xdsh constructs
(Fig. 4A). Protein complexes containing Xdsh were immuno-
precipitated with anti-HA antibodies, and the presence of
Myc-XARP was assessed with anti-Myc antibodies. We de-
tected XARP in complex with the wild-type Xdsh, but not with
Xdsh lacking the DIX domain, indicating that the DIX domain
of Xdsh is required for its association with XARP (Fig. 4C).
Moreover, in a similar experiment, the N-terminal part of
Xdsh (Xdsh-Ab), containing the DIX domain and a part of the
PDZ domain, was sufficient for this interaction to occur (Fig.
4D). No significant binding of XARP was detected for Xdsh-A,
despite the presence of the DIX domain, suggesting that ad-
jacent sequences are also required for efficient binding (Fig.
4D). Together, these findings show that the DIX domains play
an essential role in the association of Xdsh and XARP.

Dsh and XARP colocalize to a punctate cytoplasmic com-
partment. Although we demonstrated biochemical association
of XARP and Xdsh in Xenopus embryos, as well as in the yeast
system, the physiological relevance of this interaction for Wnt
signal transduction was unclear. To assess whether Xdsh inter-
acts with XARP in embryonic cells in vivo, we investigated the
subcellular localization of these proteins (Fig. 5). XARP was
tagged with the CFP, and Xdsh was tagged with the YFP.
Embryos were injected with XARP-CFP mRNA, Xdsh-YFP
mRNA, or both mRNAs together at the four-cell stage, and
animal cap explants were analyzed at the late blastula stage.
XARP-CFP was present in bright vesicular structures in the
cytoplasm (Fig. 5C). This was reminiscent of the distribution
pattern reported for Dsh (1, 65), suggesting that Wnt signal
transduction may depend on the localization of some pathway
component(s) in a specific cell compartment. In agreement
with this, we found that Xdsh-YFP showed a similar punctate
distribution (Fig. 5B). When expressed together, XARP-CFP
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FIG. 3. Coprecipitation of Xdsh and XARP. Each blastomere of four-cell
embryos was injected with 2 to 4 ng of mRNAs, encoding Myc-XARP, Myc-
XARPADIX, and HA-Xdsh, as indicated. (A) Association of Xdsh and XARP
was revealed by immunoprecipitation of Xdsh with anti-HA antibodies followed
by Western analysis with anti-Myc antibodies. Myc-XARP, but not Myc-
XARPADIX, coprecipitated with HA-Xdsh. The same membrane was stripped
and probed with anti-HA antibodies. (B) Levels of protein expression are shown
in corresponding embryo lysates.

and Xdsh-YFP colocalize to the same vesicular structures (Fig.
SE to G). In contrast, wild-type GFP was present in both the
cytoplasm and the nucleus in a diffuse pattern (Fig. SH). These
data support our biochemical data showing that Xdsh and
XARP associate in embryonic cells.

We have also observed that the DIX domain of XARP is
essential for its localization to the vesicular structures, since
removal of the DIX domain from GFP-XARP eliminated the
punctate staining (data not shown). Moreover, overexpression
of Xdsh mRNA at higher doses (2 to 4 ng) disrupted the
punctate distribution of GFP-XARP, and this effect depended
on the presence of the DIX domain in Xdsh (data not shown).
These studies provide independent evidence for functional in-
teractions of Xdsh and XARP in vivo.

The DIX domain of Xdsh is required for its functional
activity. Since our experiments indicated that the association
of XARP and Xdsh requires intact DIX domains, we wanted to
test whether these domains are functionally involved in trans-
duction of Wnt signals. If the DIX domain of Dsh is involved
in Wnt signal transduction, Xdsh lacking this domain should
not be able to induce a secondary axis when injected into a
ventral blastomere, as was reported for the wild-type Xdsh
(54). Consistent with this prediction, all embryos injected with
Xdsh-BC, in which the DIX domain was deleted, developed
normally (n = 84), whereas the wild-type Xdsh induced a
complete secondary axis in 76% of injected embryos (n = 86)



2232 ITOH ET AL.

A

40 p-cat 706
XARP (Myc, HA) tag RGS GSK3 DIX
40 584
XARPADIX (Myc) ms——————————————em
XARPARGS (Myc, HA) u
XARPARGSAC (HA) L T T
XARP-C (HA) -_—
1 A B C 765
Xdsh (Myc, HA) tag| DIX PDZ . DEP
Xdsh-BC (HA) 60_765
1 432
Xdsh-AB (Myc) | esesme—— |
1 300
Xdsh-Ab (Myc, HA) s
Xdsh-C (Myc, HA) —
Xdsh-A (Myc) ——
Xdd1 (HA) 8. B

+ HA-Xdsh-BC

| Uninjected

4+ HA-Xdsh-C
| 4 HA-Xdsh

4+ No Xdsh

Myc-XARP

[P: aHA  107=
Blot: aMyc 74 = = XARP
Lysates -
Blot: aMyc 1%_

— = == @» < XARP

107=
< Xdsh

74= =® e
IP: oHA
Blot: aHA

49=

- <Xdsh-C
6=

MoL. CELL. BIOL.

Q
3
2] 0
g 0]
Q3 g
a a
o . o
< < <
x % X
< < <
T T T
Myc-Xdsh 4+ 4 4 4+ —
IP: cHA -- s s -« Xdsh
Blot: aMyc 107
Lysates - —
Blot: oMyc 107 - D @D ED @ — -« Xdsh
Bcifa 74" e <XARPaRGS
49 = - S
%6 -- XARP-C
-y -
29 =

& <« XARPARGSAC

e} QO
« 0 < <
T L L £ £
-— 2] (2] (2] [77]
[ kel kel kel kel
2 X X X X
£ 0o 0o o ©
c > > > >
5 § § 5§ =
HA-XARPARGS — + + + —
74= -— - Xdsh-Ab
IP: aHA, -
Blot: aMyc 49=
36=
Lveates 4T el < xash-Ab
Blot: aMyc 49 = - - Xdsh-C
36= p— < Xdsh-A
IP: aHA 74= = emm wm= < XARPARGS
lot: aHA 40 =

FIG. 4. The association of Xdsh and XARP is mediated by the DIX domains. (A) Constructs of XARP and Xdsh used in this study. (B to D) Each blastomere of
four-cell embryos was injected with mRNAs, encoding different tagged XARP and Xdsh constructs, as indicated. Immunoprecipitation (IP) with tag-specific antibodies
was followed by Western analysis. Middle panels of each figure show relative protein expression levels in embryo lysates. Bottom panels show equal efficiency of
immunoprecipitation with anti-HA antibodies. (B) The DIX domain of XARP binds Xdsh. Myc-Xdsh coprecipitated with HA-XARP-C but not with HA-
XARPARGSAC. A weak band of Xdsh was occasionally observed due to nonspecific binding of Xdsh to protein A-Sepharose. (C) The DIX domain of Xdsh is required
for binding of XARP. Myc-XARP coprecipitated with HA-Xdsh, but not with HA-Xdsh-C, or HA-Xdsh-BC, lacking the DIX domain. (D) A truncated Xdsh (Xdsh-Ab)
that lacks the DEP domain and the C-terminal half of the PDZ domain can bind XARP. HA-XARPARGS coprecipitates with Myc-Xdsh-Ab, whereas the binding of

Xdsh-A and Xdsh-C is not detectable.

(Fig. 4A and 6A and B). Western analysis of embryo lysates
with anti-HA antibodies confirmed equal protein expression
levels for Xdsh and Xdsh-BC (data not shown). Thus, the DIX
domain of Xdsh is essential for the functional activity of the
protein. Although both Xddl and Xdsh-Ab can bind XARP

(Fig. 4A and D; see also Fig. 7B and C), they are unable to
induce secondary axes (reference 55 and data not shown),
suggesting that the association of Xdsh and XARP is not suf-
ficient for signal transduction and that sequences outside of the
DIX domain are necessary for Xdsh to function.
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FIG. 5. XARP colocalizes with Xdsh in Xenopus animal caps. Embryos were
injected into the animal hemisphere with mRNAs encoding XARP and Xdsh
that contain a fluorescent protein tag. The subcellular protein distribution was
assessed by fluorescence in fixed animal pole cells. Xdsh-YFP is localized in a
punctate pattern throughout the cell (B). This signal is not detectable through
the CFP channel (A). XARP-CFP shows a similar distribution when monitored
on the CFP channel (C) but not on the YFP channel (D). Coinjection of
Xdsh-YFP and XARP-CFP RNAs results in colocalization of YFP (E and G)
and CFP (F and G) fluorescence. Panel G shows a double exposure of panels E
and F. Arrows point to three clear instances of colocalization. GFP alone is
distributed evenly throughout the cytoplasm and nucleus (H). Bar, 40 pm.

The DIX domain of XARP blocks Wnt signaling. Whereas
the DIX domain of Dsh is required for its ability to transduce
a signal, the removal of the DIX domain of Axin or XARP
does not impair its ability to inhibit dorsal development (ref-
erence 23 and data not shown). We therefore hypothesized
that this domain of Axin-XARP functions to receive a signal
from Xdsh, a more upstream component of the Wnt pathway.
If the DIX domain of XARP is involved in this process, it
would compete with endogenous XARP for binding to Xdsh,
resulting in inhibition of Wnt signal transduction.

To test this prediction, we evaluated whether a short form of
XARP, containing the DIX domain with adjacent sequences
(XARP-C [Fig. 4A]), can suppress the ability of ventrally in-
jected Xwnt8 mRNA to induce a complete secondary axis (53).
Consistent with our expectations, we found that XARP-C
blocked the axis-inducing activity of Xwnt8 (Fig. 6C and D).
Whereas Xwnt8 mRNA induced complete secondary axes in

Dsh SIGNALS BY INTERACTING WITH Axin-RELATED PROTEIN 2233

FIG. 6. The requirement for the DIX domains of Xdsh and XARP in signal
transduction. Four- to eight-cell embryos were injected into a single ventroveg-
etal blastomere with 1 ng of HA-Xdsh mRNA (A) or HA-Xdsh-BC mRNA (B),
1 pg of Xwnt8 mRNA (C), or 1 pg of Xwnt8 mRNA with 2 ng of XARP-C
mRNA (D). Secondary axes and other morphological abnormalities were scored
when uninjected sibling embryos (E) reached stages 36 to 39. The results show
that the DIX domain of Xdsh is required for its functional activity (A and B),
whereas the DIX domain of XARP blocks Wnt signaling (C to E). Dorsal
injections of XARP-C mRNA (2 ng) do not eliminate the primary axis but
suppress morphogenetic movements in the trunk-tail region (F).

90% of injected embryos (n = 60), the majority of embryos
coinjected with XARP-C mRNA developed a single axis, and
only 14.5% of injected embryos were similar to embryos over-
expressing Xwnt8 (n = 62). In contrast, Xdsh-A, containing
the DIX domain of Xdsh, did not inhibit Wnt signaling (data
not shown), in agreement with our observation that this do-
main does not bind XARP on its own (Fig. 4D) and arguing
that the effect of XARP-C is specific. These findings suggest
that the DIX domain of XARP is required for Wnt signal
transduction.

To test the possibility that Wnt signaling upstream of XARP
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FIG. 7. GSK3 is not retained in the Xdsh-XARP complex. Embryos overexpressing HA-Xdsh, HA-Xdd1, HA-Xdsh-Ab, Myc-XARP, and Flag—f-catenin, as
indicated, were cultured until early gastrula stages for protein analysis. Each lysate was subjected to two sequential precipitations, first with anti-HA antibodies and then
with anti-Myc antibodies. Protein complexes were analyzed by immunoblotting with anti-HA, anti-Myc, anti-GSK3, and anti-Flag antibodies, as indicated. (A) Protein
complexes containing XARP in association with Xdsh did not significantly bind GSK3, whereas the pool of XARP that is not bound to Xdsh retained GSK3. (B) The
complex of XARP with Xdd1 and Xdsh-Ab, but not with Xdsh, retained GSK3. Protein levels in corresponding embryo lysates are shown (A and B). (C) The
Xdsh-XARP complex retains B-catenin. The panel on the right shows that the Xdsh and XARP proteins are not fully depleted from embryo lysates. IP, immuno-

precipitation.

is involved in dorsoventral axis specification, XARP-C mRNA
was injected into both dorsal blastomeres of four-cell embryos.
We found that XARP-C did not inhibit axis development even
at the highest dose of RNA tested (2 to 4 ng) but resulted in
embryos with shortened trunks (Fig. 6F). This activity is similar
to the effect of a dominant-negative form of Xdsh that failed to
block dorsal development and yet interfered with morphoge-
netic movements during gastrulation and neurulation (55).
These data suggest that XARP is unlikely to be regulated by
Xdsh during initial specification of the dorsoventral axis in
Xenopus.

Xdsh displaces GSK3 from the XARP-GSK3-{3-catenin
complex. Whereas the complex of Axin, APC, and GSK3
serves to degrade cytoplasmic 3-catenin (43, 56), activation of
Dsh by Wnt signaling leads to accumulation of B-catenin (6).
Our results suggest that Xdsh may affect interactions of XARP
with other proteins that are present in the same complex and
mediate B-catenin degradation.

Since the association of GSK3 with Axin appears to be
critical for the ability of Axin to inhibit axial development (23),
we evaluated whether Xdsh and GSK3 are present in the same
complex with XARP or form alternative complexes. Embryos

were injected with Myc-XARP and HA-Xdsh mRNAs, and
protein complexes containing Xdsh were precipitated with an-
ti-HA antibodies (Fig. 7). Subsequently, anti-Myc antibodies
were applied to the same lysates to immunoprecipitate Myc-
XARP protein complexes not containing Xdsh. Western anal-
ysis of immunoprecipitates with anti-GSK3 antibodies revealed
endogenous GSK3 in complex with XARP (Fig. 7A). Thus,
XARP, similar to Axin, associates with GSK3. At the same
time, GSK3 was barely detectable in the Xdsh-XARP complex,
indicating that Xdsh may function by displacing GSK3 from
the complex with XARP (Fig. 7A). This finding is consistent
with the hypothesis that Wnt signaling prevents -catenin deg-
radation through the formation of alternative protein com-
plexes.

We next wanted to determine whether this effect of Xdsh on
the association of XARP and GSK3 is causally connected to
the ability of Xdsh to transduce a signal and stimulate second-
ary axis formation in the embryo. We tested whether Xdd1 and
Xdsh-Ab (Fig. 4A), which do not induce an axis, form a com-
plex with XARP and GSK3. In contrast to the wild-type Xdsh,
Xdd1l and Xdsh-Ab failed to release GSK3 from its complex
with XARP, although they retained the ability to bind XARP
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(Fig. 7B). Together, these findings strongly suggest that the
regulation of GSK3 binding to XARP by Xdsh is essential for
signal transduction.

The Xdsh-Axin and Xdsh-XARP complexes contain 3-cate-
nin but not APC. We further asked whether B-catenin and
APC, which can also bind Axin, were present in the Xdsh-
XARP protein complex. In a similar experimental setup, Flag—
B-catenin (31) was detected at approximately equal levels both
in the Xdsh-XARP complex and in the complex of XARP with
Xdd1 or Xdsh-Ab (Fig. 7C). This finding suggests that Xdsh
does not eliminate the binding of B-catenin to XARP. Simi-
larly, the complex of Xdsh with mouse Axin also contained
decreased amounts of GSK3, but not B-catenin (Fig. 8A and
data not shown).

We also wanted to examine if the association of APC with
XARP or Axin is affected by Xdsh. Unexpectedly, endogenous
APC did not appear to bind XARP (Fig. 8B), indicating that
despite the structural similarity, the biochemical properties of
XARP and Axin are different. APC was not detectable in the
Xdsh-mAxin complex but was retained in the complex of
mAxin with Xdd1 or Xdsh-Ab (Fig. 8C). These data show that
the negative regulators of Wnt signaling, GSK3 and APC, are
selectively eliminated from the Xdsh-XARP and Xdsh-Axin
complexes, whereas B-catenin remains associated with both
XARP and Axin, suggesting a possible mechanism for Wnt
signal transduction.

Association of XARP and Axin. Axin has been reported to
dimerize via its C-terminal region, which includes the DIX
domain (19, 20, 48). Since the C terminus of XARP bears a
significant similarity to Axin, we tested if XARP and Axin can
form heterodimers. Following microinjection of embryos with
Myc-mAxin and HA-XARP mRNAs, HA-XARP-containing
protein complexes were precipitated with anti-HA antibodies
for analysis with anti-Myc antibodies. Clear association of HA-
XARP with Myc-mAxin was observed (Fig. 8D).

Since Axin is known to bind GSK3, it is possible that GSK3
associates with XARP only indirectly, through Axin. Overex-
pression of mAxin did not significantly alter the amount of
GSK3 bound to XARP (Fig. 8D), indicating that GSK3 bind-
ing to XARP is not likely to be mediated by Axin. Moreover,
the presence of a conserved GSK3-binding domain in XARP
suggests that XARP can bind GSK3 directly. In support of this
view, a short construct of XARP, XARPARGSAC, encompass-
ing the putative GSK3-binding domain, was still capable of
binding GSK3 (data not shown).

DISCUSSION

In this study, we have found that Dsh associates with XARP,
a Xenopus Axin-related protein, which is not an orthologue of
Axin and yet functions similarly. This interaction, initially dis-
covered in a yeast two-hybrid system, was confirmed biochem-
ically in embryonic lysates. In addition, we have demonstrated
colocalization of Xdsh and XARP in embryonic cells in vivo.
The interaction of Xdsh and XARP is mediated predominantly
by their DIX domains, because their removal eliminates bind-
ing. Whereas the DIX domain of Xdsh is required for the
ability of Xdsh to transduce a signal, the DIX domain of
XARP is not essential for the activity of XARP but appears to
be important for the regulation of XARP by Xdsh. Finally, our
data point to a possible mechanism of signal transduction, in
which Xdsh operates by displacing GSK3 from its complex with
XARP.

The role of the DIX domains in Wnt signaling. Our findings
reveal the importance of the DIX domains in Wnt signal trans-
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FIG. 8. The comparative analysis of mouse Axin and XARP properties. (A
and C) GSK3 (A) and APC (C) are not well retained in the Xdsh-mAxin complex
in comparison with the Xdd1-mAxin and Xdsh-Ab-mAxin complexes. The ex-
perimental design is similar to the one described in the Fig. 7 legend. (B)
Overexpressed Myc-XARP or Myc-mAxin was immunoprecipitated with anti-
Myc antibodies followed by Western analysis with anti-APC and anti-Myc anti-
bodies. Xdsh does not significantly alter the amount of Axin or APC in the
complex. In contrast to mAxin, XARP does not appear to bind endogenous APC.
(D) Axin and XARP can form heterodimers. Myc-mAxin and HA-XARP were
coexpressed in early embryos, and HA-XARP was precipitated with anti-HA
antibodies followed by Western analysis with anti-Myc antibodies. Binding of
GSK3 to XARP is not affected by overexpressed Axin. IP, immunoprecipitation.

duction. We have found that the DIX domain of XARP is
essential for its interactions with Xdsh. Furthermore, the DIX
domain of Xdsh is also required for the association of the two
proteins, indicating that the two DIX domains bind each other.
Interestingly, recent studies reported that the C terminus of
Axin is capable of homophilic interactions (19, 20, 48). Fur-
thermore, we observed that XARP can heterodimerize with
Axin (Fig. 8D), although the significance of these findings is
not fully clear. The physiological relevance of interactions of
Xdsh and XARP is supported by our observation that Xdsh
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disrupts cytoplasmic localization of GFP-XARP depending on
the expression levels, and this property of Xdsh correlated with
the presence of the Xdsh-DIX domain (data not shown).

The removal of the DIX domain of Xdsh resulted in a
complete loss of the axis-inducing activity of Xdsh (Fig. 6A and
B), indicating that this domain is required for the ability of
Xdsh to transduce a signal. This finding corroborates earlier
studies in Drosophila, in which Dsh lacking the DIX domain
does not elevate the cytoplasmic levels of Armadillo in tissue
culture cells and fails to rescue dsh embryos (1, 64). On the
other hand, the DIX domains of Xdsh and Xdsh-Ab (Fig. 4A)
do not have significant axis-inducing activity (data not shown),
indicating that other regions of Xdsh must contribute to the
effector function of the protein.

Since the deletion of the DIX domain of XARP or Axin
does not affect its ability to ventralize frog embryos (reference
23 and data not shown), we hypothesized that this domain is
subject to regulation by the upstream components of the path-
way such as Dsh. This hypothesis is strongly supported by our
observation that XARP-C, which contains the DIX domain
with adjacent sequences, blocked the ability of Xwnt8 to in-
duce a secondary axis (Fig. 6C and D). Thus, the DIX domain
is not required for functional activity of XARP but is likely to
be involved in the reception of a signal.

In contrast to Xwnt8-induced secondary axis, XARP-C
failed to suppress the primary axis (Fig. 6F), suggesting that
endogenous axis does not depend on signaling from Xdsh to
XARP. Since overexpression of a dominant-negative Xdsh re-
sulted in similar embryonic phenotypes (55), these observa-
tions are consistent with the view that the endogenous pathway
leading to dorsal development does not seem to involve Xdsh.
Although maternal Xdsh was reported to be enriched at the
dorsal side of the embryo (33), our data fail to provide addi-
tional support for a role of Xdsh in primary axis specification.

Signal transduction by Dsh and XARP-Axin. 3-Catenin ap-
pears to be a central target of Wnt signal transduction (12, 43).
In the absence of Wnt signals, B-catenin is degraded by the
complex of Axin, GSK3, and APC. The binding of GSK3 to
Axin is essential for the ability of Axin to ventralize Xenopus
embryos (23). Wnt signaling prevents degradation of B-cate-
nin, which then enters the nucleus and activates target gene
expression.

Although Wnt signaling has been shown to require the func-
tion of Dsh, the mechanism by which Dsh regulates signaling
was not clear. Our findings suggest that Xdsh may function by
displacing GSK3 from the XARP-GSK3 complex, thereby al-
lowing B-catenin to escape degradation. The alternative expla-
nation of these data is that Xdsh preferentially associates with
the pool of XARP that is not bound to GSK3. This possibility
seems unlikely, because other Xdsh constructs, such as Xdd1
and Xdsh-Ab, are able to associate with the XARP-GSK3
complex, indicating that the Xdsh-interacting domain of
XAREP is accessible even in the presence of GSK3 (Fig. 7B and
O).
Since Xdd1 lacks the C-terminal half of the PDZ domain
(55), the PDZ domain may be involved in the regulation of
XARP-GSK3 interactions. Consistent with this idea, the re-
moval of the PDZ domain abolishes the ability of Dsh to
stabilize Armadillo in Drosophila cells (64). However, Dsh
lacking the PDZ domain can suppress the segment polarity
phenotype of dsh flies (1), indicating that the PDZ domain may
not be absolutely required for the downstream function of Dsh
and that other regions of the protein may suffice in some
experimental situations.

XARP and Axin are indistinguishable in our functional as-
says, consistent with the significant conservation of their struc-
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tural domains. Despite this similarity, there is a clear difference
in the biochemical properties, since only Axin, not XARP,
binds endogenous APC (Fig. 8B). It is thus possible that APC
is not an essential component of Wnt signal transduction. Al-
ternatively, since several APC gene products are known to exist
in Drosophila and mammals (37, 59), they may be engaged in
specific interactions with different Axin homologues. At
present, it remains unclear whether there is a direct homo-
logue of XARP in mammals. Although there are multiple Axin
homologues in the human and mouse genome, the database
search did not reveal a gene that is more closely related to
XARP than to Axin or Axil/Conductin (data not shown).

Since Wnt signaling was shown to inhibit the enzymatic
activity of GSK3 (7, 23, 46), it is possible that the association of
Dsh and Axin inactivates GSK3 and, as a result, lowers the
affinity of GSK3 for Axin. Consistent with the possible dis-
placement of GSK3 from the Axin-XARP-GSK3 complex,
Ikeda et al. (22) observed that inactive forms of GSK3 do not
bind Axin. Thus, downregulation of GSK3 activity and the
removal of GSK3 from the complex with Axin-XARP and
B-catenin may be coupled. Moreover, the study of Willert et al.
suggested that phosphorylation of Axin by GSK3 is decreased
in response to Wnt3a (60). Although Dsh was reported to
stimulate degradation of Axin in tissue culture (63), our ex-
periments did not reveal significant changes in the amount of
XARP or Axin in embryos overexpressing Xdsh.

Our model predicts that the formation of the complex be-
tween Xdsh and XARP-Axin is essential for Wnt signal trans-
duction. This notion is supported by recent independent re-
ports of functional interactions and colocalization of Dsh and
Axin (9, 26, 30, 51). At present, we have not detected a signif-
icant change in the amount of Xdsh-XARP or GSK3-XARP
complexes in embryos injected with Xwnt8 RNA (data not
shown). It is possible that such change cannot be detected in
our assays, because only a small proportion of the total pool of
Xdsh is associated with XARP. Moreover, since Axin-XARP
blocks Wnt signaling (reference 68 and data not shown), it is
likely that overexpressed XARP easily overcomes the effects of
limiting endogenous upstream regulators. The analysis of en-
dogenous proteins will be necessary to investigate how XARP
is controlled by Wnt signaling and to clarify a role for XARP
in dorsoventral axis determination.
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