The ankyrin repeat protein Diversin
recruits Casein kinase Ie to the p-catenin
degradation complex and acts in both
canonical Wnt and Wnt/JNK signaling
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Wt signals control decisive steps in development and can induce the formation of tumors. Canonical Wnt
signals control the formation of the embryonic axis, and are mediated by stabilization and interaction of
B-catenin with Lef/Tcf transcription factors. An alternative branch of the Wnt pathway uses JNK to establish
planar cell polarity in Drosophila and gastrulation movements in vertebrates. We describe here the vertebrate
protein Diversin that interacts with two components of the canonical Wnt pathway, Casein kinase Ie (CKle)

and Axin/Conductin. Diversin recruits CKle to the B-catenin degradation complex that consists of
Axin/Conductin and GSK3 and allows efficient phosphorylation of B-catenin, thereby inhibiting
B-catenin/Tcf signals. Morpholino-based gene ablation in zebrafish shows that Diversin is crucial for axis
formation, which depends on B-catenin signaling. Diversin is also involved in JNK activation and gastrulation
movements in zebrafish. Diversin is distantly related to Diego of Drosophila, which functions only in the
pathway that controls planar cell polarity. Our data show that Diversin is an essential component of the
Whnt-signaling pathway and acts as a molecular switch, which suppresses Wnt signals mediated by the
canonical B-catenin pathway and stimulates signaling via JNK.
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Recent work shows that signals mediated by Wnt ligands
branch into several intracellular pathways as follows: (1)
the canonical Wnt pathway employs B-catenin/Tcf as
transcription factors to activate target genes important
in embryonic patterning and tumorigenesis (Behrens et
al. 1996; Molenaar et al. 1996; for review, see Bienz and
Clevers 2000; De Robertis et al. 2000); (2) the planar cell
polarity pathway (Wnt/J[NK pathway) depends on JNK
activity and controls cytoskeletal rearrangements
(Mlodzik 2000; Sokol 2000); (3) the Wnt/Ca** pathway
controls PKC and CamKII and regulates cell adhesion
and motility (Kuhl et al. 2000; Winklbauer et al. 2001);
and (4) a not well-characterized novel pathway regulates
spindle orientation and asymmetric cell division (Lu et
al. 2001; for review, see Huelsken and Birchmeier 2001).
Much recent work has been directed toward deciphering
the molecular aspects of cytoplasmic diversification of
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the Wnt-signaling pathway. Separate domains of the
downstream molecule Dishevelled can stimulate ca-
nonical Wnt and Wnt/JNK signaling (Sokol 2000; Wall-
ingford et al. 2000). In contrast, particular Wnt and
Frizzled molecules, like Wntl1 and Fz7, specifically ac-
tivate the Wnt/JNK, but not the canonical Wnt pathway
(Djiane et al. 2000; Heisenberg et al. 2000). Naked Cu-
ticle/nkd and Strabismus bind to Dishevelled to activate
the Wnt/JNK pathway at the expense of the canonical
Wnt pathway. Par-1 inhibits the Wnt/JNK and activates
the canonical Wnt pathway (Zeng et al. 2000; Sun et al.
2001; Yan et al. 2001; Park and Moon 2002}, and Dapper
inhibits both branches (Cheyette et al. 2002). The eluci-
dation of the molecular mechanisms of the branching of
the Wnt signals is a main focus of present research.

In the canonical Wnt pathway, the stability of
B-catenin is controlled by a multiprotein complex that
consists of Axin/Conductin, the adenomatous polyposis
coli (APC) tumor suppressor protein, and glycogen syn-
thase kinase 38 (GSK38; Rubinfeld et al. 1993; Su et al.
1993; Zeng et al. 1997; Behrens et al. 1998; Hart et al.
1998; Tkeda et al. 1998; Sakanaka et al. 1998; von Kries et
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al. 2000). In this scaffolding complex, GSK3B phosphory-
lates the N-terminal region of B-catenin, which marks
B-catenin for ubiquitination by the SCF*T“P E3 ubiqui-
tin ligase and subsequent degradation in proteasomes
(Aberle et al. 1997; for review, see Polakis 2000). The
importance of B-catenin phosphorylation in controlling
degradation has been inferred from mutations of the N
terminus of B-catenin in tumor cells, which cluster
around the SCFF"T*“"_binding site and compromise phos-
phorylation/ubiquitination. Many of these mutations
occur at Ser/Thr residues that are phosphorylated se-
quentially by GSK3p (Thr 41, Ser 37, and Ser 33; Cohen
and Frame 2001). However, Ser 45, a hotspot of mutation
in tumors, does not conform to a GSK3p site (Polakis
2000, Wong et al. 2001). Recently, searches for additional
Ser 45 kinases identified both Casein kinase Ia and Ie as
priming kinases for B-catenin phosphorylation (Amit et
al. 2002; Liu et al. 2002).

Ser/Thr kinases of the CKI family function in a num-
ber of cellular processes like cell cycle regulation, DNA
repair, and circadian rhythms, and were also implicated
in Wnt signaling (Santos et al. 1996; Kloss et al. 1998;
Peters et al. 1999; Sakanaka et al. 1999; Vielhaber and
Virshup 2001). Overexpression of CKle induced second-
ary body axis in Xenopus embryos, and CKle was found
to interact with and promote phosphorylation of Dishev-
elled. However, in vivo experiments using RN A-interfer-
ence in Drosophila cells and embryos revealed that both
CKlIa and CKle act as inhibitors of B-catenin signaling
(Liu et al. 2002; Yanagawa et al. 2002). It has also been
shown that both kinases phosphorylate B-catenin at Ser
45, thereby creating a classical GSK3B-recognition motif
to initiate B-catenin degradation (Amit et al. 2002; Liu et
al. 2002).

In the present study, we describe a novel protein,
which inhibits the canonical Wnt pathway and promotes
signaling of the Wnt/JNK pathway. We named this pro-
tein Diversin, because of the diverse functions in the two
branches of the Wnt pathway. Our biochemical analyses
allow us to assign the molecular mechanism by which
Diversin functions in the canonical Wnt pathway; Di-
versin recruits CKle to the Axin/Conductin-GSK3 com-

plex and promotes degradation of B-catenin. Through
epistasis experiments in Xenopus and zebrafish, Diver-
sin could be localized downstream of Dsh and CKle, and
upstream of GSK3B and B-catenin. We have also found
that Diversin influences gastrulation movements in ze-
brafish embryos, which are controlled by the Wnt/JNK
pathway (Yamanaka et al. 2002). Moreover, we have
clarified the functional differences between Diversin and
the distantly related Drosophila protein Diego (Feiguin
et al. 2001): Diego does not interact with Axin and af-
fects specifically gastrulation movements.

Results

Identification and characterization of the novel gene
product Diversin

We isolated Diversin in a yeast two-hybrid screen as a
binding partner of Conductin. Further analyses showed
that Diversin interacts directly with Conductin or Axin
and with CKlIe. The cDNA of mouse Diversin encodes a
protein of 712 amino acids (GenBank accession no.
AY026320), with an N-terminal domain that contains
eight ankyrin repeats, and central and C-terminal do-
mains with no obvious homologies to other proteins (Fig.
1A). Closely related genes were identified in the ge-
nomes of human (GenBank accession no. AB023174) and
zebrafish (GenBank accession no. AF395113). Coimmu-
noprecipitations and yeast two-hybrid analyses showed
that the central domain of Diversin (residues 287-544)
interacts with CKle, and the C-terminal domain (resi-
dues 583-712) with Conductin or Axin. Diversin did not
interact with CKla in coimmunoprecipitation experi-
ments (Fig. 1B; data not shown). Deletion analysis of
Conductin showed that Diversin interacts with amino
acids 343-396 of Conductin, which was characterized
previously as the GSK3p interaction site (Fig. 1C,D;
Behrens et al. 1998; Ikeda et al. 1998). Coimmunopre-
cipitation showed that Diversin and GSK3p exist in
triple complexes with full-length, dimeric Conductin
(Fig. 1E, lane a). However, in the presence of mutant
Conductin that lacks the dimerization domain (Conduc-
tin 1-465; Hsu et al. 1999) or that consists of only the

Figure 1. Domain structure and biochemical interactions of Diversin. (A) Schematic representation of the domain structure of mouse

Diversin and of various deletion constructs. Numbers represent amino acids of Diversin. (B) Coimmunoprecipitation analyses in
transfected Neuro2A cells, showing that the central domain of Diversin (white in A) interacts with CKle (top). The C-terminal domain
(black in A) confers interaction with Conductin (middle). Similar interactions were seen with Axin. Expression of the indicated
proteins was verified by Western blotting (bottom). (C,D) Yeast two-hybrid and coimmunoprecipitation analyses showing that Di-
versin interacts with the GSK3B-binding domain of Conductin and Axin. For constructs see Behrens et al. (1998). (+) Growth of yeast
on selection medium, (-) absence of growth. The conductin AGSK-bd is as in C (conductin lacking amino acids 343-396). (E) Coim-
munoprecipitation analyses of Diversin, Conductin, and GSK3B complexes. Full-size Conductin is able to dimerize through the
DIX-domain (Hsu et al. 1999; data not shown) and allows the formation of a triple complex that contains Diversin, Conductin, and
GSK38 (a). Conductinl-465 and the GSK3p-binding domain of Conductin (Conductin GSK-bd) cannot dimerize and triple complexes
with Diversin and GSK3 are not observed (b,c). The conductin GSK-bd is as in C (amino acids 343-465; Behrens et al. 1998). (d) Note
that amounts of Conductin GSK-bd similar to those in ¢ are able to efficiently coprecipitate GSK3B. Schematic representations of the
interactions in (a—d) are shown at right. For immunoprecipitation experiments, 6 x 10° cells per 10-cm culture dish were transfected
with 5 ng of the indicated cDNAs (in the pCDNA vector, Invitrogen) and cultured for 48 h, followed by lysis and immunoprecipitation
(Behrens et al. 1998). Polyacrylamide gel electophoresis and Western blot were performed with 1/5 of the immunoprecipitate from 1-ml
lysate, 1/50 of the lysate was used as expression control. Concentrations of the commercial antibodies were as suggested by the
manufacturers.
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Figure 2. Diversin inhibits Wnt signaling in cell culture and in Xenopus embryos. (A) Diversin promotes degradation of B-catenin in
293 cells, as analyzed by Western blot analysis of cytoplasmic B-catenin. Cells were mildly lysed using 0.1% Triton-X 100, and
amounts of cell lysates were normalized using Shp2. (Top, left) Transfection of increasing amounts (2 and 5 pg) of Diversin cDNA
destabilized endogenous B-catenin and blocked B-catenin that is induced by transfection of 1.5 pg of Dishevelled cDNA. (Bottom, left)
Diversin inhibits the stabilization of B-catenin induced by transfection of increasing amounts (0.25-2 pg) of Dishevelled cDNA. (Right)
The activity of Diversin is blocked by addition of 20 uM MG132, and is observable up to 16 h after transient transfection. Dishevelled
(1.5 pg) and Diversin (3 pg) were transfected, and expression was monitored by Western blotting (data not shown). The proteasome
inhibitor MG132 was added 2 h before cell lysis. (B,C) Diversin blocks Dishevelled- and Wnt-induced transcription of a Lef/Tcf-
dependent luciferase reporter gene in a dose-dependent manner. A total of 1-3 pg of Diversin cDNA and 1.5 pg of Dishevelled or Wnt3a
c¢DNA were cotransfected in 293 cells with the TOP (gray bars) or the control FOP reporter (white bars). (D) Analysis of the functionally
important domains of Diversin in Lef/Tcf-dependent transcriptional assays. Full-length Diversin and a fragment able to interact with
CKlIe and Axin/Conductin inhibit transcription. Expression of similar levels of Diversin and Diversin fragments were verified by
Western blot analysis. Reporter assays were performed as in B and C. (E) Epistasis analysis of Diversin in Xenopus embryos. Ventral
injection of 1 ng of Dishevelled, CKIe, (dn)GSK3p, or B-catenin mRNA induced secondary body axes (percent axis duplication shown).
Coinjection of 3 ng of Diversin mRNA blocked axis duplication by Dishevelled and CKlIe, but not dn-GSK3p or B-catenin.
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GSK3B-binding domain (Conductin GSK-bd), Diversin
did not coprecipitate GSK3p (Fig. 1E, lanes b,c). We con-
clude from these data that dimeric Conductin can con-
comitantly bind Diversin and GSK3, and that mono-
meric Conductin binds either Diversin or GSK3B (see
scheme in Fig. 1F).

Diversin acts in the canonical Wnt pathway
by recruiting CKle to the Axin/Conductin-complex

We examined the function of Diversin in cell culture and
in Xenopus embryos. In 293 cells, transfection of Diver-
sin cDNA resulted in enhanced degradation of B-catenin
protein in a concentration-dependent manner (Fig. 2A).
Diversin stimulated degradation of endogenous
B-catenin in both untreated and Dishevelled-transfected
cells, and this was blocked by the proteasome inhibitor
MG132. Strong degradation of B-catenin by Diversin was
seen after 12 h but not 24 h. Diversin also inhibited
signaling of B-catenin that is induced by transfection of
Dishevelled or Wnt3a, as determined in Lef/Tcf-depen-
dent transcription assays (Fig. 2B,C). To address specific-
ity, we examined deletion constructs of Diversin; wild-
type Diversin and the fragment containing the CKle- and
Conductin-binding domains efficiently blocked signal-
ing of B-catenin (Fig. 2D), whereas the other domains of
Diversin were inactive or significantly less active.
Components of the Wnt-signaling pathway are known
to control axis formation in Xenopus embryos (De Rob-
ertis et al. 2000). Ventral injection of Diversin mRNA
into 4-cell stage embryos blocked the formation of sec-
ondary body axes that are induced by Dishevelled or
CKle (Fig. 2E). Diversin did not inhibit axis duplication
that is induced by dominant-negative GSK3B or
B-catenin. These epistasis experiments indicate that Di-

Diversin in Wnt signaling

versin acts downstream of Dishevelled and CKle, but
upstream of GSK3p and B-catenin.

We addressed the mechanism of Diversin’s action in
the canonical Wnt-signaling pathway. Coimmunopre-
cipitation experiments showed that full-length Diversin
promotes the association of CKle with Conductin in 293
cells (Fig. 3A). GSK3p is also part of this complex (see
Fig. 1E; data not shown). We conclude from these experi-
ments that Diversin links CKle to the Axin/Conductin-
GSK3p complex (see scheme in Fig. 3A). CKle consists of
the catalytic domain at the N terminus and a C-terminal
tail, which is necessary for the function of CKle in Wnt
signaling (Sakanaka et al. 1999). We examined whether
this C terminus of CKIe could be replaced with the Con-
ductin-binding domain of Diversin. These CKle-Diversin
fusion constructs inhibited B-catenin signaling, whereas
the separate domains were inactive (Fig. 3B). A fusion
construct containing the Axin/Conductin-binding do-
main of zebrafish Diversin was also inhibitory, and could
be inactivated by the CKI-inhibitor CKI-7 (Chijiwa et al.
1989). A fusion construct containing kinase-inactive
CKIe (K38R) was ineffective. Thus, Diversin can recruit
CKle to the Axin/Conductin-GSK3@ complex to inhibit
B-catenin signaling.

Frat-1/GBP (GSK3B-binding protein) binds and dis-
places GSK38 from the Axin/Conductin complex and
thus activates B-catenin signaling (Farr et al. 2000). Here,
we have used Frat-1/GBP to examine the contribution of
GSK3p to the function of Diversin. In 293 cells, trans-
fection of Frat-1 cDNA increased B-catenin/Tcf-depen-
dent transcription (Fig. 3C; Li et al. 1999), by removing
GSK3p from the B-catenin degradation complex. Co-
transfection of full-size Diversin enhanced this signal-
ing, possibly by synergizing GSK3B-displacement. The
C-terminal domain of Diversin, which specifically binds

Figure 4. Diversin affects the formation of the dorsal organizer in zebrafish embryos. (A-D) In situ hybridization of diversin in
zebrafish embryos at different developmental stages. Diversin is expressed ubiquitously (B) in the blastomeres at the 4-8-cell stage and
(C) in shield-stage embryos. Pronounced expression in the yolk-blastoderm interphase is indicated by arrows. (D) Specific expression
of diversin in ganglial layers of the retina, otic vesicles, the roof plate of the brain, and in the forebrain-midbrain (arrowhead) and
midbrain-hindbrain boundaries (arrow) at 72 h post fertilization (hpf). A shows the sense control. (E-P) Down-regulation of Diversin
by the injection of antisense morpholinos leads to a dorsalization of zebrafish embryos and the appearance of an enlarged or ectopically
localized dorsal organizer. (E) Wild-type embryo at 30 hpf (dorsal up, arrowhead indicates ventral tail fin). (F,G) Embryos at 30 hpf after
injection with 4-6 ng of Diversin antisense morpholino oligonucleotides (divMO) that display class 3 (F, arrowhead indicates missing
ventral tail fin) and class 4 dorsalization (G, arrowhead indicates wound-up trunk). (H,I,K,L) In situ hybridization of gsc at the shield
stage (animal view, dorsal to the right; arrowheads indicate the size of the gsc expression domain; arrow indicates ectopic gsc
expression). (H) Uninjected control; (I,K) embryo injected with Diversin MOs; (L) embryo coinjected with Diversin MOs and mouse
Diversin mRNA. (M,N) In situ hybridization of tbx6 at 70% epiboly (lateral view, anterior up, dorsal to the right). (M) Control; (N)
embryo injected with Diversin MOs; note the expansion of the tbx6 expression domain. (O,P) In situ hybridization of pax2.1 at the
5-somite stage (lateral view, anterior to the left, dorsal up; arrows indicate the midbrain-hindbrain boundary region). (O) Control; (P)
embryo injected with Diversin MOs; note the ventral expansion of the pax2.1 expression domain. (Q-Z) Overexpression of Diversin
ventralizes zebrafish embryos. (Q,R) Strongly ventralized embryos (Q, class 3, and R, class 4) at 30 hpf after injection with full-length
Diversin mRNA; (S,T) In situ hybridization of embryos at shield stage for gsc (arrowheads in S). (S) Uninjected control. (T) Embryo
injected with Diversin mRNA loses gsc expression at the dorsal side. (U, V) In situ hybridization of embryos at 70% epiboly stained
for evel in the ventral mesoderm (arrowheads) and gsc in the prechordal plate (arrow). (U) Uninjected control. (V) Embryo injected with
Diversin mRNA shows an expansion of the evel expression domain and looses gsc expression at the dorsal side. (W-Z) Diversin acts
downstream of Wnt and upstream of B-catenin, as shown on injected embryos by in situ hybridization with gsc that marks the dorsal
organizer. (W) Embryo injected with Wnt8 mRNA; (X) embryo coinjected with Diversin and Wnt8 mRNA; (Y) embryo injected with
B-catenin mRNA; (Z) embryo coinjected with Diversin and g-catenin mRNA. Arrowheads indicate lateral borders of gsc expression
domains, arrow indicates ectopic gsc expression. All embryos are shown as lateral views (dorsal to the right and animal pole up).
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to the GSK3B-binding domain of Axin/Conductin, was
sufficient for this activity. Similarly, coinjection of Di-
versin mRNA into Xenopus embryos potentiated Frat-1-
dependent formation of a secondary body axis, which
also required the presence of the C terminus of Diversin.
A mutant Conductin that lacks the dimerization domain
did not allow cooperation of Diversin and Frat-1 (data
not shown). These combined data indicate that (1) Di-
versin/CKle and GSK3B need to cooperate in B-catenin
degradation, and (2) the active B-catenin degradation
complex consists of dimeric Axin/Conductin, which car-
ries Diversin/CKle on one subunit and GSK3 on the
other.

Diversin controls axis formation in zebrafish embryos

We next determined the role of Diversin in early ze-
brafish development. The establishment of the dorsal or-
ganizer and the subsequent formation of the embryonic
axis is an early event in zebrafish embryogenesis and
requires Wnt/B-catenin signals (De Robertis et al. 2000;
Schier 2001). Interference with these early processes per-
turbs subsequent development. We found that the Diver-
sin gene is expressed maternally in zebrafish embryos,
and expression is ubiquitous during early development
(Fig. 4 A,B). In the blastula and early gastrula, Diversin
expression is high in cells located between yolk and blas-
toderm, in which inductive processes occur that drive
axis and mesoderm formation (Fig. 4C). At later stages,
Diversin expression becomes restricted to retinal gan-
glion cells, otic vesicles, roof plate of the brain, and the
forebrain-midbrain and midbrain-hindbrain boundaries
(Fig. 4D). Antisense morpholino oligonucleotides (MO)
are an effective tool in zebrafish that reduce or eliminate
gene functions (Nasevicius and Ekker 2000). We injected
MOs directed against the 5'-untranslated region and the
first ATG of fish Diversin into the yolk of 1-4-cell stage
zebrafish embryos, which resulted in strong dorsaliza-
tion of the embryos, as assessed by the absence of the
ventral tail fin and a wound-up trunk (Fig. 4F,G, and
control embryo in E). Both MOs resulted in a significant
broadening of the goosecoid (gsc) expression domain and
ectopic gsc expression ventrally (Fig. 41, K, see control in
H). Coinjection of mouse Diversin mRNA (which is not
recognized by the fish MOs) rescued the embryos (Fig.
4L), indicating that the MOs specifically target endog-
enous zebrafish Diversin. MOs that contain four mis-
matches had no effect (data not shown). In addition, in-
jection of MOs led to expansion of the expression do-
main of the ventro-lateral mesoderm marker tbx6 (Fig.
4M,N), which was found previously to be reduced in
Wnt8-mutant zebrafish (Lekven et al. 2001). At later
stages of development, the injected embryos were hyper-
dorsalized, that is, Pax2.1, which is expressed only dor-
sally at the presumptive midbrain-hindbrain boundary in
control embryos, was also expressed ventrally (Fig.
40,P).

In contrast, microinjection of Diversin mRNA in-
duced a strong ventralization of the zebrafish embryos,
which lacked heads and dorsal midline structures (Fig.
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4Q,R). Embryos lost gsc expression in the prospective
dorsal organizer region (Fig. 4, cf. T and control in S) and
displayed a broadened expression of evel, which is only
expressed ventrally in control embryos (Fig. 4, cf. V and
control in U; arrowheads mark the boundaries of expres-
sion in the wild-type embryo). Injection of Wnt8 or con-
stitutively active B-catenin mRNA induce enlarged or
ectopic organizers, as assessed by the analysis of gsc ex-
pression (Fig. 4W,Y, and control in S; Kelly et al. 2000;
Lekven et al. 2001). Coinjection of Diversin blocked the
formation of enlarged or ectopic organizers that were in-
duced by Wnt8, but not those induced by B-catenin (Fig.
4X,Z, and control in T).

Diversin enhances [NK activation and modulates
gastrulation movements in zebrafish embryos

Diversin is distantly related to Diego of Drosophila
(Feiguin et al. 2001). Compared with Diversin, Diego
contains six ankyrin repeats instead of eight, and has
35% amino acid sequence identity within the ankyrin
repeats, but little identity (18 %) in the residual domains.
Diego acts downstream of Frizzled and controls planar
polarization of epithelial cells in the eye and wing,
which depends on JNK activity (Boutros et al. 1998). Our
coimmunoprecipitation experiments show that Diego
interacts with mammalian CKle but not with Dro-
sophila Axin (Fig. 5A; data not shown). Further, Diversin
stimulates J]NK-dependent transcription in 293 cells (Fig.
5B). Diversin also promotes JNK activation that is in-
duced by Dishevelled or Wntll. In zebrafish embryos,
injection of 0.1 ng of Diversin mRNA resulted in abnor-
mal gastrulation movements, that is, the convergence
and extension of injected embryos were defective (Fig.
5D). These low amounts of Diversin mRNA induced fail-
ure of gastrulation movements, but little ventralization,
whereas at higher dosages, ventralization was predomi-
nant (Fig. 5C). Similarly, injection of low amounts of
Diversin MOs also interfered with gastrulation move-
ments and induced a general undulation of the embryo
along its anterior-posterior axis, as revealed by in situ
hybridization for myoD at the 5-10 somite stage (Fig.
5G, and control in F). Thus, both activation and inhibi-
tion of the Wnt/JNK pathway perturb gastrulation move-
ments (for review, see Sokol 2000). Injection of Diego
mRNA also induced deficits in convergence and exten-
sion movements, but did not affect axis formation at any
concentration tested (Fig. 5E). Diego could not rescue the
Diversin MO-induced dorsalization (data not shown).
Taken together, our data indicate that Diversin func-
tions both in the Wnt/B-catenin and the Wnt/JNK path-
way, and that Diego acts only in the Wnt/JNK pathway
(Feiguin et al. 2001). Diego and Diversin are therefore
structurally and functionally not entirely homologous.

Discussion

We identify here the novel ankyrin repeat protein Diver-
sin that contains three domains, a central domain that
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Figure 5. Diversin activates the JNK branch of the Wnt-signaling pathway. (A) Coimmunoprecipitation analyses of CKle, Diego and
Diversin, which show that both Diego and Diversin interact with CKle. Note that CKle was transfected here. Immunoprecipitations
were performed as described in Fig. 1. Note equal expression of Diego and Diversin. (B) Transfection of 1- and 3-ug Diversin cDNA
activate transcription from a JNK-dependent luciferase reporter gene. Diversin (1-3 pg) also enhances Dishevelled (1.5 pg) and Wntl1
(1.5 pg)-induced INK activity. Wnt-1 (1.5 and 3 pg) do not activate JNK-dependent, but activate Lef/Tcf-dependent transcription (inset).
The indicated cDNAs were transfected into 293 cells, and MEKK (3 pg) served as control. (C) Diversin affects gastrulation movements
in zebrafish embryos. Diversin induces failure of convergence and extension (CE), or affects dorso-ventral patterning, depending on the
amounts of injected mRNA. (D,E) Zebrafish embryos injected with low amounts (0.1 ng) of Diversin and standard amounts (0.4 ng) of
Diego mRNA show a shortened body axis and a curled tail, typical for defects in gastrulation movements. (F-I) In situ hybridization
of flattened embryos injected with either Diversin MO (1.5 ng), Diversin mRNA (0.1 ng), or Diego mRNA (0.4 ng), respectively, at the
5-10 somite stage. Embryos are stained for myoD to visualize somites. Note the undulation of the body axis, the compression of the
anterior-posterior axis, and the shortening of the intersomitic distances in the injected embryos. In situ hybridization with krox20
expressed in the hindbrain (see the two stripes at left) shows that the embryos are not ventralized.

interacts with CKle, a C-terminal domain that mediates versin acts downstream of Dishevelled and CKle and up-
interaction to Axin/Conductin, and an ankyrin repeat- stream of GSK3B and B-catenin. In Xenopus embryos,
containing domain with unknown function. Diversin the function of B-catenin in axis formation is well docu-
regulates the Wnt/B-catenin and the Wnt/JNK pathway mented (for review, see De Robertis et al. 2000). Previous
in negative and positive manners, respectively. This dual work also implicated B-catenin as an important signaling
function is observed in cultured cells and in the embryo. molecule during axis formation in zebrafish; inhibition
In the canonical Wnt pathway, Diversin reduces cyto- of B-catenin signaling by expression of dominant-nega-
plasmic concentrations of B-catenin and B-catenin-de- tive PFrizzled decreased the size of the dorsal organizer,
pendent transcription in cultured cells, blocks the for- and the ichabod mutation, which interferes with nuclear
mation of the body axis in Xenopus embryos, and con- localization of B-catenin, causes a lack of the dorsal or-
trols size and position of the dorsal organizer and the ganizer (Nasevicius et al. 1998). In contrast, increased
subsequent axis formation in zebrafish embryos. We fur- B-catenin signaling by expression of activated B-catenin
ther show, by epistasis experiments in embryos, that Di- or dominant-negative GSK3p, or the inhibition of Axin
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function, increase the size of the organizer and/or induce
it at ectopic positions (Nasevicius et al. 1998; Kelly et al.
2000; Heisenberg et al. 2001). Our data show that Diver-
sin is a new negative regulator of the canonical Wnt
pathway and is essential for axis formation in early ze-
brafish development.

Our biochemical analysis allows us to assign the mo-
lecular mechanism by which Diversin functions in the
canonical Wnt pathway. Efficient B-catenin degradation
requires a two-step mechanism, a priming phosporyla-
tion at Ser 45 catalyzed by CKle or CKle, and subsequent
phosphorylation on three equally spaced serine/threo-
nine residues by GSK3B (Amit et al. 2002; Liu et al.
2002). We show that Diversin recruits the priming ki-
nase CKle to the Axin/Conductin-GSK3p complex (see
scheme in Fig. 6A). Separate domains of Diversin, the
central and C-terminal regions, mediate these two inter-
actions. We also show that both Diversin and GSK3p
bind simultaneously to dimeric Axin/Conductin, and
that they use identical binding sites. Diversin-mediated
recruitment of CKle allows phosporylation of Ser 45 of
B-catenin, thus creating a classical GSK3p recognition
motif and initiating the subsequent phosphorylation cas-
cade (Fig. 6B; Fiol et al. 1987). A minimal fusion mol-
ecule that contains the catalytic domain of CKle and the
Axin/Conductin-binding domain of Diversin is fully
functional in B-catenin signaling, showing the role of
Diversin as a molecular linker. Diversin is inactive in
the presence of Frat-1/GBP, which displaces GSK3p,
showing the importance of GSK38 in the complex.
Taken together, these data demonstrate that Diversin
functions in the canonical Wnt pathway by engaging

[’Ss}} a2/

CKle to the B-catenin degradation complex, and allows
priming phosphorylation and degradation of B-catenin.

We also observed that Diversin activates the JNK
branch of the Wnt-signaling pathway, which controls the
establishment of planar cell polarity in Drosophila and
gastrulation movements in vertebrates (Boutros et al.
1998; Sokol 2000). In zebrafish, inhibition and overex-
pression of Diversin cause defects in gastrulation move-
ments, that is, a reduction in body length and undulation
of the body axis, which are similar to those observed in
pipetail (Wnt5a) mutants (Hammerschmidt et al. 1996).
Thus, Diversin controls gastrulation movements, as
does the Drosophila protein Diego. However, Diego is
only in part a functional homolog of Diversin, because it
does not interact with Drosophila Axin and has not been
implicated in Wnt/B-catenin signaling (Feiguin et al.
2001). Specific to Diversin in vertebrates is its role at a
branchpoint of intracellular Wnt signaling, where it re-
presses the canonical Wnt/B-catenin pathway and simul-
taneously activates the JNK pathway.

Materials and methods

Yeast two-hybrid analysis, plasmids and expression analysis

Yeast two-hybrid screens were performed with members of the
Wnt pathway that were cloned into the DNA-binding domain
vector and a cDNA library from 10.5-d mouse embryos (Behrens
et al. 1998). Full-length Diversin was isolated from a Agtl0
mouse embryo cDNA library (Stratagene), by use of a probe that
was identified initially in the yeast two-hybrid screen. Deletion
mutants of Diversin and CKle/Diversin-fusions consisting of

Figure 6. Schematic model of the action of Diversin in B-catenin degradation. (A) Diversin recruits CKle to the Axin/Conductin
complex, and this leads to priming phosphorylation of B-catenin on Ser 45. Dimeric Axin/Conductin allows simultaneous binding of
Diversin/CKlIe and GSK3p in the complex. (B) GSK3p mediates subsequent phosphorylation of B-catenin on Thr 41, Ser 37, and Ser
33. Phosphorylated Ser 37 and Ser 33 are binding sites for the E3ubiquitin ligase B-TrCP (Amit et al. 2002), which promotes degradation

of B-catenin.
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amino acids 1-301 of human CKle and amino acids 583-712 of
murine or amino acids 595- 729 of zebrafish Diversin, respec-
tively, were constructed by PCR and restriction digests. The
Diego and Drosophila Axin cDNAs were cloned by RT-PCR.
Transfection of mammalian cells, immunoprecipitations and
Western blotting were performed as described (Behrens et al.
1998), using antibodies against B-catenin, GSK3p, CKle (Trans-
duction Laboratories), Flag (Kodak), and HA (Roche). In situ hy-
bridizations of zebrafish embryos were performed as described
(Hammerschmidt et al. 1996).

Lef/Tcf and [NK-dependent reporter assays

The Lef/Tcf reporter assay was essentially performed as de-
scribed (Korinek et al. 1997) with the following modifications:
293 cells were transfected with 1-5 pg of the indicated plasmids
using the standard calcium phosphate method. Cells were har-
vested 20 h after transfection, and luciferase values were nor-
malized against B-galactosidase activity. The JNK-dependent re-
porter assay was performed using the PathDetect Kit (Strata-
gene) according to manufacturer’s instructions. Experiments
were carried out in triplicate and repeated at least three times.

mRNA and morpholino injections

Xenopus embryos at the 4-cell stage were injected ventrally
with 1-3 ng of the indicated mRNA (Behrens et al. 1998). Ze-
brafish embryos at the 1-4-cell stage were injected into the yolk
with 0.1-0.4 ng of mRNA (TL strain) or 1-6 ng of antisense
morpholinos (AB strain; Hammerschmidt et al. 1996;
Nasevicius and Ekker 2000). The mRNAs for injection were
prepared from linearized plasmid DNAs using the SP6 or T7
mMessage Machine kit (Ambion). Antisense morpholinos were
designed and obtained from Gene Tools, LLC Sequences were as
follows: Diversin-5'UTR, 5'-CAGCCCTCATGTCCTGAAGA
GAATC-3'; Diversin-ATG, 5'-CATCGTGCTGGCTTATGAA
TCAGGG-3’; Diversin-5'UTR mismatch control, 5'-CAGCG
CTCAAGTCCTCAAGACAATC-3'.
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