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The Wnt/b-catenin signaling pathway is critical for the

establishment of organizer and embryonic body axis in

Xenopus development. Here, we present evidence that

Xenopus Rap2, a member of Ras GTPase family, is impli-

cated in Wnt/b-catenin signaling during the dorsoventral

axis specification. Ectopic expression of XRap2 can lead to

neural induction without mesoderm differentiation.

XRap2 dorsalizes ventral tissues, inducing axis duplica-

tion, organizer-specific gene expression and convergent

extension movements. Knockdown of XRap2 causes ven-

tralized phenotypes including shortened body axis and

defective dorsoanterior patterning, which are associated

with aberrant Wnt signaling. In line with this, XRap2

depletion inhibits b-catenin stabilization and the induction

of ectopic dorsal axis and Wnt-responsive genes caused by

XWnt8, Dsh or b-catenin, but has no effect on the signaling

activities of a stabilized b-catenin. Its knockdown also

disrupts the vesicular localization of Dsh, thereby inhibit-

ing Dsh-mediated b-catenin stabilization and the mem-

brane recruitment and phosphorylation of Dsh by

frizzled signaling. Taking together, we suggest that

XRap2 is involved in Wnt/b-catenin signaling as a mod-

ulator of the subcellular localization of Dsh.
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Introduction

The Wnt family of secreted glycoproteins regulates many

biological processes including cell proliferation, cell polarity

and embryonic patterning (Wodarz and Nusse, 1998; Moon

et al, 2002). The Wnt/b-catenin signaling pathway, which is

highly conserved from Drosophila to vertebrates, has been

studied in greatest detail. This signaling is initiated by Wnt

ligands binding to serpentine frizzled receptors and LRP5/6

coreceptors. These ligand–receptor–coreceptor complexes ac-

tivate intracellular protein dishevelled (Dsh), leading to the

inhibition of a cytoplasmic b-catenin destruction complex,

which is composed of the scaffolding protein Axin, glycogen

synthase kinase-3b (GSK-3b) and adenomatous polyposis coli

(APC) tumor suppressor. The inhibition of this Axin complex

allows cytoplasmic b-catenin to accumulate in the nucleus

and bind to TCF/LEF transcription factors to stimulate the

transcription of Wnt target genes. In the absence of Wnt

signal, GSK-3b phosphorylates b-catenin, which earmarks it

for rapid degradation by the ubiquitin system.

In Xenopus embryos, the Wnt/b-catenin signaling is es-

sential for proper dorso-ventral axis specification (Harland

and Gerhart, 1997; Moon and Kimelman, 1998). During

cortical rotation of the egg, Dsh and GBP (GSK-3-binding

protein) are translocated from the vegetal pole to the dorsal

side, resulting in the local accumulation of b-catenin and the

establishment of the Spemann’s organizer on the dorsal

region (Miller et al, 1999; Weaver et al, 2003). In knockdown

experiments, depletion of maternal b-catenin or GBP causes a

loss of dorsal axial structures (Yost et al, 1998; Heasman et al,

2000). Moreover, ventral ectopic expression of XWnt8, Dsh,

b-catenin or dominant-negative GSK-3 induces the formation

of a secondary dorsal axis (He et al, 1995). The subcellular

localization of Dsh has a pivotal role in the regulation of Wnt

signaling. Dsh is associated with vesicle-like structures in

Xenopus embryos and mammalian cells (Miller et al, 1999;

Capelluto et al, 2002). In the presence of frizzled, Dsh is

redistributed to the plasma membrane. The DIX domain of

Dsh is responsible for its punctuate localization (Rothbächer

et al, 2000). Mutation of the vesicle-binding motif in the DIX

domain disrupts vesicular association of Dsh, thereby leading

to the inhibition of Dsh phosphorylation and its ability to

stabilize b-catenin and induce a secondary dorsal axis

(Capelluto et al, 2002). These results indicate that the vesi-

cular localization of Dsh is critical for the Wnt/b-catenin

signaling. However, little is known regarding the nature of

Dsh-associated punctuate structures and how this localiza-

tion of Dsh is regulated.

Rap proteins belong to the Ras family of small GTPases.

These proteins constitute two subfamilies (Rap1 and Rap2),

and each family contains two isoforms (A and B) showing 95

and 90% identity for Rap1 and Rap2, respectively. Similar to

other Ras-related GTPases, Rap proteins function as binary

switches by cycling between two interconvertible states: a

GDP-bound inactive and a GTP-bound active form. Rap1,

which contains the same effector domain as Ras, antagonizes

Ras in many aspects. For example, overexpression of Rap1 is

capable of reverting the phenotype of Ras-transformed NIH

3T3 fibroblasts (Kitayama et al, 1989). In Drosophila, Rap1

has been shown to regulate normal morphogenesis in the

ovary, the eye disk and the embryo (Asha et al, 1999). In

addition, Rap1 regulates cell adhesion, adherens junction

positioning and integrin activation (Knox and Brown, 2002;

McLeod et al, 2004). In contrast to Rap1, no cellular function

has yet been attributed to Rap2.

In the current study, we provide evidence that Xenopus

Rap2 is implicated in the dorsal axis specification

during early development. We also demonstrate that XRap2
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functions as a regulator of the subcellular localization of Dsh

in Wnt/b-catenin signaling.

Results

Cloning and expression pattern of Xenopus Rap2

GTPase

Using a PCR-based approach, we obtained two Xenopus

homologs encoding Rap2A and Rap2B (GenBank accession

numbers: XRap2A, AY608667; XRap2B, AY392502) whose

amino-acid sequences are highly conserved compared to

human and mouse proteins (Supplementary Figure 1).

Temporally, they are expressed both maternally and zygoti-

cally throughout early development (Supplementary Figure

2). During the cleavage and blastula stages, XRap2 is ex-

pressed in the animal and vegetal hemispheres of the embryo.

In particular, its transcripts in vegetal cells are detected as

punctate perinuclear staining. At the beginning of gastrula-

tion, the intense expression of XRap2 is visible in the dorsal

blastopore lip. Analysis of dissected embryos revealed that it

was the cells of the deep layers of the lip that expressed

XRap2 messages most abundantly at the early gastrula stage.

By the midgastrula stage, XRap2 is expressed in the lateral

regions of the presumptive neural plate and in a broad

anterior domain of mesendoderm. At later stages, it is re-

stricted to the eye primordia, the roof of the neural tube, the

anterior endoderm and head region.

XRap2 has dorsalizing and neuralizing activities

To study the function of XRap2, we first analyzed its biolo-

gical activities in Xenopus ectoderm. Injection of XRap2 RNA

induces Xnr3, siamois and chordin, which are the target

genes of Wnt/b-catenin signaling pathway (McKendry et al,

1997; Wessely et al, 2001), while we failed to detect other

markers for mesoderm or endoderm in the early gastrula

stage explants (Figure 1A). XRap2 also increases the early

neural marker, zic-3, and decreases epidermal markers, msx-

1 and epidermal keratin, suggesting the ability of XRap2 to

inhibit BMP signaling. By stage 27, the cement gland and the

neural markers NCAM, OtxA and XAG-1 are induced in

XRap2-expressing animal caps (Figure 1B). The neural gene

induced is of the anterior character, as it expresses a fore-

brain–midbrain marker (OtxA) but not a spinal cord marker

(HoxB9). This neural induction by XRap2 occurs in the

absence of mesoderm formation (a-globin and muscle

actin). The pan-endodermal marker, endodermin (EDD),

was also induced in XRap2-injected explants. The induction

of cement gland and neural markers in ectoderm in the

absence of mesoderm might be the result of antagonizing

endogenous BMP signaling (Wilson and Hemmati-Brivanlou,

1995). To test whether BMP-4 can over-ride the effects of

XRap2 in animal caps, we coinjected XRap2 and BMP-4 RNAs

with the result that the latter could counteract the induction

of NCAM, OtxA and XAG-1 by the former (Figure 1C). These

indicate that XRap2 antagonizes the epidermal induction and

neural inhibition activity of BMPs in ectoderm. Given the

above data, the inhibitory effects of XRap2 on BMP signaling

could be achieved by expressing secreted BMP-4 antagonists

such as Xnr3 and chordin through the Wnt/b-catenin signal-

ing (Wessely et al, 2001). Supporting this possibility, syner-

gism between XRap2 and a small dose of activin was also

observed (Figure 1D). Combination of suboptimal levels of

activin and XRap2 mRNA has synergistic effects on the

induction of mesodermal markers, leading to even cerberus,

an anterior endodermal marker, being activated, which is

similar to the action of XWnt8 (Christian et al, 1992). Overall,

although XRap2 has no mesoderm-inducing activity of its

own, it may modify the competence of animal cap cells to

respond to mesoderm-inducing signals.

In order to test the effects of XRap2 misexpression on

mesoderm patterning, we analyzed the XRap2-injected em-

bryos at the tadpole stage. Overexpression of XRap2 in two

ventrovegetal blastomeres of four-cell stage embryos dupli-

cated the dorsal axis (40%, n¼ 75) (Figure 2A), which

contained ectopic gut lumen, muscle and neural tissues but

lacked a head and notochord (data not shown). Ventral

misexpression of XRap2 also caused the ventral marginal

zone (VMZ) explants to undergo convergent extension move-

ments similar to the dorsal marginal zone (DMZ) explants
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Figure 1 Characterization of XRap2’s activity in Xenopus ectoderm.
(A–D) Four-cell stage embryos were microinjected into the animal
region with 100 pg XRap2, 2 ng BMP-4 or a combination as indi-
cated. Animal caps were dissected at stage 8.5, cultured until stage
10.5 (A, D) or stage 27 equivalent (B, C) and analyzed by RT–PCR
for expression of marker genes indicated. In (D), the Activin protein
(Act) was added at 5 ng/ml to the animal caps at stage 8.5. ODC, a
loading control; �RT, minus reverse transcription control sample.
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(Figure 2C–E). The dorsalizing activity of XRap2 was further

analyzed at the molecular level using VMZ explants from

XRap2-injected embryos (Figure 2F). At the gastrula stage,

ectopic expression of XRap2 induced the organizer-specific

marker, chordin, and the anterior endodermal markers, cer-

berus and hex, in the VMZ explants. Later, the neural and

dorsal mesodermal markers NCAM, collagen II and muscle

actin were induced in VMZ explants expressing XRap2.

Together, the induction of neural fate and dorsal mesoderm

in XRap2-expressing VMZ strongly suggests that it acts to

dorsalize the mesoderm.

Organizer-specific genes are activated in ectoderm by high

doses of the mesoderm inducers, activin and nodal-related

factors (Zorn et al, 1999). Thus, we tested whether XRap2

could be induced by these activin-like signals. XRap2 as well

as cerberus was strongly induced by activin, Xnr-1 and

Smad2, a downstream effector of activin-like signaling

(Supplementary Figure 3A). In contrast, XWnt8 and b-catenin

activated the expression of Xnr3 but not XRap2. In control

experiments, Xnr3 transcripts were also detectable in animal

tissues injected with high doses of activin or Xnr-1.

Therefore, XRap2 is a downstream target of activin-like

mesoderm inducers but not of Wnt signaling.

Upon stimulation by activin-like inducers, Smad2 and

Smad4 interact with a nuclear factor, FAST-1, affecting down-

stream transcriptional responses (Chen et al, 1997). We

examined if XRap2 is induced by activin in a FAST-dependent

manner. As shown in Supplementary Figure 3B, the induction

of XRap2 by activin was inhibited by coinjection of a tran-

scriptional repressor form of FAST-1 (FAST-EnR). In control

experiments, FAST-EnR also blocked the activation of goose-

coid and chordin by activin. Taken together, XRap2 expres-

sion is activated by activin-like inducers in a Smad2/FAST-

dependent fashion.

XRap2 knockdown causes ventralization

To determine the loss-of-function phenotype of XRap2, we

used an antisense morpholino (MO) oligonucleotide to

knock down XRap2 function in the embryo. Because the

highly homologous XRap2A and XRap2B are both expressed,

we designed MOs for both XRap2A and XRap2B. The MO

designed against each XRap2 isoform inhibited the produc-

tion of its respective Myc-tagged XRap2 without affecting

actin protein level, which serves as a specificity control

(Figure 3A).

When both MOs were coinjected (the mixed MOs will be

designated XRap2 MO hereafter) into two dorsal blastomeres

at the four-cell stage, embryos developing with severe ante-

rior truncations (30%, n¼ 123) or microcephaly and eye

defects (55%, n¼ 123) were observed (Figure 3B). This

phenotype was efficiently rescued by flag-tagged XRap2

mRNA, which cannot bind to its MO and is resistant to

translational inhibition (Supplementary Figure 3C). To test

the requirement of XRap2 in early embryonic dorsalization,

we examined early dorsal markers in XRap2 MO-injected

embryos by in situ hybridization. XRap2 MO, but not control

MO, inhibited the expression of Xnr3, goosecoid and Hex in

the dorsal region at the early gastrula stage, and the suppres-

sion was rescued by coinjection of flag-XRap2 RNA

(Figure 3C). Together, these results suggest that loss of

XRap2 function leads to impaired dorsalization, resulting in

ventralized phenotypes seen at later stages of development.

XRap2 is required for Wnt/b-catenin signaling pathway

As described above, dorsal injection of XRap2 MO inhibited

the expression of Xnr3, an early direct target of Wnt/b-

catenin signaling (McKendry et al, 1997), suggesting its

possible requirement for this signaling. To assess a possible

function for XRap2 in Wnt signaling, we first investigated
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Figure 2 XRap2 dorsalizes ventral mesoderm. (A) Ventral injection of XRap2 RNA or DNA (150 pg) induced a secondary axis (40%, n¼ 75).
(B) Uninjected control embryo at stage 28. 2nd indicates an induced secondary axis. (D) XRap2 caused VMZ explants to undergo convergent
extension movements and become elongated. In contrast to VMZ controls (C), DMZ explants elongate extensively (E). (F) RT–PCR analysis of
the induction of marker genes by ventral injection of XRap2. (�), uninjected VMZ control; DMZ, uninjected DMZ control.
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whether XRap2 synergizes with XWnt8 in axis duplication.

Interestingly, coinjection of XRap2 and a suboptimal dose of

XWnt8 increased the frequency of partial secondary axes

from 0% (n¼ 65) to 25% (n¼ 45) (Supplementary Figure

3D). We further tested whether complete secondary axis

induction by ectopic activation of Wnt/b-catenin signaling

could also be inhibited by coinjected XRap2 MO. Axis dupli-

cation caused by XWnt8, b-catenin or Dsh (data not shown)

was blocked by coinjection of XRap2 MO (Figure 4A–D),

confirming that XRap2 function is indispensable for Wnt/b-

catenin signaling pathway. Consistently, the induction of

siamois and Xnr3 by XWnt8 or b-catenin was specifically

inhibited in ectodermal explants from embryos injected with

XRap2 MO (Figure 4E, lanes 5 and 8), suggesting that XRap2

functions parallel to or downstream of b-catenin in Wnt

signaling. In order to determine clearly the position of

XRap2 in the pathway, we asked whether VP16-TCF3, an

activated form of TCF factor that can activate transcription

without associating with b-catenin (Vonica and Gumbiner,

2002), could rescue the inhibition by XRap2 MO of expression
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of target genes, which was induced by b-catenin. Coinjection

of VP16-TCF3 factor increased significantly the expression of

siamois and Xnr3 reduced by XRap2 MO (Figure 4E, lane 9).

Thus, the overall results suggest that XRap2 functions parallel

to b-catenin in Wnt signaling.

To analyze whether XRap2 directly activates Wnt/b-cate-

nin-dependent transcription, we tested the effect of XRap2

depletion on the transcriptional activity of the luciferase

reporter driven by the siamois promoter, which is responsive

to the b-catenin/Tcf-3 complex (Brannon et al, 1997). We

injected the S01234 siamois reporter gene into the dorsal

blastomeres of four-cell stage embryos, with and without

XRap2 MO, and then dorsal or ventral explants isolated at

early gastrula stages were used to examine its activity. The

siamois promoter was activated to higher levels on the dorsal

side than the ventral side (Figure 4F), responding to the

endogenous Wnt/b-catenin activity present in the dorsal

marginal region of Xenopus early embryos (Larabell et al,

1997). However, the dorsal activation of the siamois promoter

was impaired when coinjected with XRap2 MO compared

with the reporter injected alone. This reduction was to some

extent rescued by coinjected flag-XRap2 RNA. These results

suggest a specific requirement of XRap2 for the activation of

the siamois promoter by Wnt/b-catenin signaling.

To examine whether the action of Rap2 is conserved in

higher vertebrates, we evaluated the Rap2-directed modula-

tion of Wnt/b-catenin signaling in mammalian cells. We used

the TOPFLASH luciferase reporter plasmid in 293T cells as a

readout for Wnt/b-catenin signaling activation. Expression of

Wnt1 gave an approximate five-fold increase in luciferase

activity, which was less compared to Dvl-1, which activated

the reporter activity 48-fold in these assays (Figure 4G).

Cotransfection of a dominant-negative Rap2 (S17N Rap2)

reduced significantly the increase in b-catenin/TCF-depen-

dent transcription induced by Wnt1 or Dvl-1. These results

indicate that Rap2 is a conserved positive factor in Wnt/b-

catenin signaling.

Stabilization and nuclear localization of endogenous

b-catenin protein are well-established measures of Wnt/b-

catenin signaling (Yost et al, 1996; Larabell et al, 1997). We

next investigated the impact of XRap2 depletion on the

steady-state levels of total b-catenin proteins. Coinjection of

XRap2 MO decreased the steady-state levels of ectopic myc-

tagged b-catenin protein expressed from injected RNA in
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Figure 4 XRap2 is required for Wnt/b-catenin signaling. (A–D) XRap2 MO blocks the induction of a complete secondary axis by XWnt8 or
b-catenin. Four-cell stage embryos were injected into one ventral vegetal blastomere with RNA or MO as indicated. (A) Injection of 10 pg
XWnt8 mRNA (complete axis: 85%, n¼ 34). (B) Coinjection of 10 pg XWnt8 mRNA and 40 ng XRap2 MO (complete axis: 23%, n¼ 34).
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inhibition was rescued by VP16-TCF3, an activated form of TCF3 factor. (F) Luciferase assays in Xenopus embryos injected with b-catenin/TCF
factor-dependent reporter DNA (S01234), XRap2 MO and flag-XRap2 RNA. V, ventral region; D, dorsal region. (G) TOPFLASH reporter assay in
293T cells. The amount of transfected DNA is as follows: mouse Wnt1, 5 ng; mouse dishevelled-1 (Dvl-1), 50 ng; dominant-negative Xenopus
Rap2 (S17N Rap2), 100 ng.
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animal cap cells (Figure 5A). In addition, elevated levels of

endogenous b-catenin protein were observed in animal cap

cells expressing Xenopus Wnt8 (Figure 5B). And this increase

was significantly inhibited by XRap2 depletion. Consistent

with the requirement of XRap2 for the accumulation of

b-catenin, its overexpression enhanced nuclear localization

of endogenous b-catenin in animal cap cells (Figure 5C and

D). Moreover, XRap2 knockdown inhibited the nuclear accu-

mulation of b-catenin caused by exogenous XWnt8 RNA

(Figure 5E–G). Taken together, these results suggest that

XRap2 is essential for the stabilization and nuclear accumu-

lation of b-catenin induced by Wnt signaling.

XRap2 affects the stability of b-catenin by regulating

the subcellular localization of dishevelled

Next, we determined the subcellular localization of XRap2 by

confocal microscopy using a green fluorescent protein (GFP)-

fused version of XRap2. Interestingly, XRap2 staining is

localized predominantly in the plasma membrane of animal

cap cells, and to a lesser extent in various subcellular regions
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with punctate appearance resembling vesicular structures

(Figure 6A). This led us to investigate the possible role of

XRap2 in the regulation of subcellular distribution of Dsh, a

cytoplasmic component of Wnt signaling, since as demon-

strated above, XRap2 is required for Wnt signaling and its

punctate staining in the cytoplasm is similar to Dsh’s associa-

tion with cytoplasmic vesicle-like structures (Figure 6B).

First, we tested the effects of XRap2 depletion on the sub-

cellular localization of Dsh. When coexpressed with XRap2

MO, GFP-Dsh does not exhibit a punctate pattern and instead

is distributed diffusely throughout the cytoplasm (Figure 6C),

whereas coinjected control MO has no effect on the pattern of

subcellular distribution of Dsh (Figure 6D). We further ex-

amined whether XRap2 and Dsh colocalize with each

other. Normally, ectopic GFP-Dsh is distributed in a punctate

fashion at various subcellular sites of animal cap cells

(Figure 6B) as described previously (Miller et al, 1999;

Rothbächer et al, 2000). This subcellular localization of

GFP-Dsh is similar to that observed for endogenous Dsh in

animal cap cells (Miller et al, 1999). Intriguingly, GFP-Dsh

localizes to the plasma membrane when coexpressed with

XRap2 (Figure 6E), reminiscent of the pattern caused by

experimental conditions in which Dsh is coexpressed with

Axin or frizzled receptor (Yang-Snyder et al, 1996; Fagotto

et al, 1999). Note that the GFP-Dsh translocated to the

membrane colocalizes with XRap2 (Figure 6G). Since stabi-

lization of b-catenin is lost when Dvl2 is defective in vesicle

targeting (Capelluto et al, 2002), we next examined whether

XRap2 knockdown could block the stabilization of b-catenin

caused by Dsh. As shown in Figure 6H, greater levels of
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b-catenin were detected in Dsh-expressing animal cap cells

relative to those in uninjected cells, and this elevation could

be inhibited by coinjection of XRap2 MO, suggesting the

essential role of XRap2-mediated vesicle targeting of Dsh in

the stabilization of b-catenin.

If XRap2 affects b-catenin stability by regulating the sub-

cellular localization of Dsh, a stabilized b-catenin could be

insensitive to the inhibitory effects of XRap2 depletion on

Wnt signaling, while wild-type b-catenin could become easily

unstable in the absence of XRap2, as shown in Figure 5. To

test this possibility, we examined the effects of XRap2 MO on

the ability of pt b-catenin, a stabilized form that lacks the

phosphorylation sites required for its degradation (Yost et al,

1996), to induce ectopic axis or target genes. Ventral expres-

sion of pt b-catenin RNA (50 pg) induced ectopic complete

body axis in 70% of the injected embryos (n¼ 51; figures not

shown). As expected, coinjection of XRap2 MO had no

significant effects on the duplication of complete axis caused

by pt b-catenin (65%, n¼ 56). Consistently, XRap2 depletion

did not inhibit the induction of siamois or Xnr3 by pt b-

catenin in animal cap cells (Figure 6I). Overall, these results

support that XRap2 becomes involved in the stabilization of

b-catenin by modulating the subcellular localization of Dsh in

Wnt signaling.

We further investigated whether XRap2 MO affects the

translocation ability of Dsh upon coexpression of frizzled

receptors. As described previously (Yang-Snyder et al, 1996;

Kinoshita et al, 2003), in the presence of frizzled (Fz)

receptors such as rat Fz-1 and Xenopus Fz-7, GFP-Dsh

relocalizes predominantly to the plasma membrane (Figure

7B and E). However, coexpression of XRap2 MO blocks this

translocation, leading to the less obvious accumulation at the

membrane and diffuse distribution in the cytoplasm of GFP-

Dsh (Figure 7C and F), indicating that XRap2 is also required

for the translocation of Dsh caused by frizzled receptors.

Dsh is phosphorylated upon activation of the Wnt/b-

catenin signaling pathway (Yanagawa et al, 1995; Peters

et al, 1999). Phosphorylation of Dsh is correlated with its
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vesicular association and translocation to the membrane

(Rothbächer et al, 2000; Capelluto et al, 2002). Thus, we

tested whether XRap2 MO affects the phosphorylation state of

Dsh. Myc-tagged Dsh mRNA was injected with or without

XRap2 MO in four-cell stage embryos and then, animal cap

explants isolated at around stage 10 were subjected to SDS–

polyacrylamide gel electrophoresis (SDS–PAGE). Three bands

were observed in Dsh-injected explants (Figure 7H).

Immunoprecipitated Myc-Dsh treated with acid phosphatase

migrates as a single band, suggesting that two bands of

higher molecular weight represent mobility-shifted, phos-

phorylated Dsh and the lowest molecular weight band repre-

sents nonphosphorylated Dsh. In the absence of rat Fz-1

signaling, the lower band of the two phosphorylated bands

was more intense than the upper one. Coinjection of rat Fz-1

made the upper phosphorylated band much more intense,

with a concomitant decrease in the levels of the lower

phosphorylated and nonphosphorylated bands, indicating

the hyperphosphorylation of Dsh by rat Fz-1 signaling.

However, coinjection of XRap2 MO inhibited this hyperpho-

sphorylation, recovering to some extent the levels of the

lower phosphorylated and nonphosphorylated Dsh. These

results indicate a role for XRap2 in the phosphorylation of

Dsh, further suggesting that XRap2 is required for the signal-

ing from frizzled receptor to Dsh.

Discussion

In Xenopus early development, Wnt/b-catenin signaling is

important for the dorsal axis specification (Harland and

Gerhart, 1997; Moon and Kimelman, 1998). In this study,

we present evidence that XRap2, as a positive component of

Wnt/b-catenin signaling, is implicated in dorsal axis forma-

tion. Ventral expression of XRap2 induces dorsalized pheno-

types, which includes axis duplication, convergent extension

movement and dorsal gene expression. In the context of the

whole embryo, specific depletion of XRap2 resulted in the

ventralized embryos developing with severe anterior trunca-

tion and shortened body axis. These gain-of-function and

loss-of-function results show that XRap2 is required for dorsal

axis specification of Xenopus early embryos.

The XRap2-depleted embryos are reminiscent of those

caused by experimental conditions that lead to an increase

of BMP signaling and/or decrease of Wnt/b-catenin signaling

in the dorsal region of early embryos (He et al, 1995; Suzuki

et al, 1997; Heasman et al, 2000). In line with this, the results

presented here support that XRap2 exhibits the dorsalizing

activity through Wnt/b-catenin signaling. First, XRap2 syner-

gized with XWnt8 in secondary axis induction. In ectoderm,

XRap2 is able to induce siamois and Xnr3, direct targets of

Wnt signaling, and neural genes, which is similar to the

action of XWnt8, Dsh or b-catenin (Baker et al, 1999; Wessely

et al, 2001). Furthermore, unlike mesendoderm inducers such

as activin and nodal, XRap2 has no mesoderm–inducing

activity of its own in ectoderm but can respecify mesoderm

differentiation from ventral to dorsal fates. Like XWnt8 and a

dominant-negative GSK-3 (Christian et al, 1992; He et al,

1995), XRap2 sensitizes ectoderm, augmenting the ability of

activin-like signal to induce mesoderm. On the other hand,

some aspects of XRap2’s activity are similar to those that

BMP antagonists such as chordin and noggin share: partial

axis duplication, induction of anterior neural markers in

ectoderm and enhancement of activin-mediated dorsal me-

soderm induction. Consistently, overexpression of BMP-4

counteracted the neural induction by XRap2, suggesting an

antagonistic relationship between XRap2 and BMP signaling.

However, these features could be indirect effects of XRap2,

since it can induce on its own BMP inhibitors including

chordin and Xnr3 (Figure 1A). These inhibitors are expressed

at the blastula stage in a Wnt/b-catenin signaling-dependent

manner, thereby enabling anterior neural genes to be induced

in the absence of mesoderm (Wessely et al, 2001). Thus, it is

possible that XRap2-induced BMP antagonists may render the

ectodermal cells more susceptible in responding to activin

signaling by inhibiting BMP signaling in animal caps

(Figure 1D). The relatively weak activity of XRap2 in axis

duplication could be due to insufficient levels of XRap2 RNA

used here. Indeed, injection of higher doses of its RNA caused

nonspecific toxic effects leading to death (data not shown).

Our loss-of-function data corroborate a direct function of

XRap2 in Wnt signaling. Dorsal injection of XRap2 MO

inhibited the endogenous expression of Xnr3, an early dorsal

target gene of Wnt/b-catenin signaling. XRap2 depletion also

attenuated significantly the promoter activity of reporter

genes, which is dependent on b-catenin/TCF factors.

Consistently, XRap2 MO blocks the ectopic induction of target

genes and dorsal axis by XWnt8, b-catenin or Dsh. Finally,

XRap2 is required for the nuclear accumulation of b-catenin

induced by XWnt8, a well-established measure of the activa-

tion of Wnt signaling, and regulates the steady-state levels of

b-catenin protein. Taking together, we conclude that XRap2

functions as an essential component of Wnt/b-catenin signal-

ing to specify the dorsal axis.

Recent works reveal that the targeting of Dsh to cytoplas-

mic vesicular structures, which is mediated by its DIX do-

main, is critical for Wnt/b-catenin signaling (Capelluto et al,

2002; Weitzel et al, 2004). Mutation of the vesicle-binding

motif within the DIX domain disrupted punctate localization

and phosphorylation of Dsh, rendering it incapable of elicit-

ing cell fate decisions through the Wnt/b-catenin signaling

(Rothbächer et al, 2000; Capelluto et al, 2002). XRap2 knock-

down impeded the vesicular localization of ectopic GFP-Dsh

and b-catenin stabilization and axis duplication caused by

XWnt8 or Dsh, suggesting its implication in Wnt/b-catenin

signaling as a regulator of the subcellular localization of Dsh.

Although XRap2 seemingly functions parallel to or down-

stream of b-catenin in Wnt signaling (Figure 4), no significant

effects that XRap2 depletion had on the ability of a stabilized

b-catenin to induce ectopic axis and target genes (Figure 6)

support that XRap2 affects b-catenin stabilization by acting to

target Dsh to cytoplasmic vesicular structures. Despite this

function of XRap2, it did not interact with Dsh in co-immu-

noprecipitation assay (data not shown). While the nature of

Dsh-containing vesicular structures remains unknown, it

seems likely that XRap2 modulates the vesicular localization

of Dsh through other means, not physical association.

Overexpression of XRap2 relocates Dsh to the plasma

membrane (Figure 6), which is similar to the effects of

Axin or frizzled (Yang-Snyder et al, 1996; Fagotto et al,

1999), and its depletion blocks the membrane translocation

of Dsh induced by frizzled receptors (Figure 7). These suggest

the essential role of XRap2 in the membrane recruitment of

Dsh in Wnt/frizzled signaling. In Xenopus embryos, a few

frizzled receptors can induce the membrane translocation
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and phosphorylation of Dsh, but not axis duplication when

ectopically expressed (Rothbächer et al, 2000), suggesting no

correlation between the membrane localization and phos-

phorylation of Dsh and Wnt/b-catenin signaling. However,

several lines of evidence support that stabilization of

b-catenin through Wnt/b-catenin signaling involves the

membrane targeting and phosphorylation of Dsh. Indeed,

casein kinase I regulates the signaling specificity of Dsh

through phosphorylation, ultimately directing it down the

Wnt/b-catenin pathway from the planar cell polarity pathway

(Peters et al, 1999; Cong et al, 2004a). In addition, mutation

of the residues of frizzled that are crucial for the membrane

recruitment of Dsh disrupts the signaling activities of this

receptor in Wnt/b-catenin pathway (Umbhauer et al, 2000;

Cong et al, 2004b). In this respect, it is possible that the

membrane localization of Dsh caused by XRap2 is closely

linked to its axis-inducing activity. Recent evidence indicates

that Wnt-induced Dsh phosphorylation depends on only

frizzled receptors (González-Sancho et al, 2004), whereas

b-catenin stabilization is induced by LRP/Arrow coreceptors

independently of frizzled (Brennan et al, 2004). Wnt signal-

ing, however, can be fully stimulated in a Dsh-dependent

manner by oligomerizing frizzled and LRP receptors (Cong

et al, 2004b). During this event, Dsh may act as a shuttle to

recruit Axin to the plasma membrane, which leads to Axin

inhibition or degradation and b-catenin stabilization (Mao

et al, 2001; Cliffe et al, 2003; Tamai et al, 2004). In light of this

model, Dsh phosphorylation and translocation induced by

frizzled, which are alone insufficient to activate the b-catenin

signaling, could facilitate the LRP-dependent signals leading

to b-catenin stabilization. Possibly, the membrane targeting

of Dsh by XRap2 or Fz-8 (Rothbächer et al, 2000) may result

in inhibition of Axin or synergize with endogenous LRP-

dependent signals that lead to its axis-inducing activity in

ventral blastomeres of Xenopus embryos. The molecular

mechanism of these events awaits further investigation.

The phenotypes of XRap2 knockdown could result from

the failure of dorsal mesodermal cells to migrate during

gastrulation. Indeed, the membrane localization of Dsh in-

duced by XRap2 suggests its possible involvement in non-

canonical Wnt signaling, which is crucial for the regulation of

gastrulation movements (Veeman et al, 2003). A recent study

shows that mammalian Rap2 is implicated in the activation of

integrin in inside-out signaling in lymphocytes (McLeod et al,

2004). In Xenopus embryos, the function of integrin is

required for fibronectin (FN) assembly and radial intercala-

tion of cells in the blastocoel roof, which are also essential for

normal gastrulation movements (Marsden and DeSimone,

2001). Moreover, integrin can mobilize Dsh to the plasma

membrane in dorsal mesodermal cells (Marsden and

DeSimone, 2001). These findings raise the possibility that

the function of XRap2 depends on integrin activation in

Xenopus embryos. However, XRap2 depletion in blastocoel

roof region does not inhibit FN fibril assembly

(Supplementary Figure 4A). In addition, the membrane loca-

lization of Dsh caused by XRap2 could not be blocked by

coexpression of a dominant-negative integrin receptor

(HAb1) (Supplementary Figure 4B). These imply that

XRap2 is not involved in integrin activation required for

normal FN assembly and the membrane targeting of Dsh by

XRap2 occurs independently of integrin activation. The phe-

notype of XRap2-depleted embryos, ultimately, appears dis-

tinct from that caused by inhibiting the function of integrin or

FN matrix. The defects in gastrulation movements of Xenopus

embryos, which include delayed blastoporal closure, kinked

or stout phenotypes, spina bifida or microcephaly, appear to

be due to misregulation of cell adhesion and/or cell polarity

in migrating dorsal cells. While mammalian Rap1 has been

known to regulate cadherin-mediated cell–cell adhesion

(Price et al, 2004), it remains unknown whether Rap2 has a

similar function. Given the phenotypes of XRap2 knockdown

embryos, it is probable that Rap2 is also involved in the

regulation of cell behaviors in noncanonical Wnt signaling.

For future analysis, it will be significant to correlate this

possible role of XRap2 with its signaling activities demon-

strated in this study.

Materials and methods

Embryo and explants
Developmental stages of embryos were determined according to
Nieuwkoop and Faber (1994). For animal cap assays, four-cell stage
embryos were microinjected into the animal pole region of all
blastomeres with RNA, MO or a combination as indicated. Animal
cap explants were cut from late blastulae, cultured until stage 10.5
or 27 and analyzed by RT–PCR. For VMZ assays, RNA or DNA was
injected into two ventro-vegetal blastomeres of four-cell stage
embryos. VMZ explants were dissected from early gastrulae and
cultured until stage 11 or 25 for RT–PCR analysis or until stage 20
for elongation assay.

Plasmids, RNA synthesis and morpholino oligos
For the expression in Xenopus embryos, the entire coding region of
XRap2A or XRap2B was cloned into the pCS2þ , pCSKA, flag-
pCS2þ , EGFP-pCS2þ or Myc-pCS2þ vector. The dominant-
negative version of XRap2B was generated by changing the amino
acid at position 17 from S to N. The coding region of Xdsh was also
cloned into the EcoRI site of the EGFP-pCS2þ vector for GFP
tagging. Capped mRNAs were synthesized from linearized plasmids
using the mMessage mMachine kit (Ambion). XRap2, MT-XRap2,
MT-b-catenin, MT-pt b-catenin, Xfz-7, Rfz-1 and VP16-TCF3
constructs were linearized with NotI and mRNA was synthesized
using the SP6 mMessage mMachine kit. flag-XRap2, EGFP-XRap2,
EGFP-Dsh, Xnr-1 and XWnt8 constructs were linearized with
Asp718 and mRNA was synthesized using the SP6 mMessage
mMachine kit. The other constructs were linearized and mRNA was
synthesized as follows: Dsh and Smad2 (linearized with XbaI and
transcribed with SP6), BMP4 (linearized with EcoRI and transcribed
with T7), ActivinbB (linearized with EcoRI and transcribed with
SP6) and FAST-ENR (linearized with SacII and transcribed with
SP6). Antisense MO oligos were obtained from Gene Tools. The MO
oligo sequences were as follows: XRap2A MO, 50-GACCACCACCT
TATACTCGCGCATC-30; XRap2B MO, 50-CAACTACTTTGTATTCCCG
CATGGC-30; control MO, 50-CCTCTTACCTCAGTTACAATTTATA-30.

In situ hybridization and RT–PCR analysis
In situ hybridization was performed with digoxigenin (DIG)-labeled
probes as described previously (Harland, 1991; Henry et al, 1996).
An antisense in situ probe against XRap2 was generated by
linearizing the pBS-KS-XRap2 construct with HindIII and transcrib-
ing with the T3 RNA polymerase.

RT–PCR assays were carried out as described (Choi and Han,
2002). Primers for XRap2A were (forward) 50-ATCAAGCCCATGAGG
GACCA-30 and (reverse) 50-TCCGGTTGGGCTGCATAGTT-30, and
those for XRap2B were 50-GTAGTTGTCCTTGGATCAGGCG-30 and
50-TGACCAGGCTGTAGACGAGGAT-30. Primers for cerberus, Xbra,
XSox17b, XWnt-8, siamois, Xnr-3, NCAM, HoxB9, XAG-1, EDD,
a-globin, chordin, collagen type II and goosecoid were as described
in Dr De Robertis’ homepage (http://www.hhmi.ucla.edu/derobertis/
index.html). Primers for ODC, muscle actin, Zic3, OtxA and epidermal
keratin (http://www.xenbase.org/xmmr/Marker_pages/primers.html)
were as previously described.
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Western blotting and luciferase assay
For Western blot analysis, animal cap explants were homogenized
in Triton X-100 lysis buffer (20 mM Tris, 1% Triton X-100, 140 mM
NaCl, 10% glycerol, 1 mM EGTA, 1.5 mM MgCl2, 1 mM DTT, 1 mM
sodium vanadate, 50 mM NaF, 10mg/ml aprotinin, 10mg/ml
leupeptin). Equal amounts of protein were separated by 10 or 6%
SDS–PAGE electrophoresis. Western blots were performed accord-
ing to standard protocol with anti-b-catenin (1:1000, Santa Cruz),
anti-myc (1:1000, Santa Cruz) and anti-actin (1:1000, Santa Cruz)
antibodies. For phosphatase treatment, the immunoprecipitates
were washed with PAP buffer (40 mM MOPS, pH 5.5, 1 mM MgCl2,
50 mM NaCl, 1 mM PMSF) and treated with 0.4 U of PAP (Sigma) at
371C for 1 h.

For luciferase assay in Xenopus embryos, injections were made
in the DMZ or VMZ of four-cell stage embryos with 40 pg of reporter
gene (S01234, Wnt-responsive siamois promoter) with or without
XRap2 MO (40 ng) and flag-XRap2 RNA (100 pg). Dorsal or ventral
explants, which contain marginal and vegetal regions, were cut at
stage 10 and then separated into three pools of six explants each for
assay in triplicate. For TOPFLASH reporter assays, HEK 293T cells
were transfected in 24-well dishes by using Lipofectamine
Plus (Invitrogen), and all transfections were normalized to 200 ng
DNA per well with pCS2þ vector. Each well received 20 ng of
TOPFLASH reporter plasmid (Upstate) and 0.5 ng of Renilla
luciferase plasmid (as an internal standard). Approximately 24 h
after transfection, all cells were lysed, and luciferase activity assays
were performed according to the manufacturer’s protocol with the
Dual-Luciferase Reporter Assay System (Promega). Experiments
were repeated three times. Figure 4F and G shows a single
representative result.

Fluorescence microscopy
The subcellular localization of proteins was monitored using an
assay previously described (Miller et al, 1999). Four-cell stage
embryos were injected into the animal pole region of all
blastomeres with mRNAs as indicated. At blastula to early gastrula
stages, animal caps were dissected, fixed in 4% paraformaldehyde
in PBS for 2 h, rinsed in PBS and directly mounted for GFP-tagged
proteins. Alternatively, they were incubated in PBSTB (PBS, 0.1%
Triton X-100 and 2% BSA) to block nonspecific binding, followed by
a standard immunostaining procedure. Image analysis was per-
formed using a confocal laser-scanning microscope (Zeiss). The
antibodies for immunofluorescence were polyclonal anti-myc
(1:500 dilution, Santa Cruz) or polyclonal anti-b-catenin (1:200
dilution, Santa Cruz) primary antibodies and fluorescein isothio-
cyanate (FITC)- labeled (1:160 dilution, Sigma) or rhodamine-
labeled (1:300 dilution, Sigma) goat anti-rabbit secondary anti-
bodies.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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