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The Wnt family of secreted polypeptides participate in a variety of developmental processes in which
embryonic polarity is established. To study a role for Wnt ligands in vertebrate axis determination, we
interfered with Wnt signaling in the embryo using the extracellular domain of Xenopus Frizzled 8 (ECDS),
which blocks Wnt-dependent activation of a target gene in Xenopus ectodermal explants. Expression of ECD8
in ventral blastomeres resulted in formation of secondary axes containing abundant notochord and head
structures. These results suggest that Wnt signaling is required to maintain ventral cell fates and has to be

suppressed for dorsal development to occur.
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Initial specification of dorsoventral axis in vertebrate
embryos occurs through the formation of the dorsal sig-
naling center, or Spemann organizer, and is thought to
involve TGFB, FGF, and Wnt signal transduction (for re-
view, see Harland and Gerhart 1997). The Wnt signaling
pathway results in stabilization of B-catenin by signals
from the Frizzled receptors and the cytoplasmic protein
Dishevelled, which antagonizes glycogen synthase ki-
nase 3 (GSK3) and Axin (Cadigan and Nusse 1997; Sokol
1999). Signaling by maternal B-catenin in complex with
the T-cell factor (TCF) family of transcriptional regula-
tors activates several dorsal region-specific target genes
and is among the earliest steps leading to induction of
the organizer (Cadigan and Nusse 1997; Harland and
Gerhart 1997; Moon et al. 1997). Although several se-
creted Wnt proteins induce a secondary body axis when
overexpressed in ventral blastomeres of Xenopus em-
bryos (Sokol et al. 1991; Moon et al. 1997; Sokol 1999),
dominant-negative inhibitors of Xwnt8 and Dishevelled
fail to suppress organizer-specific genes in the primary
axis (Hoppler et al. 1996; Sokol 1996). These experiments
indicate that for dorsal development, maternal B-catenin
signaling may be activated intracellularly, in the absence
of a Wnt ligand.

Whereas B-catenin signaling is essential for induction
of the organizer (Heasman et al. 1994), it is less clear
whether Wnt ligands function in the maintenance of the
dorsal and ventrolateral embryonic domains at later
stages of development. Xwnt5a (Moon et al. 1993) and
Xwnt8b (Cui et al. 1995) are expressed in the early em-
bryo, but their developmental functions are unknown.
Xwnt11, Xwnt3a, and a Xenopus homolog of frizzled 8
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(Xfz8) are all present in the dorsal marginal zone at gas-
trula stages and were proposed to participate in dorsal
development (Ku and Melton 1993; McGrew et al. 1997,
Deardorff et al. 1998; Itoh et al. 1998). In contrast, Xwnt8
mRNA is present in the ventrolateral region (Christian
et al. 1991). Consistent with the idea that Xwnt8 func-
tions to maintain ventrolateral mesoderm formation, ec-
topic overexpression of Xwnt8 after the midblastula
transition leads to inhibition of notochord and head de-
velopment (Christian and Moon 1993). However, a num-
ber of efficient Xwnt8 antagonists, including secreted
Frizzled-related proteins (FRPs) and Dickkopf-1 (Dkk-1)
(Hoppler et al. 1996; Finch et al. 1997; Leyns et al. 1997;
Mayr et al. 1997; Salic et al. 1997; Glinka et al. 1998; Xu
et al. 1998), failed to trigger dorsal development in ven-
tral blastomeres, suggesting that Xwnt8 is not required
for the maintenance of ventral fates. Nevertheless, the
dominant-negative form of Xwnt8 and some FRPs inhib-
ited myoD expression in the marginal zone (Hoppler et
al. 1996; Leyns et al. 1997; Salic et al. 1997; Wang et al.
1997a), implicating Xwnt8 or related Wnt products in
muscle development.

To further evaluate the involvement of Wnt ligands in
dorsoventral axis determination, we interfered with Wnt
signaling using ECD8, the extracellular domain of X{z8
(Itoh et al. 1998; Deardorff et al. 1998). ECDS8 contains a
conserved cysteine-rich domain and resembles FRPs that
were shown to bind and inactivate Wnt ligands (Finch et
al. 1997; Leyns et al. 1997; Mayr et al. 1997; Rattner et al.
1997; Salic et al. 1997; Wang et al. 1997a; Xu et al. 1998).
Consistent with its potential function as a Wnt inhibi-
tor, ECD8 blocked the activity of several Wnt ligands in
ectodermal explants. Our data show that in contrast to
previously described FRPs, ECD8 induced a complete
secondary axis when overexpressed in ventral blasto-
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meres. These results suggest that some Wnt ligand(s)
function to maintain ventral cell fate and these ligands
have to be suppressed to allow dorsal development to
occur.

Results and Discussion
ECDS8 antagonizes Wnt signaling

ECDS8 contains the extracellular domain of Xfz8 (Itoh et
al. 1998) but lacks the transmembrane and cytoplasmic
regions that are required for transmitting the signal to
downstream components of the Wnt pathway (Cadigan
and Nusse 1997). Because FRPs have a similar structure
and have been demonstrated to block Wnt activities,
ECDS8 is also predicted to function as a Wnt antagonist.

To examine whether ECDS8 interferes with Wnt sig-
naling, we coexpressed ECDS8 with different Wnt ligands
in animal pole ectoderm and analyzed Wnt-dependent
activation of the organizer marker Xnr3, which is a di-
rect target of Wnt signaling (McKendry et al. 1997).
ECD8 mRNA completely suppressed induction of Xnr3
by all tested Wnt proteins (Fig. 1), including Xwnt2b,
Xwnt3a, Xwnt8, and a combination of Xwnt5a with Xfz8
that allows detection of the axis-inducing activity of
Xwnt5a (Itoh et al. 1998). In contrast, Frzb, a member of
the FRP family (Leyns et al. 1997, Wang et al. 1997a,b),
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Figure 1. ECDS is a potent Wnt inhibitor. Two-cell embryos
were injected into animal pole with ECDS8 (2 ng), frzb (2 ng),
Xwnt3a (5 pg), Xwnt8 (2.4 pg), Xwnt2b (5 pg), Xwntba (0.6 ng),
and Xfz8 (0.6 ng) mRNA, or in combination as indicated. Ani-
mal cap explants were prepared from the injected embryos when
sibling control reached stage 8 and cultured until control em-
bryos reached stage 10.5, at which time total RNA was isolated
for Northern analysis. Each gel lane contains RNA isolated from
ten explants or two embryos. Xnr3 and gsc are organizer mark-
ers. fibronectin (FN) serves as a control.
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was not able to inhibit the activity of Xwnt3a and
Xwnt5a (Fig. 1). These results indicate that ECDS is an
effective inhibitor of a wide range of Wnt ligands and can
be used to assess the role for endogenous Wnt ligands in
embryogenesis.

The effects of ECD8 on embryogenesis

To inhibit endogenous Wnt signaling, ECD8 mRNA was
microinjected into ventrovegetal or dorsovegetal blasto-
meres of four- to eight-cell embryos. Embryos that were
injected with ECD8 mRNA in a single ventral blasto-
mere developed secondary axes containing pronounced
anterior and dorsal structures (Fig. 2A—C). The induced
axes were short but contained eyes and large cement
glands, which were often fused with the primary axis
(Table 1). Histological analysis demonstrated that in-
duced secondary axes included well-differentiated noto-
chord, somites, and neural tissue with eyes and cement
glands in all cases examined (n = 30; Fig. 2B,C). Although
the eyes were not recognized clearly externally, tissue
sections revealed differentiated retina and lens. The ef-
fect of ECD8 mRNA was dose dependent; at 1-2 ng of
ECD8 mRNA, axes with anterior structures were in-
duced in 66% of injected embryos (n = 253), whereas at
0.1-0.3 ng of mRNA, the frequency of secondary axes
was reduced to 5% (n = 81). Ventral injections of a con-
trol BH1 mRNA, or mRNAs encoding Frzb (Leyns et al.
1997) and FrzA (Xu et al. 1998; data not shown) did not
induce secondary axes at the same doses, indicating that
the effect of ECDS is specific (Table 1; Fig. 3). These
results suggest the existence of Wnt ligand(s) that func-
tion to maintain ventral cell fates and suppress dorsal
development in ventrolateral blastomeres.

The majority of embryos that were injected with
ECD8 mRNA in dorsal blastomeres had shortened trunk
and tail, enlarged cement gland, and deficient eyes (Fig.
2D; Table 1). Histological analysis revealed a short and
wide notochord and neural tissue (Fig. 2E), indicating
impaired morphogenetic movements. In support of this
view, ECDS8 blocked elongation of animal cap explants
in response to the mesoderm-inducing factors FGF and
activin (data not shown). These effects of ECDS8 on axis
extension and anterior development are similar to the
activities described previously of the dominant-negative
(dn) Dishevelled (Sokol 1996), dnXwnt8 (Hoppler et al.
1996), and some Frizzled-related proteins (Leyns et al.
1997; Salic et al. 1997; Wang et al. 1997a; Deardorff et al.
1998). They are consistent with the idea that Wnt sig-
naling is involved in the control of convergent extension
movements, the major driving force for elongation of the
embryo during gastrula and neurula stages (Keller 1991).

Cells overexpressing ECD8 predominantly contribute
to secondary head structures

To determine the developmental fate of cells that con-
tribute to the secondary axis induced by ECDS8, we in-
jected ECD8 RNA together with lacZ RNA as a lineage
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Figure 2. Developmental effects of ECDS.
ECD8 mRNA (1-2 ng) was injected into
one ventrovegetal blastomere (A-C) or into
two dorsovegetal blastomeres (D,E) at the
four- to eight-cell stage. External morphol-
ogy of injected embryos (A,D). (Arrow-
heads) Induced secondary axes; (arrows) en-
larged or fused cement glands. (D) An un-
injected sibling embryo (stage 33) is shown
at bottom. Histological analysis of injected
embryos in transverse (B,C) and sagittal (E)
sections. (F) Transverse section of a control
sibling embryo. (1°), primary axis; (2°) sec-
ondary axis; (nt) neural tissue; (e) eye; (cg)
cement gland; (nc) notochord; (mu) muscle.
Scale bar, 400 pm for E and 200 pm for B,C,
and F.

tracer into a ventral blastomere. Injected embryos were
allowed to develop to tadpole stages, and tissue distribu-
tion of B-galactosidase activity was analyzed in whole
mounts and in tissue sections (Fig. 3). frzb and lacZ
RNAs were used as a control. If ECD8 were capable of
inducing an organizer, ECD8-expressing cells would be
expected to contribute to anterior endomesoderm and
axial mesoderm, as reported for other axis-inducing mol-
ecules, such as Xwnt8, Noggin, Chordin, BVgl, Dishev-
elled, and B-catenin (Smith and Harland 1991, 1992; So-
kol et al. 1991, 1995; Thomsen and Melton 1993; Sasai et
al. 1994; Guger and Gumbiner 1995). Unexpectedly, after
coinjection of ECD8 and lacZ RNAs, B-galactosidase ac-
tivity was predominantly found in the cement gland,
neural tissue, and epidermis of the secondary head, al-
though we cannot exclude limited contribution to ante-
rior endomesodermal tissues (Fig. 3A,C; data not shown).
In most cases, secondary notochord remained unlabeled,
suggesting that it is induced by ECD8-containing cells.
In control embryos, cells overexpressing Frzb occupied
lateral plate mesoderm and epidermis and occasionally

Table 1. The effects of ECD8 and frzb RNAs on axial development

contributed to the neural tissue of the primary axis or
somites (Fig. 3B,D; data not shown). This distribution of
B-galactosidase activity roughly corresponded to that in
embryos injected into the same location only with lacZ
RNA (data not shown). Our results demonstrate that
ventrolateral blastomeres expressing ECDS8 develop head
neuroectoderm and trigger non-cell autonomous induc-
tion of ectopic notochord. Thus, ECDS8 appears to induce
a complete axis by a mechanism that is quite different
from the mechanism of axis induction by known axial
inducers.

ECDS8 and Xwnt8 activate organizer markers
via different molecular mechanisms

Because dorsal axial development is normally preceded
by the formation of the organizer, we tested if overex-
pression of ECD8 leads to induction of organizer markers
in ventral blastomeres. Xwnt8 mRNA, which is known
to activate an ectopic organizer (Smith and Harland
1991; Sokol et al. 1991), induced all tested organizer

Normal Secondary Enlarged cement Partial axis Axis
Injected Injection Total no. body axis with gland with defects without extension Other
RNA site injected axis cement gland in axis extension cement gland defects defects
ECDS8 \'A% 253 14 75 64 28 66 6
ECDS8 DV 265 4 1 176 1 82 1
BH1 \'A% 165 157 0 0 0 1 7
BH1 DV 48 39 0 0 0 0 9
frzb \'A% 139 25 0 0 0 34 80
frzb DV 71 13 0 3 0 44 11

ECDS, BH1, or frzb mRNAs (1 ng each) were injected into one ventrovegetal (VV) blastomere or two dorsovegetal (DV) blastomeres
of four- to eight-cell embryos. External morphological changes were assessed at stage 30-39. Ventral overexpression of ECDS8 often
resulted in the fusion of primary and secondary axes, which is categorized as an enlarged cement gland with defects in axis extension.
Other defects included embryos with kinked axis, microcephaly, and gastrulation defects. Many embryos ventrally injected with frzb
RNA developed kinked tails and were scored as containing other defects.
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markers, including goosecoid (gsc), Xotx2, Xnr3, chor-
din, cerberus, frzb, and XIim1 and down-regulated ven-
trolateral markers PV.1 and Xwnt8 (Fig. 4A). In contrast,
ECDS8 did not significantly activate organizer genes in
ventrovegetal cells by the beginning of gastrulation (Fig.
4A). However, by the late gastrula stage, ECDS8 selec-
tively induced several dorsal markers including Xotx2,
chordin, Xlim1, and myoD, but not XANF1, frzb, or cer-
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Figure 3. Lineage tracing of embryos overexpressing
ECDS8 and frzb RNAs. Subequatorial region of a ven-
tral blastomere of four cell embryos was injected with
1 ng of ECD8 (A,C) or frzb (B,D) mRNA together with
0.5 ng of lacZ mRNA. When control siblings reached
stage 39, the injected embryos were fixed and stained
for B-galactosidase activity. (A) Staining is predomi-
nantly observed in the secondary head (arrowheads).
(B) Embryos injected with Frzb mRNA developed
kinked tails that were stained on the injected side
(Ieft). The uninjected side of two other embryos is
shown right. (C) Transverse section of an embryo in-
jected with ECD8 RNA reveals B-gal staining in neu-
ral tissue, cement gland, and epidermis of the second-
ary head, but notochord and somites remain un-
stained. (D) Transverse section of an embryo injected
with frzb RNA shows stained lateral plate mesoderm,
neural tube, and epidermis on one side. Abbreviations
are as in Fig. 2, except for (Ip) lateral plate mesoderm.
Scale bar in C (also refers to D), 200 um.

berus, and down-regulated the expression of PV.1 but not
Xwnt8 (Fig. 4B). The delayed appearance of induced
markers suggests that ECDS8 alters cell fates only at gas-
trulation, after the organizer has been induced. Never-
theless, by neurula stages, ECDS8 induced dorsal and an-
terior markers including NCAM, Xotx2, XAGI1, and
muscle actin (Fig. 4C), corroborating histological data.
The induction of muscle by ECD8 was further supported
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Figure 4. Selective effect of ECD8 on marginal zone markers. Two ventrovegetal blastomeres of four- to eight-cell embryos were
injected with 5 pg of Xwnt8 mRNA, 2 ng of ECD8 mRNA, or with both mRNAs as indicated. Dorsal and ventral halves were dissected
at the beginning of gastrulation and collected immediately (A) or cultured until stage 12.5 (B) or stage 16 (C) for Northern analysis.
chordin (Chd), cerberus (Cerb), Xlim1, Xnr3, gsc, and frzb are organizer markers; XANF1 and Xotx2 are dorsal marginal zone and
anterior ectoderm markers; Xwnt8 and PV.1 are ventrolateral markers; myoD is an early marker for somites; XAGI is a cement gland
marker; NCAM and XIF3 are general neural markers. fibonectin (FN) serves as a loading control. The two bands at top revealed by the
cardiac actin probe correspond to cytoskeletal actin and reflect loading (C); the band at bottom is muscle specific.
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by whole-mount staining with 12/101 muscle-specific
antibodies (data not shown). These results suggest that
exogenous Xwnt8 and ECD8 stimulate dorsal develop-
ment via different molecular pathways and operate at
different times during embryogenesis. In agreement with
this view, both GSK3 and a dominant-negative form of
Xenopus Dishevelled strongly inhibited the ability of
Xwnt8 to induce a second axis but did not suppress the
axis-inducing activity of ECDS8 (data not shown).

ECD8 also reduced the expression of Xwnt8-inducible
markers, including cerberus, Xotx2, chordin, Xlim1, gsc,
Xnr3, and frzb, at early gastrula stage (Fig. 4A), confirm-
ing that ECDS interferes with Wnt signaling not only in
animal cap cells, but also in ventrovegetal cells. How-
ever, the expression of Xotx2, chordin, and XIlim1 recov-
ered by late gastrula stage (Fig. 4B), consistent with the
ability of ECDS to activate the same markers in the ab-
sence of exogenous Xwnt8. These results further support
the idea that ECDS8 induces secondary axes in ventroveg-
etal cells by interfering with Wnt signaling at later
stages.

The effect of ECD8 on BMP signaling

Although the structure of ECDS predicts that it is a spe-
cific inhibitor of Wnt signaling, it down-regulates the
expression of PV.1 (Fig. 4B), an early target gene for bone
morphogenetic protein (BMP) signaling (Ault et al. 1996).
Because inhibition of BMP4 leads to partial secondary
axis formation (Graff et al. 1994; Suzuki et al. 1994), and
BMP activity is suppressed in dorsal tissues during gas-
trulation, we suspected that ECD8 might also modulate
the BMP pathway. We therefore assessed whether inhi-
bition of BMP signaling by ECDS8 occurs at the level of
ligand-receptor interactions or represents an indirect
consequence of blocking Wnt ligands.

Several observations indicate that ECD8 does not di-
rectly inhibit BMP4 signaling. First, whereas the trun-
cated BMP receptor (tBR) completely blocked BMP4-de-
pendent PV.1 and Xbra expression in animal cap cells,
ECDS8 had only a marginal effect at stage 10.5 (Fig. 5A).
By stage 12.5, however, ECD8 down-regulated PV.1 (Fig.
5A), suggesting that Wnt signaling is critical for the
maintenance rather than initiation of PV.1 expression.
Second, neural markers, such as NCAM and XIF3, were
induced by tBR, consistent with the idea that inhibition
of BMP signaling leads to neural induction (De Robertis
and Sasai 1996). In contrast, ECDS8 did not activate neu-
ral markers at the dose that is effective in complete axis
induction (Fig. 5B). Third, we found that ECDS8 inhibited
ligand-independent signaling from the constitutively ac-
tive BMP4 receptor (CABR; Candia et al. 1997). A BMP4-
responsive reporter construct, consisting of the Iucifer-
ase gene fused to the Xvent2 promoter sequences
(Xvent2-luc), is activated by CABR independently of
BMP ligands (Fig. 5C; Candia et al. 1997). This transcrip-
tional activation of Xvent2-luc was inhibited weakly,
but significantly, by ECDS8 (Fig. 5C). Thus, the effect of
ECDS8 on PV.1 and Xvent?2 is likely to be a consequence
of blocking Wnt ligands, rather than BMP ligands, be-
cause it can occur downstream of BMP ligand/receptor
interactions.

ECDS8 does not induce dorsal markers in animal caps
but modifies their responses to the mesoderm
inducing factors FGF and activin

Because ECD8 appears to stimulate dorsoanterior ecto-
derm (head) development in injected embryos, we
wanted to assess whether ECDS8 can induce head forma-
tion in ectodermal explants, either untreated or treated
with mesoderm inducing factors. Although ECD8 RNA
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Figure 5. The effect of ECD8 on BMP signaling. Animal caps were prepared as in Fig. 1 from embryos injected with 2 ng of ECDS,
0.4 ng of BMP4, or 2 ng of tBR mRNA as indicated. The animal caps were harvested when control siblings reached stage 10.5 (4), 12.5
(A), or 25 (B) for Northern analysis. fibronectin (FN) and EFla are loading controls. Xbra is a general marginal zone marker; PV.1 is a
ventrolateral marker; XIF3 and NCAM are pan-neural markers. (C) The effect of ECDS8 on signaling from CABR. Each blastomere of
four-cell embryos was injected with 20 pg of Xvent2-luc DNA and 0.5 ng of tBR, CABR, and ECD8 RNAs as indicated. Luciferase
activity was measured in injected embryos at stage 10. Experimental data are expressed as the means from triplicate samples +/-

standard deviations.
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Figure 6. The effect of ECD8 on ectodermal explants treated
with mesoderm-inducing factors. Animal caps were isolated at
the midblastula stage from uninjected embryos and from em-
bryos injected with 2 ng of ECD8 mRNA. Explants were treated
with 100 ng/ml bFGF or 5 ng/ml activin and cultured until
stage 10.5 (A) or stage 25 (B) for Northern blot analysis. Molecu-
lar markers are described in legends to Figs. 1, 4, and 5. (Em)
Sibling embryos.

efficiently induced secondary axes when injected ven-
trally, at the same doses it failed to activate the organizer
markers chordin, Xnr3, Gsc, Xlim1, and Xotx2, muscle-
specific actin, or NCAM in animal caps (Figs. 6A,B).
These results indicate that the competence of animal
pole cells in response to ECDS is different from the com-
petence of ventral marginal zone cells.

It was shown previously that Xwnt8 synergizes with
mesoderm inducing factors FGF and activin to induce
dorsal mesoderm and elicit strong elongation move-
ments in animal caps (Christian et al. 1992; Sokol and

Axis induction by a Wnt antagonist

Melton 1992). To test whether ECD8 has similar prop-
erties, we assessed its ability to modify the activity of
mesoderm inducing factors. Despite the lack of effect on
its own, ECD8 modulated the effect of activin and FGF
on animal caps, although it behaved very differently
from Xwnt8 (Christian et al. 1992; Sokol and Melton
1992). Whereas ECD8 activated muscle-specific actin ex-
pression in dissected ventral embryo halves (Fig. 4C), it
inhibited muscle actin expression in activin-treated caps
(Fig. 6B), further illustrating differences in competence of
animal pole and ventral marginal zone cells. ECDS8 also
up-regulated the anterior neuroectodermal markers
Xotx2 and XAG1 induced by activin (Fig.6B) and acti-
vated NCAM in FGF-treated animal caps (Fig. 6B). Thus,
ECDS8 promotes anterior development, consistent with
the proposed posteriorizing role for Wnt signaling in an-
teroposterior axis formation (Itoh et al. 1995; McGrew et
al. 1997).

A role for Wnt ligands in dorsoventral patterning

It is currently unknown which Wnt ligand is responsible
for the suppression of dorsal development and is inhib-
ited by ECDS. In parallel to our studies, a dominant-
negative form of Xwnt8 was reported to inhibit ventral
markers Xvent-1 and vox (Hoppler and Moon 1998). Al-
though Xwnt8 is expressed in the ventrolateral mesen-
doderm and has a ventroposteriorizing activity (Chris-
tian and Moon 1993), several potent inhibitors of Xwnt8
(Hoppler et al. 1996; Sokol 1996; Finch et al. 1997; Leyns
etal. 1997; Salic et al. 1997; Wang et al. 1997a; Glinka et
al. 1998; Xu et al. 1998) fail to induce a secondary axis
containing head structures. Other Wnt ligands, includ-
ing Xwntba, Xwnt11, and Xwnt3a, are also expressed in
the early embryo (Ku and Melton 1993; Moon et al. 1993;
McGrew et al. 1997) and may be repressed by ECDS, but
their potential role in the maintenance of ventral cell
fates has not been analyzed (Moon et al. 1997). Interest-
ingly, Xwnt3a mRNA, but not Xwnt8 or Xwntba
mRNA, suppressed dorsoanterior development when
overexpressed in dorsal blastomeres (Fig. 7A,B; data not
shown). Because ECD8, but not Frzb (Wang et al. 1997b)
or FrzA (Xu et al. 1998), can efficiently block the activi-
ties of Xwnt3a and Xwnt5a (Fig. 1), it may be a more
potent inhibitor of various Wnt ligands than previously
described FRPs. The unique ability of ECDS8 to induce
both head and axial mesoderm in ventral blastomeres
clearly distinguishes it from other Wnt antagonists, such

Figure 7. Inhibition of dorsoanterior de-
velopment by Xwnt3a. Two animal dorsal
blastomeres at four- to eight-cell embryos
were injected with 4 pg of Xwnt3a (A) or 2.5
pg of Xwnt8 mRNA (B). Morphology of in-
jected embryos is shown. (C) Control sib-
lings at comparable stage (stage 40).
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as Cerberus (Bouwmeester et al. 1996), Dkk-1 (Glinka et
al. 1998), and WIF-1 (Wnt-inhibitory factor-1) (Hsieh et
al. 1999), and suggests the existence of yet undiscovered
Wnt ligands.

Earlier studies have shown that inhibition of BMP4
signaling leads to partial axis induction (Graff et al. 1994;
Suzuki et al. 1994). Together with these reports, our re-
sults argue that both BMPs and Wnt ligands act to sup-
press dorsal development and predict that inhibitors of
ventralizing Wnt ligands and BMPs should cooperate in
dorsoventral axis determination. Glinka et al. (1997)
demonstrated that a combination of Wnt and BMP in-
hibitors leads to head induction and postulated the in-
volvement of both pathways in anteroposterior pattern-
ing. Whereas our results do not contradict this model,
they demonstrate that blocking Wnt signaling is suffi-
cient on its own to induce a complete axis and trigger
head development. Therefore, we propose that Wnt li-
gand(s) that are antagonized by ECDS8 function to main-
tain ventral cell fates upstream of BMP signaling. It is
also possible that multiple Wnt ligands function to rein-
force BMP signaling during ventroposterior develop-
ment. Because ECD8 up-regulated anterior markers in
animal caps treated with mesoderm-inducing factors,
some Wnt ligands may have an additional role in poste-
riorizing factors (Itoh et al. 1995; McGrew et al. 1997;
Itoh and Sokol 1997). It remains to be seen whether the
systems responsible for dorsoventral and anteroposterior
patterning are interdependent and/or use the same mo-
lecular players.

Materials and methods

Xenopus eggs and embryos

Eggs were obtained from Xenopus females injected with 600
units of human chorionic gonadotropin, fertilized in vitro, and
cultured in 0.1x MMR (Newport and Kirschner 1982). Embry-
onic stages were determined according to Nieuwkoop and Faber
(1967).

RNA microinjections and explant assays

ECDS construct in pXT7 vector (Dominguez et al. 1995) was
generated by PCR from the Xfz8 plasmid (Itoh et al. 1998) and
encodes the first 230 amino acids of the Xfz8 protein. BH1-
pXTY7 is a control plasmid that encodes the first 434 amino acids
of the Xfz8 protein. Capped synthetic RNAs were generated as
described (Krieg and Melton 1984) by in vitro transcription of
plasmids containing ECD8, Xfz8, BH1 (Itoh et al. 1998), Xwnt8
(Christian et al. 1991), Xwnt3a (Wolda et al. 1993), Xwnt5a
(Moon et al. 1993), Xwnt2b (Landesman and Sokol 1997), Frzb1
(Leyns et al. 1997), CABR (Candia et al. 1997), B-galactosidase
(Smith and Harland 1991), BMP4, and tBR (Graff et al. 1994), by
use of mMessage mMachine kits (Ambion). RNA microinjec-
tions were carried out as described (Itoh et al. 1995).

For animal cap assays, embryos were injected with mRNAs at
the two-cell stage into animal pole region. Animal caps were
isolated at stage 8, cultured alone or in the presence of 100
ng/ml Xenopus bFGF (Kimelman et al. 1988) or 5 ng/ml human
recombinant activin A in 0.6x MMR and harvested for Northern
analysis when control siblings reached stage 10.5, 12.5, or 25.
For analysis of marginal zone markers, embryos were injected
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with mRNAs into two ventrovegetal blastomeres at the four- to
eight-cell stage and dissected into dorsal and ventral halves at
stage 10. Total RNA was extracted from isolated embryo halves
immediately or after their culture until the equivalent of stage
12.5 or 16.

Northern blot analysis

Northern blot analysis was performed as described (Itoh et al.
1995). [**P]JUTP-Labeled antisense RNA probes were prepared
from plasmids, containing fibronectin (Krieg and Melton 1985),
NCAM (Kintner and Melton 1987), XIF3 (Sharpe et al. 1989),
EFla (Krieg et al. 1989), and cardiac actin (Dworkin-Rastl et al.
1986) by in vitro transcription with SP6, T3, or T7 RNA poly-
merases (Krieg and Melton 1984). Other mesodermal markers,
for which RNA probes were prepared, included Xwnt8 (Chris-
tian et al. 1991), XIim1 (Taira et al. 1992), Xnr3 (Smith et al.
1995), gsc (Blumberg et al. 1991), Xotx2 (Pannese et al. 1995),
chordin (Sasai et al. 1994), cerberus (Bouwmeester et al. 1996),
frzb1 (Leyns et al. 1997), XANF1 (Zaraisky et al. 1995), PV.1
(Ault et al. 1996), Xbra (Smith et al. 1991), and myoD (Hopwood
et al. 1989). DNA probe for XAG1 (Sive et al. 1989) was radio-
labeled with [3>P]dCTP using random hexamer primers and the
Klenow enzyme (Sambrook et al. 1989). After each hybridiza-
tion, the membranes were stripped by boiling in distilled water.
Every experiment was repeated at least three times.

Luciferase activity measurements

For luciferase assays, embryos were injected in the animal pole
with 80 pg of Xvent2-luc DNA (Candia et al. 1997) and indi-
cated mRNAs (Fig. 5C), and the luciferase activity was mea-
sured as described (Fan and Sokol 1997).

Lineage tracing and histology

Lineage tracing with B-galactosidase mRNA was carried out as
described (Itoh et al. 1995). For histology, embryos were cul-
tured until stages 33-39, fixed, dehydrated, embedded, and sec-
tioned in Paraplast as described (Itoh et al. 1995). Sections were
stained with hematoxylin/eosin. Sections of embryos stained
for B-galactosidase were counterstained with eosin.
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