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Mesoderm formation results from an inducing process
that requires maternal and zygotic FGF/MAPK and
TGFb activities, while maternal activation of the Wnt/
b-catenin pathway determines the anterior±dorsal
axis. Here, we show a new role of Wnt/b-catenin sig-
naling in mesoderm induction. We ®nd that maternal
b-catenin signaling is not only active dorsally but also
all around the equatorial region, coinciding with the
prospective mesoderm. Maternal b-catenin function is
required both for expression of dorsal genes and for
activation of MAPK and the mesodermal markers
Xbra and eomesodermin. b-catenin acts in a non-
cell-autonomous manner upstream of zygotic FGF
and nodal signals. The Wnt/b-catenin activity in the
equatorial region of the early embryo is the ®rst
example of a maternally provided mesoderm inducer
restricted to the prospective mesoderm.
Keywords: embryonic development/FGF/MAPK/
Wnt pathway/Xnr

Introduction

The basic subdivision of the vertebrate embryo into the
three germ layers, ectoderm, mesoderm and endoderm, is
established very early during development. In Xenopus,
the three layers form along the primary animal±vegetal
symmetry axis of the embryo: the pigmented animal pole
becomes ectoderm, the equatorial region becomes meso-
derm, and the yolk-rich vegetal pole becomes endoderm.
A second axis is created at fertilization, which de®nes the
dorso-ventral polarity, and the superimposition of these
two patterns can account for the basic body plan of the
embryo. Both patterns appear to rely on inductive
signals, which are generated by pre-localized maternal
determinants. The vegetal hemisphere seems to be the
major source of such determinants: in particular, the
vegetal pole emits a signal which can redirect the fate of
animal cells from ectoderm to mesoderm and endoderm
(Nieuwkoop, 1969). Another vegetally localized deter-
minant is translocated on one side of the egg after
fertilization and later induces the various dorsalizing
signals, which constitute the activity of Spemann's
organizer (Harland and Gerhart, 1997).

Mesoderm±endoderm induction has been extensively
studied, and the molecular nature of the signal has been at

least partly elucidated (Harland and Gerhart, 1997; Zhang
et al., 1998; Kimelman and Grif®n, 2000). Experiments
using dominant-negative receptor constructs have revealed
an essential role for secreted growth factors of the FGF and
TGFb/activin family: FGF signaling was found to be
necessary for induction of part of the mesodermal genes,
while TGFb/activin-like signaling is required for forma-
tion of all mesoderm and endoderm. Most of the recent
studies have focused on the role of TFGb-like factors of
the Nodal sub-family, so-called Xenopus Nodal-related
proteins (Xnrs). Xnrs are expressed zygotically under the
control of a maternal, vegetally localized transcription
factor, VegT (Clements et al., 1999). Knock down
experiments have shown that depletion of maternal
VegT has profound effects on early patterning: endoderm
is not induced, mesoderm formation is delayed and, when
some mesoderm eventually forms, it appears misplaced to
the vegetal pole, and consequently gastrulation is strongly
affected (Zhang et al., 1998). Such phenotype can
largely be accounted for by the absence of early Xnr
expression (Kofron et al., 1999; Xanthos et al., 2001).
Current models thus propose that high levels of Xnrs in the
vegetal hemisphere induce endoderm, while lower levels
around the equator (so-called marginal zone) induce
mesoderm.

While the VegT/Xnrs pathway undoubtedly plays a
crucial role in germ layer speci®cation, our knowledge of
this process is clearly still incomplete. There is evidence
that at least part of the mesoderm induction occurs very
early, before the start of zygotic transcription, and thus
before activation of the VegT/Xnrs pathway (Jones and
Woodland, 1987; Ding et al., 1998). Candidates for such
early induction are two maternal TGFb-like factors,
activin B and the vegetally localized Vg1, but a physio-
logical role for these factors has not been yet established.
The requirement for FGF signaling has also to be taken
into account. Several FGFs have been identi®ed, some of
which are already maternally expressed, but their precise
distribution at early stages is unclear. Indirect evidence
suggests that FGFs might be active over the animal
hemisphere, where they would act as a competence signal
(Cornell and Kimelman, 1994; LaBonne and Whitman,
1997). The vegetal inducing signal(s) would reach the
lower part of this competent region, i.e. the equatorial
region where mesodermal genes would be induced
(Kimelman et al., 1992; Cornell et al., 1995).

Recent data on the detection of activated pathways has
also provided important spatial and temporal information
on early patterning events. FGF and TGFb signaling
pathways induce phosphorylation and nuclear accumula-
tion of their respective downstream transducers, MAP
kinase (MAPK) and Smad2. Speci®c antibodies recogniz-
ing these phosphorylated forms can be used to localize
these signaling activities directly (Christen and Slack,
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1999; Curran and Grainger, 2000; Faure et al., 2000;
Schohl and Fagotto, 2002). Studies on Smad2 activation
have con®rmed the existence of a strong TGFb-like
activity throughout the vegetal hemisphere of the late
blastula±early gastrula (Faure et al., 2000; Schohl and
Fagotto, 2002). On the other hand, the prospective
mesoderm is quite precisely marked after the onset of
zygotic transcription by a ring of activated, phosphoryl-
ated MAPK (P-MAPK) (Christen and Slack, 1999).
Although MAPK can be activated by several tyrosine
kinase receptors, its activation in early Xenopus embryos
seems to be largely due to FGFs (Christen and Slack,
1999). The equatorial pattern of MAPK activation cannot
be readily explained by the predicted animal source of
FGF signaling and suggests that other mechanisms must
localize MAPK activity to the marginal zone.

The dorsalizing activity present in the early embryo
appears to be mediated by a third pathway involving
b-catenin (Heasman et al., 1994; Harland and Gerhart,
1997; Heasman, 1997). b-catenin is a cytoplasmic protein
with two distinct functions. It is constitutively present at
the plasma membrane, where it interacts with the cadherin
adhesion molecules and links them to the actin cyto-
skeleton (Yap et al., 1997). However, it is also a
downstream component of the Wnt signaling pathway.
Upon Wnt stimulation, a cytoplasmic pool of b-catenin is
induced, which can accumulate in the nucleus, interact
with the TCF/Lef-1 transcription factors and thus modu-
late gene expression (Cadigan and Nusse, 1997). In
Xenopus, b-catenin signaling is activated maternally in
the prospective dorsal side of the embryo (Schneider et al.,
1996; Larabell et al., 1997). Dorsal maternal b-catenin
then activates speci®c target genes, in particular the
transcription factor Siamois, which in turn synergize
with mesoderm-inducing signals to induce Spemann's
organizer (Moon and Kimelman, 1998).

We have recently examined in detail the pattern of
nuclear b-catenin during Xenopus development (Schohl
and Fagotto, 2002). At blastula stages, we found, to our
surprise, that b-catenin was not only nuclear on the dorsal
side. It was clearly detectable in a ring around the equator
that overlapped strikingly with the pattern of P-MAPK.
These observations suggested that it might have, in
addition to its well-established function in dorso-ventral
patterning, an unexpected role in formation of the
mesoderm.

Here, we show that maternal b-catenin is also required
for activation of MAPK along the marginal zone and for
expression of early mesodermal genes.

Results

b-catenin is required for early MAPK activation in
the blastula
At mid- and late-blastula stages (stages 8.5±9.5), nuclear
b-catenin accumulates all around the equatorial region,
where it co-localizes with activated P-MAPK (Schohl and
Fagotto, 2002). To test whether b-catenin signaling is
required for activation of MAPK, we knocked down
b-catenin using morpholino oligonucleotides (MO). MO
speci®cally block translation of the targeted protein and
show no toxicity even when used at high concentrations.
Control MO or anti-b-catenin MO were injected around

the equatorial region of early cleaving embryos, and the
injected embryos were analyzed at stage 9±9.5 for nuclear
b-catenin and P-MAPK by immuno¯uorescence on
cryosections. Compared with embryos injected with
control MO (Figure 1A), nuclear b-catenin was strongly
reduced in embryos injected with anti-b-catenin MO
(Figure 1B). The levels of b-catenin at the plasma
membrane did not appear to be affected (Figure 1A
and B), consistent with the observation that cadherin-
bound b-catenin is rather stable and that oligonucleotide-
mediated depletion mainly affects the soluble pool of
b-catenin in early embryos (Kofron et al., 1997).

b-catenin depletion had a dramatic effect on activation
of MAPK, as the nuclear staining for P-MAPK was
strongly reduced, on both the dorsal and the ventral sides,
in embryos injected with anti-b-catenin MO (Figure 1B¢).
A signi®cant decrease of total P-MAPK levels could also
be observed by immunoblot (Figure 1C). Conversely,
b-catenin overexpression induced an increase in P-MAPK
(Figure 2C; Schohl and Fagotto, 2002). Thus, activation of
MAPK in the prospective marginal zone appears to be
tightly dependent on b-catenin.

b-catenin is required for early expression of
pan-mesodermal markers
Activation of MAPK is a hallmark of FGF signaling in
the prospective mesoderm. This pathway is known to
activate and to be required for a set of mesodermal genes,
including Xbra. The in¯uence of b-catenin on activation of
MAPK suggested that b-catenin might control the
expression of these mesodermal markers. Embryos
depleted of b-catenin (anti-b-catenin MO) or over-
expressing b-catenin were analyzed at stage 9 by RT±
PCR for the following markers (Figure 1D): goosecoid
(gsc), a dorsal±anterior mesodermal marker; the `classical'
mesodermal marker Xbra, which is expressed in most of
the mesoderm except the most dorsal anterior domain;
eomesodermin, a very early pan-mesodermal marker; and
Xwnt8, a gene expressed in the ventro-lateral mesoderm
and endoderm.

In agreement with the well-documented role of dorsal
maternal b-catenin in induction of dorsal genes, gsc
expression was inhibited by anti-b-catenin MO and
activated by b-catenin overexpression. b-catenin also
appeared to regulate the expression of the pan-mesodermal
markers Xbra and eomesodermin, which were reduced by
anti-b-catenin MO and increased by b-catenin over-
expression. Xwnt8 was not affected by anti-b-catenin
MO, while b-catenin overexpression, which dorsalizes the
embryo, inhibited expression of Xwnt8, as expected for a
ventral marker. Note that, unlike Xbra, Xwnt8 expression
is known to be independent of FGF signaling (Cornell and
Kimelman, 1994).

The fact that b-catenin depletion prevented activation of
MAPK not only on the dorsal, but also on the ventral side,
suggested that b-catenin regulates mesoderm induction all
around the marginal zone. To verify this possibility, we
analyzed expression of pan-mesodermal markers in the
dorsal and ventral sides of embryos expressing dominant-
negative XTCF (dnXTCF), an inhibitor of b-catenin
signaling that blocked expression of Xbra and eomeso-
dermin very ef®ciently (Figure 1D; see below). The
dorsal-speci®c gene Siamois was used to control for proper
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dorsal±ventral dissection. We found that Xbra and
eomesodermin expression was inhibited on both sides
(Figure 1E), showing that b-catenin signaling is required
throughout the marginal zone.

We also examined a set of markers expressed during
gastrulation (stage 11; see Supplementary data, available
at The EMBO Journal Online). At this stage, Xbra
expression appeared to have recovered to normal levels
in embryos injected with anti-b-catenin MO. The mes-
endodermal marker Mix1 and the endodermal marker
sox17a were unaffected. However, myoD, a myogenic
transcription factor expressed in the ventro-lateral meso-
derm, was virtually absent from b-catenin-depleted
embryos, while its expression was stimulated by b-catenin
overexpression. In the case of myoD expression, both FGF
signaling (Cornell and Kimelman, 1994) and zygotic Wnt
signaling (Hoppler et al., 1996) are required.

In summary, these data show that b-catenin is involved
in activation of two types of early genes: the dorsal genes
of Spemann's organizer, such as gsc, and a speci®c set of
mesodermal genes, which are all dependent on FGF
signaling (Cornell and Kimelman, 1994; see below).

Activation of MAPK by b-catenin is indirect and
requires FGF signaling
We next wanted to investigate the mechanism through
which b-catenin regulates MAPK. It could affect the
MAPK pathway directly, post-translationally, or could act
more indirectly, through its TCF-dependent transcriptional
activity. To discriminate between these possibilities, we
examined the effect of the transcription inhibitor a-ama-
nitin on P-MAPK levels, detected on western blots.
a-amanitin effectively blocked transcription, as shown in
Figure 2A¢ for the zygotic gene Wnt8. Both endogenous

Fig. 1. b-catenin is required for activation of MAPK and early expression of pan-mesodermal genes. Embryos were injected four times equatorially at
the four-cell stage and ®xed or extracted at the indicated stages. (A and B) Double staining for b-catenin (A and B) and P-MAPK (A¢ and B¢) of cryo-
sections from embryos injected with (A) control morpholino oligonucleotides (MO control, 4 3 5 ng) or (B) b-catenin MO (MO b-catenin, 4 3 5 ng).
Small panels show details of b-catenin staining in the ventral and dorsal marginal zone. Brackets indicate marginal zone; arrows point to b-catenin
and P-MAPK positive nuclei; an, animal pole; vg, vegetal pole; b-catenin MO depleted nuclear b-catenin on both the dorsal and the ventral side and
reduced MAPK activation along the marginal zone. (C) Immunoblot of total extracts from embryos injected with control or b-catenin MO (4 3 5 ng)
stained with anti-P-MAPK antibody or with anti-C-cadherin antibody used as loading control. b-catenin MO decreased the levels of activated
P-MAPK. (D) RT±PCR analysis of pan-mesodermal (Xbra, eomesodermin), dorsal (gsc) and ventral (Wnt8) markers. Depletion of nuclear b-catenin
(MObcat, 4 3 5 ng) or downregulation of b-catenin signaling by injection of dominant-negative XTFC3 mRNA (dnXTCF, 4 3 2 ng) inhibited
expression of the early mesodermal genes Xbra and eomesodermin and of gsc. b-catenin overexpression (4 3 2 ng mRNA) stimulated expression of
Xbra, eomesodermin and gsc and inhibited expression of Wnt8. ODC was used as loading control. (E) dnXTCF inhibits Xbra and eomesodermin
expression not only on the dorsal side, but also on the ventral side. Control embryos and embryos injected with dnXTCF (4 3 0.5 ng) were dissected
into dorsal and ventral halves at stage 9.5 and analyzed by RT±PCR. Siamois, a dorsal marker directly dependent on b-catenin signaling, was used as
control for proper dissection.
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MAPK activation and b-catenin-induced MAPK activ-
ation were completely inhibited by a-amanitin
(Figure 2A), indicating that transcription is required. To
determine whether the transcriptional activity required
TCF, we tested the effect of dnXTCF (Figure 2B).
dnXTCF is a trunctated TCF that can still bind DNA,
but lacks the b-catenin binding site, and acts as a
constitutive repressor. Injection of dnXTCF mRNA
caused a strong decrease of P-MAPK compared with
control embryos, and co-injection of dnXTCF mRNA
blocked activation of MAPK by overexpressed b-catenin.
We conclude that b-catenin acts on MAPK indirectly,
through TCF-dependent transcription. Consistent with this
observation, we found that expression of all markers that
depended on b-catenin, i.e. gsc, eomesodermin, Xbra and
myoD, were also sensitive to dnXTCF (Figure 1D and E;
see Supplementary data).

We also tested the effect of blocking FGF signaling. In
agreement with previous reports (Christen and Slack,
1999), endogenous activation of MAPK was completely
inhibited by expression of a dominant-negative FGF
receptor construct (dnFGF-R, Figure 2C). Furthermore,
b-catenin-induced MAPK activation was also blocked by
dnFGF-R. These results imply that FGF signaling is
required for b-catenin-induced MAPK activation.

Activation of MAPK by b-catenin is non-cell
autonomous
b-catenin could act on MAPK cell autonomously or non-
cell autonomously. In the ®rst case, b-catenin-induced
transcriptional activity could for instance cause an
increased sensitivity for FGF signals in the receiving
cells. In the second case, b-catenin would induce produc-
tion of an extracellular signal. We thus tested the range of
action of b-catenin on activation of MAPK. We injected
mRNA coding for myc-tagged b-catenin in a single ventral
blastomere at the 16-cell stage and b-galactosidase mRNA
in an adjacent blastomere. The blastomeres were chosen
such that they had been already separated by at least two
rounds of cleavages, so as to exclude any possible
diffusion of mRNA between not yet fully separated sister
cells. Equatorial sections were prepared from stage 9
embryos and stained for P-MAPK and either myc-
b-catenin or b-galactosidase. In the ventral side,
P-MAPK is normally weak at this stage, and the intense
ectopic activation of MAPK generated at the site of
b-catenin overexpression could thus be clearly detected.
Note that not all nuclei showed high P-MAPK levels
within this area. This heterogeneity is characteristic of
MAPK activation in the early embryo (Schohl and
Fagotto, 2002).

We found strong P-MAPK signal not only in the myc-
labelled b-catenin-expressing cells, but also in adjacent
cells (Figure 3A). The complementary staining showed
clearly b-galactosidase-expressing cells strongly positive
for P-MAPK in the proximity of b-catenin-expressing
cells (Figure 3B). These results demonstrate that
b-catenin-induced MAPK activation occurs in a non-
cell-autonomous fashion, i.e. b-catenin induces the expres-
sion of a secreted factor. We also observed that TCF
function was only required in the secreting cells, but not in
the receiving cells, since b-catenin could also induce high
levels of P-MAPK in neighboring cells expressing
dnXTCF (data not shown).

XFGF3 is a target of b-catenin
Since activation of MAPK by b-catenin is non-cell
autonomous and inhibited by dnFGF-R, the simplest
possible explanation would be that b-catenin signaling
stimulates expression of an FGF-like factor. We thus
examined three early zygotic FGF factors, eFGF, XFGF3
and XFGF8 (Isaacs, 1997; Kofron et al., 1999). We
analyzed their expression at blastula stage (stage 9±9.5)
under conditions where b-catenin signaling was either
inhibited (injection of anti-b-catenin MO or dnXTFC3
mRNA) or activated (b-catenin overexpression)
(Figure 4A). eFGF, which is involved in Xbra regulation
during gastrulation, was barely detectable at this stage and
is thus unlikely to play a role in these early events. XFGF8
was not affected by manipulating b-catenin signaling
activity. However, XFGF3 expression was signi®cantly
decreased in embryos injected with anti-b-catenin MO and
dnXTCF and strongly stimulated by b-catenin over-
expression. These results con®rm that b-catenin activates
FGF signaling in the blastula and identify XFGF3 as a
speci®c target of b-catenin. While there may be other yet
unidenti®ed FGFs under the control of b-catenin at this
stage, XFGF3 appears to be a good candidate for the

Fig. 2. Activation of MAPK by b-catenin is indirect and requires FGF
signaling. P-MAPK immunoblots of embryo extracts, stage 9. Embryos
were injected with b-catenin mRNA (4 3 2 ng), a-amanitin
(4 3 50 pg), dominant-negative XTFC3 mRNA (dnXTCF, 4 3 2 ng)
or dominant-negative FGF receptor (dnFGF-R, 4 3 2 ng). Control, un-
injected; H2O, water injected. Both normal and b-catenin-induced
P-MAPK activation were blocked by (A) a-amanitin, (B) dnXTCF and
(C) dnFGF-R. b-catenin blot in (B): co-expression of dnXTCF does not
affect the levels of b-catenin. (A¢) RT±PCR showing complete block of
transcription of the zygotic gene Wnt8 in embryos injected with
a-amanitin.
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signal, or at least part of the signal, that mediates
activation of MAPK by b-catenin.

XFGF3 is a direct target of very early signals
While we have shown that XFGF3 expression is regulated
by b-catenin, XFGF3 has also been reported to be
inducible by activin and FGF in animal caps (Tannahill
et al., 1992). To determine whether, in addition to
b-catenin, other pathways were also involved in regulation
of early XFGF3 expression, we tested the effect of
blocking Xnr and FGF signaling. To inhibit Xnr signals,
we expressed in the marginal zone a fragment of cerberus,
cerberus short (CerS), which is a strong and speci®c
secreted inhibitor of Xnrs (Piccolo et al., 1999). XFGF3
expression was signi®cantly reduced by CerS (Figure 4B),
indicating that Xnr activity is involved in activation of
XFGF3 expression. We also tested XFGF3 expression
when FGF signaling is blocked by dnFGF-R and found
that it was strongly inhibited by this treatment (Figure 4B).
Thus, XFGF3 expression depends on three inputs:
b-catenin, TGFb/Xnr and FGF signaling.

Zygotic XFGF3 appears to be an early gene, as its
expression is clearly detectable by stage 9. To test whether
XFGF3 is directly induced by maternal signals, we
examined the expression pattern in embryos in which
protein synthesis had been blocked before mid-blastula
transition (MBT), which is the onset of zygotic transcrip-
tion (Figure 4C). We dissected embryos at stage 7 in dorsal
and ventral halves and incubated them in the presence or
absence of the protein synthesis inhibitor cycloheximide
(CHX). Dissection had two purposes: it insured a better
penetration of CHX and also allowed us to examine
possible differences between dorsal and ventral regions.
We veri®ed that protein synthesis was completely
blocked by CHX under these conditions by analyzing
[35S]methionine incorporation (data not shown). We
further veri®ed that the CHX treatment was effectively
inhibiting early zygotic processes by monitoring Mix1
expression (Figure 4C), a very early endodermal marker
partially sensitive to CHX (Yasuo and Lemaire, 1999).

The dorsal-speci®c gene Siamois was used as control for
proper dorsal±ventral dissection. Consistent with Siamois
being a direct target of maternal b-catenin, its expression
was largely unaffected by CHX. Similar to Siamois,
activation of XFGF3 was not inhibited by CHX, on neither
the dorsal nor the ventral side (Figure 4C). On the
contrary, FGF3 expression in the ventral side was
reproducibly stronger in CHX-treated embryos. We con-
clude that early expression of XFGF3 does not require new
protein synthesis and thus relies on signals already present
before MBT.

Rescue of b-catenin-dependent mesoderm
induction by XFGF3 and Xnr1
If b-catenin regulation of MAPK and mesodermal gene
expression is mediated by FGF signals, FGF ligands
should be able to rescue MAPK activity and eomeso-
dermin expression when b-catenin signaling is blocked.
We found that inhibition of P-MAPK signal by dnXTCF
could be overcome by co-expression of FGF3, indicating
that FGF3 acts downstream of b-catenin and upstream of
MAPK (Figure 5A). However, FGF3 was not able to
rescue eomesodermin expression (Figure 5B). b-catenin is
also known to be required for early Xnr expression (Agius
et al., 2000), and both FGF and Xnr signals may cooperate
for activation of eomesodermin. We found that co-
expression of FGF3 and Xnr1 could rescue normal levels
of eomesodermin expression in dnXTCF-expressing
embryos (Figure 5B). Xnr1 alone was capable of partial
rescue, but this was completely blocked by dnFGF-R. We
conclude that FGF3 is suf®cient to mediate the action of
b-catenin on MAPK. For eomesodermin expression,
however, both FGF and Xnr signaling are required
downstream of b-catenin.

b-catenin in the marginal zone is activated
maternally
In our previous study, we had observed that nuclear
b-catenin accumulates ®rst on the dorsal side (Schohl and
Fagotto, 2002). On this side, it is already detectable at

Fig. 3. Activation of MAPK by b-catenin is non-cell autonomous. Stage 16-cell embryos were injected ventrally in one blastomere with myc-tagged
b-catenin mRNA (500 pg) and in an adjacent blastomere with b-galactosidase mRNA (1 ng). Embryos were ®xed at stage 9 and analyzed by
immuno¯uorescence on equatorial sections. (A) Double staining for myc-b-catenin (anti-myc, red) and P-MAPK (green). (B) Double staining for
b-galactosidase (red) and P-MAPK (green). (A) and (B) show consecutive sections. Nuclei were stained with DAPI (blue). P-MAPK signal was not
only increased in b-catenin-overexpressing cells (arrowheads in A), but also in adjacent cells (arrows).
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stage 8, i.e. before the start of zygotic transcription, and
has reached high levels by stage 8.5. In the ventro-lateral
region, nuclear b-catenin accumulates later, starting at
stage 8.5. It would thus be conceivable that the ring
observed in late blastulae (stage 9±9.5) results from the
overlap of two distinct patterns, due to the early, maternal
dorsal activity and to a second zygotic activity emerging in
the ventro-lateral equatorial region. One should then be
able to distinguish the maternal and the zygotic activity
using the transcriptional inhibitor a-amanitin. We found
that a-amanitin, while blocking expression of Wnt8
(Figure 2A¢), had no effect on nuclear b-catenin, on
neither the dorsal nor the ventral side of stage 9 (Figure 6B)
and stage 9.5 blastulae (data not shown). We conclude that
most or all of the nuclear b-catenin signal detected at these
stages, both in the dorsal and in the ventral side, is of

maternal origin. Note that the signal for P-MAPK was
strongly inhibited by a-amanitin in these experiments
(Figure 6B¢), consistent with our biochemical data
(Figure 2A).

It is thought that dorsal b-catenin activity may not be
triggered by a Wnt ligand but activated intracellularly
(Moon and Kimelman, 1998). Obviously, nothing is
known about the origin of the rest of the early b-catenin
pattern, i.e. the ventro-lateral signal. To start to address
this issue, we tried to antagonize Wnt ligands by
expressing large amounts of the extracellular domain of
Xenopus Frizzled 8 (ECD8). ECD8 binds and strongly
inhibits a wide range of Wnts (Itoh and Sokol, 1999).
While EDC8 could ef®ciently block Wnt-induced
b-catenin accumulation on the ventral side (Figure 6E
and F), it had no effect on the endogenous b-catenin
pattern at blastula stage (Figure 6C and D). This suggests
that Wnt ligands are not involved in activation of maternal
b-catenin, although one cannot exclude that the signal
occurs so early that ECD8 is not produced fast enough to
inhibit it.

We also tested the in¯uence of TGFb and FGF
pathways on the b-catenin ring. Expression of CerS and
dnFGF-R did not affect the pattern of nuclear b-catenin
(data not shown). Furthermore, overexpression of activin
and FGF failed to increase nuclear b-catenin in the animal
pole cells (see Supplementary data). These results suggest
that TGFb and FGF signals are probably not responsible
for patterning of maternal b-catenin to the prospective
marginal zone.

Fig. 5. Rescue of MAPK activity and eomesodermin expression by
FGF3 and Xnr1. (A) P-MAPK blot of stage 9.25 extracts: P-MAPK
was decreased by dominant-negative XTFC3 mRNA (dnXTCF,
4 3 2 ng mRNA) but could be rescued by co-expression of FGF3
(4 3 10 pg mRNA). Control, uninjected; H2O, water injected. (B) RT±
PCR: expression of eomesodermin at stage 9.25 was strongly inhibited
by dnXTCF (4 3 2 ng mRNA). Co-expression of FGF3 (4 3 10 pg
mRNA) and Xnr1 (4 3 5 pg mRNA) could rescue normal levels of
eomesodermin. FGF3 alone had no effect. Partial rescue was observed
with Xnr1 alone, which was completely blocked by dominant-negative
FGF receptor (dnFGF-R, 4 3 2 ng mRNA).

Fig. 4. Regulation of FGF3 by early b-catenin, Xnr and FGF signals.
(A) FGF3 is a target of b-catenin. FGF3, FGF8 and eFGF were ana-
lyzed by RT±PCR at stage 9. FGF3 expression was inhibited by
b-catenin morpholino oligonucleotides (MObcat, 4 3 5 ng) and
dominant-negative XTFC3 mRNA (dnXTCF, 4 3 2 ng mRNA) and
activated by b-catenin overexpression (4 3 2 ng mRNA). FGF8 was
unaffected. eFGF was barely detectable at this early stage. EF1a was
used as loading control. (B) FGF3 and eomesodermin expression at
stage 9 were inhibited by cerberus short (CerS, 4 3 150 pg mRNA)
and dominant-negative FGF receptor (dnFGF-R, 4 3 2 ng mRNA).
(C) Early FGF3 expression is resistant to cycloheximide (CHX) treat-
ment. Embryos were cut into dorsal and ventral halves at stage 7, and
the halves were cultured in the presence or absence of 100 mg/ml CHX
until stage 9.25. Siamois was used as a dorsal marker and Mix1 as
positive control for the effectiveness of CHX.
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Discussion

b-catenin and mesoderm induction
In the current models of Xenopus development, one
precise function is assigned to maternal b-catenin signal-
ing, i.e. to de®ne the dorsal side, while the establishment of
the three germ layers relies on FGF and TGFb signaling.

We show here that b-catenin also plays a role in
induction of the early mesoderm. In contrast to what had
been generally assumed, b-catenin is not only nuclear in
the dorsal cells, but also around the whole equatorial
region. We found that b-catenin is required for activation
of the FGF/MAPK pathway in the marginal zone and for
expression of the early FGF-dependent mesodermal genes

Fig. 6. Nuclear b-catenin in the marginal zone is maternal and independent of Wnt ligands. (A and B) Double staining for b-catenin (A and B) and
P-MAPK (A¢ and B¢) of cryosections from (A) control embryos or (B) embryos injected with a-amanitin (stage 9, 4 3 50 pg). Small panels show
enlargements of b-catenin staining in the ventral and dorsal marginal zone. a-amanitin strongly reduced the P-MAPK signal but had no effect on
nuclear b-catenin, neither on the dorsal nor on the ventral side. (C±F) b-catenin staining for (C) control embryos or for embryos injected with mRNA
coding for (D) the extracellular domain of Xenopus Frizzled 8 (ECD8, 4 3 500 pg), (E) Xwnt8 (4 3 10 pg) or (F) ECD8 and Xwnt8. Xwnt8 strongly
increased nuclear b-catenin on the ventral side (E), and this increase was prevented by co-injection of ECD8 (F). However, ECD8 had no effect on the
endogenous ventral and dorsal b-catenin signals (compare C and D).
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Xbra and eomesodermin. This role is perfectly consistent
with the overlap of the patterns of b-catenin and MAPK
activities in the marginal zone.

We have investigated the mechanism through which
b-catenin regulates MAPK and found that it is indirect,
transcription dependent and non-cell autonomous, which
implies that b-catenin signaling activates the production of
a diffusible signal. As activation of MAPK by b-catenin
requires functional FGF signaling, we hypothesized that
this signal is an FGF factor. We have identi®ed FGF3 as a
candidate for this signal: FGF3 is a target of b-catenin, and
it can rescue inhibition of MAPK activation by dnXTCF.
We do not know, however, whether the inductive signal
activated by b-catenin is composed of one or several
FGFs.

Vonica and Gumbiner (2002) have also recently
reported regulation of Xbra by Wnt, through a different
mechanism. They proposed that Xbra was activated cell
autonomously and probably directly by zygotic Xwnts.
Their analysis was performed at later stages (9.5±10.5) and
probably deals with a subsequent step in mesoderm
induction. While direct regulation of Xbra by b-catenin
may also be active in the early phase, our present work
shows that maternal b-catenin has a wider impact on early
mesoderm induction by controlling FGF-MAPK signaling.

b-catenin controls simultaneously dorsalization
and mesoderm induction
If b-catenin is active all around the embryo, what makes
the difference between the dorsal and the ventral side? In
other words, why are genes such as Siamois expressed only
dorsally and not all around the marginal zone? We think
that the answer probably resides in timing and signal
intensity. Nuclear b-catenin accumulates faster on the
dorsal side, where it reaches rapidly the high levels
required for expression of Siamois and other dorsal-
speci®c genes. On the ventral side, similar levels of
b-catenin are reached only in the late blastula, and
competence for Siamois expression may be lost by that
stage (Darken and Wilson, 2001). MAPK, on the other
hand, seems to be activated already by lower levels of
b-catenin, as it also occurs early on the ventral side. We
propose that mesoderm induction and dorsalization are
responses to different levels of a single maternal b-catenin
signal. Two nested domains of gene expression would thus
be created, one in the most dorsal region (Siamois), the
second spanning over most of the ®eld of nuclear b-catenin
(eomesodermin). This hypothesis should be tested in the
future.

Maternal b-catenin activity is pre-localized in the
equatorial region
Detection of the ring of maternal b-catenin activity raises a
puzzle about how this nuclear pattern becomes locally
activated. It is thought that maternal TGFb and FGF
signals may be located in the vegetal, respectively in the
animal half, and the overlap of these two signals in the
equatorial region could de®ne the marginal zone
(Kimelman et al., 1992). However, maternal nuclear
b-catenin did not appear to be affected by inhibition or
ectopic activation of these pathways. As inhibiting Wnts
also had no effect, the simplest explanation is that
b-catenin activation is independent of extracellular sig-

nals, as already proposed for the dorsal activity [Hoppler
et al., 1996; Sokol, 1996; Moon and Kimelman, 1998; but
see Sumanas et al. (2000) for contradictory results]. How,
then, is the pattern established? One possibility is that the
vegetal determinant responsible for b-catenin activation
may not be entirely translocated to the dorsal side during
the upward movement caused by cortical rotation, but part
of it may also spread all around the equator. Another
possibility would be that a second b-catenin-inducing
activity is pre-localized in the equatorial region, through a
distinct patterning mechanism.

Our observations reveal a suggestive analogy with
patterning in prechordate embryos. In the sea urchin,
b-catenin is activated maternally in the vegetal hemi-
sphere, ®rst in the most vegetal region (micromeres), then
in the overlying cell layers (macromeres), and determines
the mesendoderm (Angerer and Angerer, 2000). One could
hypothesize that the Xenopus embryo has conserved this
mechanism, with one modi®cation: the most vegetal part
of the signal has now been moved laterally by cortical
rotation, while the second part of the signal is still located
along the equator. Of course, in vertebrates, a large part of
the mesendoderm induction process has been taken over
by Nodal signaling, but the original b-catenin-based
mechanism is still active.

The importance of maternal signals in the blastula
embryo
Most of the information available on mesoderm formation
and patterning comes from analysis of late blastula±early
gastrula stages, or later stages, i.e. at least 3±4 h after the
start of zygotic transcription. In this study, we have looked
at the earliest events occuring at or just after MBT. Direct
detection of activated pathways has been particularly
useful to observe early signals and has revealed that
signi®cant patterning already takes place at these early
stages.

One striking observation is the importance of maternal
signals during blastula stages. The ®rst known zygotic
Wnt, Xwnt8, starts to be expressed in the ventral side
soon after the mid-blastula (Christian et al., 1991).
Unexpectedly, however, a-amanitin experiments show
that all b-catenin signaling is maternal until late blastula
and that zygotic in¯uence on the b-catenin pattern is not
signi®cant before the beginning of gastrulation. Maternal
b-catenin appears to control both FGF signaling and Xnrs
in the blastula (Agius et al., 2000; the present study).
Similar to FGF3, early Xnr1 expression (stage 9) requires
b-catenin signaling (Agius et al., 2000), consistent with
the fact that the initial patterns of Xnr expression (Agius
et al., 2000; Takahashi et al., 2000) and P-Smad2 staining
(Schohl and Fagotto, 2002) coincide with the dorsal ®eld
of strong nuclear b-catenin (Schohl and Fagotto, 2002).
According to the P-Smad2 pattern (Schohl and Fagotto,
2002), the vegetal VegT-dependent Xnr pathway does not
become signi®cantly activated before the late blastula
stage.

Multiple signals cooperate in the early embryo
Our data reveal that the blastula is a complex network of
signals (Figure 7). Three signals, i.e. b-catenin, Xnr and
FGF signaling, act together to induce expression of zygotic
FGF3 and to activate the MAPK pathway in the marginal
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zone. b-catenin also controls Xnr expression, and both
FGF and Xnr pathways then cooperate for expression of
eomesodermin. This b-catenin-controlled circuitry is spe-
ci®c for early stages. During gastrulation, Xbra reappears
even when b-catenin signaling is blocked (data not
shown). The regulation of Xbra is then probably taken
over by VegT-dependent signals.

While the early b-catenin pattern strikingly coincides
with the marginal zone, b-catenin is clearly not the only
spatial determinant that de®nes the ®eld of prospective
mesoderm. Treatment with LiCl, which strongly stimu-
lates b-catenin activity in all cells of the embryo, reveals
an underlying pattern: the MAPK activation induced by
LiCl is also strong and widespread but does not reach the
animal pole (Schohl and Fagotto, 2002). This is consistent
with the fact that b-catenin is not suf®cient for FGF3
expression, which also requires FGF and Xnr inputs. We
do not know yet the precise nature of these two other
signals. The resistance to CHX would imply that only
maternal components are involved. There is indirect
evidence for maternal FGF activity (Harland and
Gerhart, 1997), although this activity must be weak, as
a-amanitin treatment reduces P-MAPK levels close to the
limit of detection (Figures 2 and 6B¢). Xnrs, however,
appear to be exclusively zygotic. It is possible that CerS
may not be absolutely speci®c for Xnrs and may also
inhibit endogenous maternal TGFb-like Vg1 or activin
when overexpressed. Alternatively, FGF3 could be under
the control of a repressor that would normally be
antagonized by zygotic Xnrs but that is also sensitive to
CHX.

Kimelman et al. (1992) had suggested that patterning of
the germ layers was achieved through the combination of
differentially localized FGF and TGFb signals. We can
now add a third pattern of equatorial b-catenin to this
model. We propose that all the signals considered here,
maternal b-catenin, FGF, as well as VegT/Xnrs, contribute
to the positioning of the prospective mesoderm (Figure 7).
Cooperation of several overlapping patterns would thus

ensure that the ®nal pattern is always accurate, despite
variations in the individual signals, which are likely to
occur in the early embryo.

Conclusion
While it has been widely assumed that the position of the
mesoderm was de®ned by vegetal and animal sources of
signals, we show here that the marginal zone is already
marked by a pre-localized maternal b-catenin activity. We
further demonstrate that b-catenin is required, together
with other signals, to activate early mesodermal genes.
What the molecular mechanism of b-catenin activation is
and how this activity is localized to the equator are
exciting and challenging questions to be addressed in the
future.

Materials and methods

Oligonucleotides and mRNAs
Control MO, 5¢-CCTCTTACCTCAgTTACAATTTATA-3¢ (human
b-globin mutant sequence); b-catenin MO, 5¢-TTTCAACCGTTTCCAA
AGAACCAGG-3¢. Oligonucleotides were resuspended in sterile 0.13
MBSH (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4,
0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 10 mM HEPES, pH 7.4, 10 mg/ml
benzylpenicillin, 10 mg/ml streptomycin) and injected in doses of
4 3 5 ng per embryo.

mRNA was synthesized from linearized plasmids containing the
following subcloned cDNAs: b-catenin in pCS2+myc-tagged (Fagotto
et al., 1996); dnXTFC in pT7Ts (Molenaar et al., 1996); b-galactosidase
in pCS2+ (Rupp et al., 1994); CerS in pCS2+ (Piccolo et al., 1999);
dnFGF-R in p64T (Amaya et al., 1991); FGF3 in pCS2+ (Lombardo et al.,
1998); eFGF in pSP64 (Krain and Nordheim, 1999); ECD 8 in pCS2+
(Deardorff et al., 1998); Xwnt8 in psp64T (Christian et al., 1991); activin
in pBSK (Thomsen et al., 1990); and Xnr1 in pCS2+ (Campione et al.,
1999).

Embryo manipulations
Fertilized eggs were obtained as described by Kay and Peng (1991). They
were dejellied in 2% cysteine hydrochloride (pH 8.0) and kept in 0.13
MBSH. For injections, embryos were transferred to 2% Ficoll (Sigma) in
13 MBSH. Embryos were injected at the four-cell stage in each
blastomere in the equatorial region. Embryos were washed and kept in
0.13 MBSH until blastula stage. Staging was carried out according to
Nieuwkoop and Faber (1967).

Immuno¯uorescence
Embryos were ®xed in paraformaldehyde, post®xed in DMSO/methanol
and embedded in ®sh gelatin, and 10 mm of serial cryosections were
prepared as described previously (Fagotto, 1999). Sections were stained
with the following antibodies: af®nity-puri®ed rabbit anti-b-catenin
(Schneider et al., 1996) (1 mg/ml), mouse anti-P-ERK (1:250; Sigma),
mouse anti-myc 9E10 and rabbit anti-b-galactosidase (1:1000; Cappel
Oregon Technologies). Secondary and tertiary antibodies were donkey
anti-mouse Alexa 488 (20 mg/ml; Molecular Probes), goat anti-donkey
Alexa 488 (20 mg/ml; Molecular Probes) and donkey anti-rabbit Cy3
(15 mg/ml; Dianova). The nuclei were counterstained with DAPI and the
yolk with Eriochrome Black (Sigma). Image acquisition and analysis
were performed as described previously (Schohl and Fagotto, 2002).

Western blot analysis
Embryos were extracted at stage 9 in 10 mM HEPES/NaOH pH 7.4,
150 mM NaCl, 2 mM EDTA pH 8.0, 1% NP-40, supplemented with a
cocktail of protease inhibitors. Embryo (equivalent, 0.75 per lane) was
loaded on SDS±PAGE. The gels were blotted and stained for P-ERK
(1:5000; Sigma) b-catenin (1:1000; Schneider et al., 1996) and
C-cadherin (1:50 000; a generous gift from B.Gumbiner).

RT±PCR analysis
Total RNA was prepared from embryos using TRIzol Reagent
(Invitrogen) according to the manufacturer's instructions. RT was
performed with 1 mg of total RNA using Revert Aid H Minus M-
MuLV Reverse Transcriptase (MBI Fermentas). One-tenth (or 1/20 for

Fig. 7. Model for early mesoderm induction. Maternal b-catenin activ-
ity appears to be pre localized along the equator. It is strongest and
most widespread in the dorsal side, where it induces dorsal genes, such
as Siamois. Both b-catenin and VegT induce Xnrs. FGF, Xnr and
b-catenin signals cooperate to induce FGF3 and, perhaps, other FGFs
along the marginal zone and thus activate MAPK. The combination of
Xnr and FGF/MAPK signals then activates expression of mesodermal
genes such as eomesodermin and Xbra.
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ODC, eomesodermin, FGF8 and Siamois) of the RT mixture was used as
templates in 25 ml of PCR reaction (Taq-Polymerase, MBI Fermentas).
Sequences of primers used for PCR analysis with the number of cycles in
brackets (upstream primer listed ®rst): XmyoD, 5¢-AACTGCTCC-
GATGGCATGATGGATTA-3¢ and 5¢-AATTGCTGGGAGAAGGGA-
TGGTGATTA-3¢ (25 cycles); Mix1, 5¢-AATGTCTCAAGGCAG-
AGG-3¢ and 5¢-TGTCACTGACACCAGAA-3¢ (25 cycles); XSox17a,
5¢-GGACGAGTGCCAGATGATG-3¢ and 5¢-CTGGCAAGTACATCT-
GTCC-3¢ (25 cycles); ODC, 5¢-GTCAATGATGGAGTGTATGGATC-3¢
and 5¢-TCCATTCCGCTCTCCTGAGCAC-3¢ (23 cycles); goosecoid,
5¢-ACAACTGGAAGCACTGGA-3¢ and 5¢-TCTTATTCCAGAGGA-
ACC-3¢ (27 cycles); Xwnt8, 5¢-AGATGACGGCATTCCAGA-3¢ and
5¢-TCTCCCGATATCTCAGGA-3¢ (27 cycles); eomesodermin, 5¢-GCA-
GAGGTTCTACCTATC-3¢ and 5¢-CATTGCTTGAGGTGCTAGG-3¢
(27 cycles); FGF3, 5¢-GTCATTTGTTTCCAGACTTC-3¢ and
5¢-TATCTGTAGGTGGTACTTAG-3¢ (27 cycles); FGF8, 5¢-CTG-
GTGACCGACCAACTAAG-3¢ and 5¢-ACCAGCCTTCGTACTTGA-
CA-3¢ (27 cycles); Xbra, 5¢-CACAGTTCATAGCAGTGACCG-3¢ and
5¢-TTCTGTGAGTGTACGGACTGG-3¢ (27 cycles); Siamois, 5¢-CCA-
TGATATTCATCCAACTGTGG-3¢ and 5¢-CAAGAGAAGGATCTA-
GACCATG-3¢ (29 cycles); eFGF, 5¢-TTACCGGACGGAAGGATA-3¢
and 5¢-CCTCGATTCGTAAGCGTT-3¢ (27 cycles); and EF1a, 5¢-CAG-
ATTGGTGCTGGATATGC-3¢ and 5¢-ACTGCCTTGATGACTCC-
TAG-3¢ (27 cycles). The annealing temperatures were 55°C, except for
ODC and Xbra (65°C) and XmyoD (58°C). The products were then
analyzed on 1% agarose gels.

Protein synthesis inhibition
Embryos were dissected at stage 7 into dorsal and ventral halves and
cultered in low-calcium±magnesium Ringer's solution (LCMR) (Stewart
and Gerhart, 1990). Embryo halves were incubated with or without
100 mg/ml CHX and kept until blastula stage 9.25 and frozen for later
analysis. To monitor inhibition of protein synthesis, halfed embryos were
incubated in LCMR containing 500 mCi/ml [35S]methionine, with or
without 100 mg/ml CHX. Embryos were extracted at stage 9 and 9.5 and
analyzed by SDS±PAGE and ¯uorography (Amplify; Amersham
Pharmacia Biotech).

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