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SUMMARY

Signaling by activin-like ligands is important for induction
and patterning of mesoderm and endoderm. We have
used an antibody that specifically recognizes the
phosphorylated and activated form of Smad2, an
intracellular transducer of activin-like ligands, to
examine how this signaling pathway patterns the early
mesendoderm. In contrast to the simple expectation that
activin-like signaling should be highest on the dorsal side
of the gastrula stage embryo, we have found that while
Smad2 phosphorylation is highest dorsally before
gastrulation, signaling is attenuated dorsally and is highest
on the ventral side by mid-gastrulation. Early dorsal
initiation of Smad2 phosphorylation results from
cooperation between the vegetally localized maternal
transcription factor VegT and dorsally localized B-
catenin. The subsequent ventral appearance of Smad2
phosphorylation is dependent on VegT, but not on
signaling from the dorsal side. Dorsal attenuation of
Smad2 phosphorylation during gastrulation is mediated

by early dorsal expression of feedback inhibitors of
activin-like signals.

In addition to regulation of Smad2 phosphorylation by
the expression of activin-like ligands and their antagonists,
the responsiveness of embryonic cells to activin-like ligands
is also temporally regulated. Ectopic Vgl, Xnrl and
derriere all fail to activate Smad2 phosphorylation
until after the midblastula transition, and the onset of
responsiveness to these ligands is independent
transcription. Furthermore, the timing of cellular
responsiveness differs for Xnrl and derriere, and these
distinct temporal patterns of responsiveness can be
correlated with their distinctive phenotypic effects. These
observations suggest that the timing of endogenous activin-
like signaling is a determinant of patterning in the early
Xenopusembryo.
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INTRODUCTION (Harland and Gerhart, 1997; Heasman, 1997). Dorsal
accumulation of nucleap-catenin (Larabell et al., 1997;
In the developing Xenopus embryo, the asymmetric Schneider et al., 1996) is necessary for the induction of dorsal

localization of maternal RNAs and proteins in the oocyte leadand anterior tissues (Heasman et al., 1994; Wylie et al., 1996;
to the establishment of spatially distinct intercellular signalingZorn et al., 1999), and may act in part by positively regulating
centers at late blastula to gastrula stages. With respect itthibitors of BMP signaling (Piccolo et al., 1996; Wylie et al.,
primary germ layer formation, the prospective endoderm i4996; Zimmerman et al., 1996). BMP signaling is required
specified maternally by the vegetal localization of RNAventrally in the gastrula to suppress dorsal gene expression
determinants, while the mesoderm is specified by intercellulaand to promote ventral fates (Eimon and Harland, 1999; Graff,
signals in the equatorial region of the embryo that begin aftek997; Jones et al., 1996b; Steinbeisser et al., 1995). Activin-
the midblastula transition (MBT) (Kimelman and Griffin, like signals are essential for induction of the mesoderm and
1998; Zhang et al., 1998). Dorsal or anterior organizinglifferentiation of the endoderm (Chang et al., 1997; Hemmati-
centers have their origin in the vegetal cortex of the oocytdBrivanlou and Melton, 1992; Henry et al., 1996; Schier and
which is the source of a dorsal determinant. Upon fertilizationShen, 1999). Graded doses of activin signaling can, however,
the cortex of the egg rotates relative to the inner cytoplasnalso recapitulate dorsal-ventral patterning of mesoderm
distributing the dorsal determinant to the now dorsal side ofGreen et al., 1992), raising the possibility that the dorsal-
the egg; cleaving cells that receive this determinant becomentral mesodermal axis is specified by a combination of
organizers at late blastula to late gastrula stages (Fujisue et giraded activin signaling and overlappiigatenin and BMP
1993; Gerhart et al., 1989; Sakai, 1996). The signaling centesggnaling pathways. Thus, overlapping domaing§-catenin,

that direct primary germ layer formation and dorsalization acBMPs and the activin-like ligands set up regional gene
through distinct but overlapping signal transduction pathwaysxpression patterns that both reflect and direct early
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developmental patterning, but how these signals are integratetial., 1996; Stennard et al., 1999; Sun et al., 1999; Watanabe
is not well understood. and Whitman, 1999), providing an additional potential positive
Signal transduction by TG&Fsuperfamily ligands, including feedback loop for activation of Smad2. While maternal VegT
the activin-like ligands and BMPs, is mediated by type | ands clearly essential for the zygotic transcription of activin-like
type Il transmembrane receptors and by their intracelluldigands, the role of maternally expressed activin-like ligands
transducers, the Smad proteins (reviewed in Massaguand of positive feedback loops acting downstream of maternal
1998). In theXenopusembryo, activin-like signals induce VegT in the development of localized patterns of Smad2
phosphorylation and activation of Smad2 and Sma®@n3  activation remains to be determined.
(here referred to collectively as ‘Smad?2’ for simplicity), while  Attenuation of activin-like signaling, as well as its
BMP signals phosphorylate and activate Smadl (Faure et ahctivation, is likely to be an important component of
2000; reviewed in Whitman, 1998). Activin-like ligands andmesendodermal patterning. Two endogenous antagonists of
activity have been shown to be present maternally (Asashingtivin-like ligands, antivin and cerberus, have been identified
et al., 1991; Fukui et al., 1994; Oda et al., 1995; Weeks arid the early embryo and appear to function in anterior
Melton, 1987), and earlier embryological work has suggestepatterning (Bouwmeester et al., 1996; Thisse and Thisse,
that mesoderm induction is initiated before the MBT (Jone4999). Antivin opposes the mesoderm-inducing activities of
and Woodland, 1987) and hence before the onset of zygotimdal-related ligands iKenopuszebrafish and mouse (Cheng
transcription (Newport and Kirschner, 1982). However, usingt al., 2000; Meno et al., 1999; Tanegashima et al., 2000;
antibodies specific for the C-terminally phosphorylated,Thisse and Thisse, 1999); increasing doses of antivin
activated forms of the Smads (phosphoSmads), we found thattogressively delete posterior fates in zebrafish (Thisse et al.,
endogenous phosphorylation of Smad2 is not detected befa200). Cerberus, a multifunctional inhibitor of the nodal-
the MBT, and that the onset of Smad2 phosphorylation requireslated ligands, BMPs and Wnts, induces ectopic heads, hearts
zygotic transcription (Faure et al., 2000). Direct examinatiorand livers inXenopugBouwmeester et al., 1996; Glinka et al.,
of endogenous Smad2 phosphorylation provides a means 1897; Hsu et al., 1998; Piccolo et al., 1999). Both antivin and
assess how regulation of ligand generation and responsivenessberus require activin-like signaling for endogenous
to ligands are associated with early steps in mesodermekpression and can be induced by overexpression of Xnr1/Xnr2
patterning. (Agius et al., 2000; Cheng et al., 2000; Piccolo et al., 1999;
In the embryo, both primary germ layer formation andTanegashima et al., 2000; Zorn et al., 1999). This suggests that
expression of zygotic activin-like ligands require the activitythey are regulated as local feedback inhibitors of the Smad2
of the maternal transcription factor VegT. Maternal VegTsignaling pathway. The effect of these negative feedback loops
(originally cloned as VegT, Brat or Xombi) is localized to theon attenuation of the endogenous Smad2 signaling pathway has
presumptive mesendoderm (Horb and Thomsen, 1997; Lustitpt been directly addressed.
et al.,, 1996b; Stennard et al., 1999; Zhang and King, 1996). Activin-like ligands are defined functionally by their
Depletion of maternal VegT results in greatly decreasedommon ability to induce both mesodermal and endodermal
expression of dorsal and general mesendodermal gengenes and tissues. While the receptors mediating the action of
(Kofron et al., 1999; Xanthos et al., 2001; Zhang et al., 1998}hese different ligands have not been definitively established,
indicating that maternal VegT is required endogenously foseveral lines of evidence from botKenopusand mouse
formation of both mesoderm and endoderm. Depletion oindicate that ALK4 (ActRIB) is the major type | receptor
maternal VegT also significantly reduces zygotic expression aesponsible for Smad2 phosphorylation downstream of the
the activin-like ligands Xnrs 1, 2, 4, 5 and 6, and derriéractivin-like ligands (Armes and Smith, 1997; Chang et al.,
(Kofron et al., 1999; Takahashi et al., 2000). Converselyl997; Gu et al., 1998; Yeo and Whitman, 2001). A model in
overexpression of VegT in animal caps induces expression afhich Smad2 and ALK4 serve as downstream transducers of
each of these ligands, as well as of mesendodermal genesange of activin-like ligands is complicated, however, by
(Chang and Hemmati-Brivanlou, 2000; Clements et al., 199%xperiments demonstrating that different activin-like ligands
Takahashi et al., 2000; Yasuo and Lemaire, 1999). Maternahrry out distinct functions in earlfenopusdevelopment. In
VegT cell-autonomously activates expression of endoderma@&mbryos depleted of maternal VegT, Xnrl rescues head
genes and of activin-like ligands; activin-like ligands in theformation, while derriere rescues trunks but not heads
endoderm maintain endodermal gene expression and non cdlkofron et al., 1999). Consistent with these observations,
autonomously induce mesoderm (Chang and Hemmatbverexpression of a dominant inhibitory form of Xnr2, cm-
Brivanlou, 2000; Clements et al., 1999; Xanthos et al., 2001Xnr2, results in a preferential loss of anterior tissues (Osada
Yasuo and Lemaire, 1999). In addition to cell-autonomousnd Wright, 1999), while overexpression of a comparable
activation of activin-like ligands by VegT, expression of severalominant inhibitor of derriere, cm-derriére, blocks formation
ligands appears also to be regulated non cell-autonomousty posterior tissues (Sun et al., 1999). While phenotypic assays
by positive cross- or autoregulatory loops. For examplegdemonstrate that Xnrl/Xnr2 and derriere carry out distinct
transcription of Xnrl and mouse nodal are stimulated byunctions in anterior-posterior patterning, how these ligands
Smad2 activation via a conserved enhancer regulated by thdght use the same signaling pathway to achieve different
maternal transcription factor FAST (FoxH1) (Osada et al.effects on embryonic patterning is not known.
2000; Saijoh et al., 2000), and derriére transcription can also We have used anti-phosphoSmad2 antibodies to investigate
be stimulated by signals that activate Smad2 (Sun et al., 1998)echanisms that regulate endogenous activin-like signaling in
Moreover, a zygotic form of VegT (also known as Antipodean}he early Xenopusembryo. We find that Smad2 activation
(Stennard et al., 1996; Stennard et al., 1999) is induced byoves in a wave from the dorsal side to the ventral side of
Smad?2 activation through FAST (Lustig et al., 1996b; Stennardoth mesoderm and endoderm. The localized maternal
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transcriptional regulators VegT afidcatenin are responsible Whitman, 1994; Watanabe and Whitman, 1999). The following
for the initiation of this wave on the dorsal side of theprimers were used: zygotic VegT/Antipodean (Stennard et al., 1999);
prospective mesendoderm just after the MBT. Negativ&hrl (Lustig et al., 1996a); derriere (F, GGTACTGAGGCACTAT-
feedback mediated through the Smad2 and FAST-dependdfAG; R, TGTGTTTCATCCAGCAGCTC); antivin (F, GCA-
activation of the ligand antagonists antivin and cerberu§CGCGCCCATTTCGTAA; R, GGCCCTCCACATCCCTTTGA);

: .cerberus (Bouwmeester et al., 1996); ODC (as describ¥drinpus

?rlétr):iﬂge;gé;tgggaﬁii;?;ﬁdjnghgt?grr:gzilggogﬁ ?rllseovsetr?trrtl lecular Mar_ker_ Resource, http://vize222.zo.utexas.edu/); and

. ; . ; . EFla (Hemmati-Brivanlou and Melton, 1994).
side occur later and require VegT but not dorsal signaling.

Finally, different activin-like ligands induce Smad2 Antibodies

phosphorylation at different developmental stages, and thisffinity-purified anti-phosphoSmad2 and anti-phosphoSmadi1
timing difference may explain their differing phenotypic antibodies were prepared as described (Persson et al., 1998; Faure et
effects. We propose that timing, as well as dose, of activin-likel., 2000). Anti-Smad2 antibody was obtained from Transduction

signaling is a crucial determinant of early developmentalabs and anti-actin antibody was obtained from Sigma. Secondary

patterning in the<enopusembryo. antibodies were goat anti-rabbit IgG-HRP antibodies (Boehringer
Mannheim) and donkey anti-mouse IgG-HRP Bgalfragments
(Jackson ImmunoResearch Laboratories).

MATERIALS AND METHODS Western blot analysis
) . Embryos and explants were homogenized in modified RIPA buffer as
Embryo manipulation described (Faure et al., 2000). Preparation of samples and analysis of

Embryos were collected, artificially fertilized and dejellied aslysates by western blotting were performed as previously described;
previously described (Watanabe and Whitman, 1999). Thereaft@§mads run between the 50 kDa and 75 kDa protein markers (Faure et
embryos were cultured in &®1MMR. Staging of embryos was al., 2000). Cytoskeletal actin serves as a loading control for equivalent
according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) angllular volume (Tannahill and Melton, 1989). For embryos, 1/4 to 1/8
is described in Fig. 2A. equivalent was loaded per lane. Two to three animal caps were loaded
For microinjection, embryos were kept in 3% Ficoll/1X MMR and per lane.
injected at the two cell stage with 5-20 nl RNAs and/or 5Qupg
amanitin (Boehringer Mannheim) (Newport and Kirschner, 19482). Immunohistochemistry
Amanitin-injected embryos cleaved normally until gastrulation, didEmbryos were fixed in MEMFA (0.1 M MOPS pH 7.4, 2 mM EGTA
not undergo gastrulation movements and died at stage 10.5/11 g9 8, 1 mM MgSQ, 3.7% formaldehyde) for 3 hours. For cross and
previously described (Sible et al., 1997; Stack and Newport, 1997)longitudinal sections, embryos were rinsed in phosphate-buffered
Dissections were carried out in 8 MMR. Where indicated, saline (PBS) after fixation and then were soaked in PBS plus 0.3 M
animal caps were dissected by stage 9, before significamucrose. Next, embryos were embedded in 2% low melt agarose
pregastrulation movements (Bauer et al., 1994). For dorsal-ventrgNuSieve GTG agarose, FMC BioProducts) in PBS plus 0.3 M
dissections, ventral midlines were marked with Nile Blue (Pengsucrose and were bisected in a Petri dish under PBS with a disposable
1991) at the four cell stage to allow accurate identification beforenicoscalpel (Feather Safety Razor). Bisected embryos were then
gastrulation. Caps or explants were cultured ix 0IMR and were  stored in methanol overnight. Embryos were serially rehydrated into
washed in 0.8 MMR before freezing at80°C for storage. PBS and PBT (PBS, 2 mg/ml BSA, 0.1% Triton X-100) for blocking,
Ventralization of embryos with short wave ultraviolet (u.v.) light incubation with primary and secondary antibodies, and washes as
(254 nm) was performed with a hand-held illuminator (Kao andpreviously reported (Faure et al., 2000). Staining was developed with
Danilchik, 1991). During the first third of the first cell cycle, vegetallmmunoPure Metal-enhanced DAB Substrate Kit (Pierce), as per
bottoms of healthy, fertilized embryos were exposed through Sarananufacturer’s instructions. The anti-phosphoSmad2 antibody was
Wrap to light for 1 to 2 minutes based on calibration that gave afess sensitive for immunohistochemistry than for western blot
average dorso-anterior index (DAI) at late tailbud stage approachinghalysis, therefore immunohistochemistry is only shown at stages
zero (Kao and Elinson, 1988; Scharf and Gerhart, 1983). To prevemthen the phosphoSmad2 signal was detectable by this technique.
nonspecific or toxic effects, only u.v.-treated embryos that showenmages were captured with NIH Image software on a Kodak DCS420
first and second cleavages within five minutes of those of untreatethmera attached to a Zeiss Axiophot microscope.
embryos were analyzed by western blotting (Cooke and Smith, 1987).

Antisense depletion in oocytes
Oocytes were depleted of maternal VegT mRNA by the injection ol3 ESULTS
an antisense oligonucleotide complementary to VegT mRNA, L . . _—
previously described (Xanthos et al., 2001). Oocytes were cultured ?%;?T and a.lCt“.”n'“ke ligands induce and maintain

36 hours and then matured and fertilized by the host transfer techniggén@d2 activation

(Zuck et al., 1998). For rescue of VegT depletion, VegT or activifMaternal VegT regulates zygotic expression of some activin-
mRNA was injected into the vegetal poles of VegT-depleted oocytefike ligands (Kofron et al., 1999; Takahashi et al., 2000), while
Just prior to maturation. other ligands are present maternally (Fukui et al., 1994; Oda
et al., 1995; Weeks and Melton, 1987). To determine whether
maternal VegT is required for all endogenous activin-like
%?gnaling, we examined Smad?2 phosphorylation in its absence
by injecting VegT-specific antisense oligonucleotides into the
RT-PCR oocyte, causing degradation of maternal VegT in the embryo
Total RNA, extracted from whole embryos or dissected explants b{Kofron et al., 1999; Xanthos et al., 2001; Zhang et al., 1998).
the proteinase K/phenol method, was reverse transcribed for PARepletion of VegT eliminates Smad2 phosphorylation in the
reactions that were performed as previously reported (LaBonne ar@hrly gastrula at stage 10+, and phosphorylation of Smad2 is

In vitro transcription

Capped mRNAs were synthesized in vitro using the SP6 mMessa
MMACHINE kit (Ambion).
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Fig. 1.VegT and activin-like ligands induce transcription-dependent positive- and

O-actin S ar ol o o las e @ negative-feedback loops of Smad2 activation. (A) Maternal VegT is required for
endogenous phosphorylation of Smad2. Western blot analysis indicates that injection
into oocytes of antisense oligonucleotides specific for maternal VegT (AS-VegT)

E eliminates Smad2 phosphorylation at stage 10+. Phosphorylation of Smad2 is
stage 10+ 10.5 11.5 rescued by co-injection of VegT (300 pg) or activin (3 pg) RNA into oocytes. Levels of Smad2
© Q)Q © (vo A Q)Q are unaffected. Actin levels serve as loading controls. (B) Maternal VegT and zygotic VegT
& TIR’ 9}‘(" are sufficient for Smad2 phosphorylation in animal caps. Embryos were injected into the

animal region with maternal VegT (mVegT, 200 pg/embryo) or zygotic VegT (zVegT, 200

o-PSmad2 = =" = = pg/embryo) RNA with or withoutt-amanitin at the two-cell stage, dissected at stage 9.5 and
BB harvested for western blot analysis at stage 10.25. Smad?2 and actin levels serve as loading
o-Smad2 = = ? === controls. (C) Ectopic activin-like ligands induce Smad2 phosphorylation and zygotic VegT
o-actin e expression in animal caps. Ligand RNA (100 pg/embryo) was injected into the animal region

of two cell stage embryos; animal caps were dissected at stage 9.5 and harvested at stage 10.
Top: Western blot analysis of Smad2 phosphorylation. Smad2 and actin levels serve as loading
controls. Bottom: Analysis afygotic VegExpression by RT-PCR. Levels@DC serve as
Xnrl [~ . loading controls. RT indicates whole embryo RNA that was (+) or was h@verse
transcribed. (D) Antivin and cerberus are inhibitors of activin-like signaling. Patterns of
phosphoSmad2 or phosphoSmad1 from stage 9.25, 10+, 10.5 and 11.5 embryos were
examined endogenously or in the presence of antivin (1 ng/embryo) or cerberus (1 ng/embryo)
RNA injected supramarginally and submarginally at the two-cell stage. Actin levels serve as
loading controls. (E) Attenuation of Smad2 phosphorylation is blocked by repression of
FAST-regulated transcription. Fast-En RNA (F-En, 800 pg/embryo) was injected marginally
and vegetally into two-cell stage embryos; embryos were harvested at stages 10+, 10.5 and
11.5. Top: Western blot analysis of Smad2 phosphorylation. Smad2 and actin levels serve as
loading controls. Bottom: RT-PCR analysis of expressiotnot, derriere, antivinand

- cerberusODC levels serve as loading controtRT indicates whole embryo RNA that was
RT not reverse transcribed.

derriere

Xantivin

cerberus

OoDC

rescued by injection of VegT or activin RNA (Fig. 1A). From alternative promoter use (Stennard et al., 1999). In animal
stage 9.5 to stage 10.5 (data not shown), maternal VegT éaps at stage 10.25, which lack endogenous Smad2
required for endogenous Smad2 phosphorylation, but ighosphorylation, both maternal and zygotic VegT induce
dispensable for Smad2 phosphorylation in response to ectoftemad2 phosphorylation that is eliminated byamanitin,
ligands. These results indicate that, despite the presence af inhibitor of transcription (Fig. 1B). Hence, zygotic
maternal activin-like ligands, endogenous phosphorylation afanscription is required both for endogenous Smad2
Smad?2 is dependent on maternal VegT. phosphorylation (Faure et al., 2000) and for VegT-induced
Both maternal and zygotic forms of VegT have beerSmad2 phosphorylation. As VegT has been shown to induce
described. Maternal VegT is localized to presumptiveexpression of zygotic activin-like ligands (Clements et al.,
endodermal cells, while zygotic VegT is present in the margindl999; Sun et al., 1999; Takahashi et al., 2000; Yasuo and
mesoderm after MBT and is transcribed in response to activii-emaire, 1999), we also examined the activities of the activin-
like signals (Horb and Thomsen, 1997; Lustig et al., 1996Hjke ligands themselves. Activin, B-Vg1, Xnrl, Xnr2, Xnr4 and
Stennard et al., 1996; Stennard et al., 1999; Sun et al., 1998 rriere each induce Smad2 phosphorylation at stage 10+ in
Zhang and King, 1996). These two proteins differ at their Nanimal caps. In addition, each of these ligands also induces
termini owing to alternative splicing and possibly also toexpression ofzygotic VegT(Fig. 1C). Phosphorylation of
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Smad2 and induction afygotic VegTby activin-like ligands phosphorylation at stage 10+, indicating that positive feedback
are thought to be direct, as these activities do not requitbrough FAST-regulated targets is not required for maintenance
zygotic transcription or translation, respectively (see belowof activin-like signaling. At later gastrula stages, when Smad?2
Watanabe and Whitman, 1999). Endogenous Smadzhosphorylation has begun to be attenuated in control embryos,
phosphorylation is therefore induced and maintainedFAST-En expression results in an increase in Smad2
transcriptionally by maternal and zygotic VegT, and is activategphosphorylation, suggesting that expression of FAST-regulated

post-transcriptionally by the activin-like ligands. feedback inhibitors such as cerberus and antivin is essential
o o for normal attenuation of Smad2 phosphorylation during

Inhibitors of activin-like ligands attenuate Smad2 gastrulation. That the net effect of the ectopic expression of

activation FAST-En in embryos is an increase in Smad2 phosphorylation

The phenotypic effects of ectopic expression of antivin anty mid-gastrulation suggests that the role of FAST in negative
cerberus strongly indicate that they can antagonize signalirfgedback regulation is more important than its role in positive
by activin-like ligands. To directly demonstrate the activitiesfeedback regulation in determining total levels of Smad2
of antivin and cerberus with respect to Smad signaling, wphosphorylation in the gastrula stage embryo.
expressed these inhibitors in embryos, and then examined o o
endogenous phosphorylation of Smad2 and BMP-regulatégndogenous activation of Smad2 is initiated and
Smadl from late blastula to late gastrula stages (Fig. 1Dttenuated from the dorsal side of the ~ Xenopus
Antivin inhibits endogenous phosphorylation of Smad2 but no€mbryo
of Smad1l, while cerberus inhibits Smad2 phosphorylation a@o visualize activin-like signaling at high spatial resolution, we
all stages and Smadl phosphorylation only at early gastrukxamined bisected embryos by immunohistochemistry using
stages. As cerberus binds Wnts, nodals and BMPs at distintie anti-phosphoSmad?2 antibody (Fig. 2B,C). At stage 9.5,
sites (reviewed by Piccolo et al., 1999), recovery ofphosphorylated Smad?2 is detected as a wedge in the dorsal
phosphorylated Smadl at late gastrula stages suggests thatyegetal region of the embryo but is discernible only faintly in
development proceeds, cerberus may be titrated by continuotie ventral region (Fig. 2D,E). By stage 9.75, phosphorylated
production of BMPs, different BMP ligands that do not bindSmad2 is maintained dorsally and is expanding across the
cerberus may become active or cerberus itself may beconmeenbryo to the ventral side (Fig. 2F,G). While, at these late
modified in its ability to inhibit Smadl. That both antivin andblastula stages, mesodermal cells and endodermal cells are
cerberus entirely inhibit endogenous phosphoSmad?2 signalirdifficult to distinguish, Smad2 phosphorylation appears to be
indicates that, either directly or indirectly, these inhibitors campresent in both but may be more prominent in the endoderm.
fully antagonize the function of activin-like ligands in the earlyln the early gastrula at stage 10+, phosphorylated Smad2
embryo. appears equally distributed across the dorsal-ventral axis, with
Both activators and inhibitors of activin-like signaling are Smad2 phosphorylation present in the ventral mesoderm and
induced through the Smad2 signaling pathway by the materndbrsal involuting mesoderm but not in dorsal preinvoluting
transcription factor FAST (FoxH1) (Osada et al., 2000; Saijoimesoderm (Fig. 2H,l). By stage 10.5, absence of
et al., 2000; Watanabe and Whitman, 1999). To investigatghosphorylated Smad2 is apparent in the prospective deep
the importance of FAST in regulating endogenous Smadanterior endoderm and in the dorsal involuting mesoderm (Fig.
phosphorylation, we examined the effect of expression of aJ,K). Faint staining in the stage 11.5 embryo is detected in
dominant inhibitory FAST, FAST-En, on the expression ofventral and posterior endodermal cells but is excluded from
activin-like ligands, antagonists of these ligands, and totatells dorsal to the archenteron and in tissues now specified as
levels of Smad2 phosphorylation in the early embryo (Fig. 1E)@nterior (Fig. 2L,M). Taken together, these findings reveal a
To examine the role of FAST in positive feedback regulatiorwave of Smad2 activation in mesendodermal cells passing
of Smad2 phosphorylation, the effect of FAST-En on thdrom the dorsal side of the embryo to the ventral side.
expression of the zygotic ligand$nrl and derriére was ) )
examined. Endogenous expressiorXafl is highest at stage Dorsal-ventral prepattern directs region-
10+ and decreases to basal levels thereafter, while endogen@$onomous temporal patterns of endogenous
expression ofderriére is strongly detected from stage 10+ activin-like signaling
through to stage 11.5. Injection of FAST-En redug@sl  To examine activin-like signaling intrinsic to dorsal or ventral
expression to basal levels, but only partially inhibi¢gsriere  halves of the embryo, we bisected embryos at stage 8, before
expression. Although the relative contributions of Xnrl andSmad2 phosphorylation appears, and harvested cultured halves
derriere to endogenous activin-like signaling are not knowrfrom late blastula to late gastrula stages for examination of
positive regulation through FAST appears to be more importaphosphorylation of Smad2 and expression of activin-like
for expression oKnrl than ofderriére ligands and inhibitors. Equivalent material from ventral halves,
A role for FAST in negative feedback regulation of Smad2dorsal halves and whole embryos was compared at each stage.
signaling was investigated by examining the expression of thBo confirm the accuracy of dissections, ventral halves, dorsal
ligand inhibitorsantivinandcerberusn the presence of FAST- halves and whole embryos were cultured to stage 30.
En. Expression of botantivinandcerberuss greatly reduced Compared with sibling embryos (Fig. 3C), ventral halves
in the presence of FAST-En, indicating that FAST plays a roléevelop no distinctive structures (Fig. 3A), while dorsal halves
in mediating negative as well as positive feedback regulatiodemonstrate dorsal axes and formation of posterior (tail) and
of activin-like signals. Despite its ability to substantially reduceanterior (eyes, cement gland) structures (Fig. 3B) (Kageura and
the expression of the ligandérl and derriere expression Yamana, 1983).
of FAST-En does not significantly affect total Smad2 Analysis of Smad2 phosphorylation in isolated dorsal and
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Fig. 2.Endogenous Smad2 A developmental stages

activation is initiated and blastula L gastrula  Lnevrula
attenuated from the dorsal side 925 975 10+

the Xenopusmbryo. (A) Time 8.5 9_ q,i Il.l_ 10.25 10.5 115 125
course of early development. 6|—,!, i_é i_‘i *_li“ B —
Developmental stages are hours post-fertilization at 23°C B )

correlated with hours post-
fertilization at 23°C. Blastula,
gastrula and neurula stages are
indicated. Most developmental
stages are from Nieuwkoop and
Faber (Nieuwkoop and Faber,
1967). Intermediate stages are
expressed as fractions between
established stages (as stage 9.:
(B-M) Immunohistochemical
analysis of phosphoSmad? in tt
early Xenopusmbryo. Embryos
fixed at the indicated stages we
bisected and then processed fol
immunohistochemistry with the
anti-phosphoSmad2 antibody.
Orientations of the axes of
dissection are indicated (B,C)
(Nieuwkoop and Faber, 1967).
Representative sections are shc
for stages 9.5 (D,E), 9.75 (F,G),
10+ (H,1), 10.5 (J,K) and 11.5
(L,M). Sectioned embryos were
photographed en face. Ventral it
towards the left; dorsal is towarc
the right. Animal is towards the
top; vegetal is towards the bottom. For cross sections (B,D,F,H,J,L), fixed embryos were bisected through the dorsallirentfdmid
longitudinal sections (C,E,G,l,K,M), fixed embryos were bisected in a horizontal plane near the equator and below thefliastémoel
sections are shown. Approximate levels and angles of longitudinal sections (estimated from landmarks and the shapems)theesecti
indicated with arrows on cross sections.
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ventral halves shows that patterns of activin-like signaling arthrough stage 10.5, and then decreases abruptly by stage 11.5;
region-autonomous by stage 8 (Fig. 3D). Initiation of activinfrom stage 10+,antivin levels are higher dorsally than
like signaling begins dorsally at stage 9, and remains greateentrally. Cerberusis detected from stage 10+, increases
in dorsal halves than in ventral halves at stages 9 and 9.5. Frahtough stage 11.5 and is expressed at much higher levels
stage 10+ to stage 10.5, phosphorylation of Smad2 is neartiprsally than ventrally at all stages. Antivin activity may
equivalent in dorsal and ventral halves. By stage 11.5, Smad®ntribute to attenuation of Smad2 phosphorylation in both
phosphorylation is greater in ventral halves than in dorsalorsal and ventral tissues of the embryo (Cheng et al., 2000;
halves, reflecting attenuation of activin-like signaling dorsallyTanegashima et al., 2000), while cerberus function is localized
These results show that the relative levels of Smad® dorsal tissues (Bouwmeester et al., 1996; Schneider and
phosphorylation change over time in isolated dorsal and ventrBercola, 1999; Zorn et al., 1999). In summary, despite equal
halves, indicating that Smad?2 activation is region-autonomoudistribution of maternal VegT across the dorsal-ventral axis of
rather than a result of signals propagated from one side of tliee early embryo (data not shown), region-autonomous
embryo to the other. expression of the zygotic ligands and the antagonists is
Activin-like ligands and their inhibitors are also expressedntegrated at the level of Smad2 phosphorylation and yields
region-autonomously in isolated dorsal and ventral halves (Figlistinct patterns of activin-like signaling in dorsal and ventral
3E). Zygotic ligandsXnrl and derriere are detected strongly embryo halves.
from stage 9.5 and stage 9, respectively, and are highest at stage ] o o
10+. Xnrl expression resembles dynamic phosphorylation oB-Catenin alters timing of Smad2 activation
Smad?2 in thaXnrl is initiated at higher levels on the dorsal -Catenin is present as a maternal protein, is enriched in dorsal
side at stage 9.5, is equivalent in dorsal and ventral halves riclei after cortical rotation, and is essential for the expression
stage 10+, and is attenuated more on the dorsal side at stajedorsal-specific genes after MBT (Heasman et al., 1994;
10.5.Derriere expression differs from Smad2 phosphorylationLarabell et al., 1997; Schneider et al., 1996; Wylie et al., 1996).
and Xnrl expression aderriére is expressed at higher levels To examine whether the dorsal localizationBedatenin after
in ventral halves at stage 9 and stage 9.5, and becomes equalbytical rotation is important in establishing the dorsal
distributed from stage 10+ through stage 11.5. The inhibitormitiation of Smad2 phosphorylation, we examined how the
antivin and cerberusalso demonstrate distinct patterns ofinhibition of cortical rotation by u.v. treatment alters the timing
expression.Antivin is detected from stage 9.5, increasesof Smad2 phosphorylation, and whether ectopic local
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expression op-catenin can rescue the effects of u.v. treatmentortical rotation can be rescued by ectopic expressiopr of
The effectiveness of u.v. treatment and rescue fsthtenin  catenin. Maximal levels of Smad2 phosphorylation are not
injection was assessed by culturing embryos to stage 40 aaffected by perturbation of the dorsal or vegetal location of
examining the resulting phenotypes (Fig. 4A). Embryos treateendogenouB-catenin, indicating that dors@lcatenin helps to
with u.v. light do not elongate and have no distinctivedetermine the temporal pattern, but not the maximal level, of
structures; localizedB-catenin injection into u.v.-treated activin-like signaling in the developing embryo.
embryos rescues the wild-type body plan (Guger and To determine whether u.v. treatment has some more general
Gumbiner, 1995). effect on the timing of signaling rather than a specific effect on
Smad2 phosphorylation was examined in wild-type, u.v.Smad2 regulation, we also examined phosphorylation of
treated and u.v.-treatgdtatenin-rescued embryos harvestedSmadl in the same wild-type, u.v.-treated and u.v.-trghated/
from stage 8.5 to stage 12.5 (Fig. 4B). In wild-type embryosgatenin-rescued embryos (Fig. 4C). While the levels of
Smad2 phosphorylation is initiated before stage 9.5 and {ghosphorylated Smadl increase in u.v.-treated embryos in
attenuated after stage 10.5. In u.v.-treated embryos, Smad@mparison with wild type ancatenin-rescued embryos, the
phosphorylation is both delayed and prolongedtiming of Smadl phosphorylation is not altered. A general
phosphorylation of Smad? is initiated later at stage 10+ and tevelopmental delay therefore does not explain the differential
attenuated less, even after stage 11.5. Injectiof-addtenin  timing of Smad2 phosphorylation. Rather, timing of Smad2
rescues the pattern of early initiation and early attenuation ghosphorylation, but not Smadl phosphorylation, is
Smad2 phosphorylation in u.v.-treated embryos. Thus, normdevelopmentally regulated by cortical rotation.
timing of Smad2 phosphorylation requires cortical rotation, To determine whethd-catenin changes the timing of VegT-
and the effects on Smad2 phosphorylation of inhibition ofnduced Smad2 phosphorylation, we examined animal caps
dissected before stage 9 and harvested from stage 9 to stage
11.5 (Fig. 4E). Uninjected animal caps do not contain
detectable phosphorylation of Smad2 d&datenin alone is
not sufficient to induce Smad2 phosphorylation. VegT induces
Smad2 phosphorylation in animal caps by stage 10.5. When
injected together, VegT an@-catenin induce by stage 10+
levels of Smad2 phosphorylation seen with VegT alone at stage
10.5. These results demonstrate faatenin accelerates the
ability of VegT to induce phosphorylation of Smad2 in animal
caps, but does not increase the maximal level of Smad2

phosphorylation.
D E
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Fig. 3. Dorsal-ventral prepattern directs region-autonomous temporal patterns of endogenous activin-like signaling. (A-C) Phenotype of
explants and embryo at stage 30. Embryos were bisected into dorsal and ventral halves at stage 8. Explants were quét3@d to sta
Representative ventral half (A), dorsal half (B) and whole (C) embryos are shown. (D) Endogenous Smad2 phosphorylatmnassatah
distinct in isolated dorsal and ventral halves. Embryos were bisected into dorsal and ventral halves at stage 8. Cudturaldesndorsal
halves, and whole embryo controls were harvested at each of the indicated stages for western blot analysis. Each |&me sam@&esiount
of embryonic material; hence, lanes containing whole embryo material should reflect the average amount of signal frond demsal an
halves. In general, whole embryos contain more signal, presumably owing to cell loss upon healing after dissection. (Eudutonom
expression of activin-like ligands and inhibitors is distinct in dorsal and ventral halves. Bisected embryos preparectes limested for
RT-PCR analysis of expressionXifirl, derriere, antivinandcerberus EFla levels serve as loading controls.
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.
uninjected o-PSmad2
B O-actin
B-catenin o-PSmad2
Fig. 4. 3-Catenin alters timing of Smad2
= — — — = o-actin activation. (A-D) Cortical rotation is required for
. correct timing of initiation and attenuation of
animal caps endogenous Smad?2 phosphorylation in whole
. embryos. (A) Phenotypes of representative wild-
VegT = = o-PSmad2 type, u.v.-treated and u.v.-treat@d/atenin-
rescued embryos at stage 40. (B) Phosphorylation
— = — = — (-actin of Smad2 and (C) phosphorylation of Smadl were
3 examined by western blot analysis from stage 8.5
. to stage 12.5 in wild-type, u.v.-treated and u.v.-
B-catenin PSmad? treatedB-catenin-rescued embryos.
VegT = = = «-FSma (D) Cytoskeletal actin is a loading control. (&)
. catenin accelerates timing of VegT-induced Smad2
— = — — — (-actin phosphorylation in animal caps. Two-cell stage
embryos were injected into the animal region with
eitherB-catenin (50 pg/embryo) or VegT (50
pg/embryo) RNA or both. Animal caps were
. . dissected between stages 8 and 9, and harvested
endogenous === o-PSmad2 from stage 9 to stage 11.5; whole embryos
whole embryos collected at these stages serve as controls for
- - - - (-actin endogenous phosphorylation of Smad2. Actin
levels serve as loading controls.
Activin-like ligands induce distinct temporal profiles zygotic activin-like ligands Xnrs 1, 2, 4 and derriére (Jones et

of Smad?2 activation

al., 1995; Joseph and Melton, 1997; Lustig et al., 1996a; Sun

We have previously shown that, while activin can induceet al., 1999) induces Smad2 phosphorylation only after MBT,
Smad2 phosphorylation before MBT, processed and activeot before (Fig. 5A). Furthermore, this Smad2 phosphorylation
maternal Vgl (Thomsen and Melton, 1993) induces SmadRy the zygotic activin-like ligands after MBT is not affected by
phosphorylation only after MBT (Faure et al., 2000). To definénhibition of zygotic transcription witlw-amanitin (Fig. 5B).
responsiveness to zygotic activin-like ligands, we examined thgoth the zygotic activin-like ligands and the maternal ligand
activities of these ligands before or after MBT and in theVgl therefore appear to be regulated by a post-transcriptional
presence or absence @famanitin. While the constitutively mechanism in their ability to induce Smad2 phosphorylation
active type | receptor ALK4* (Armes and Smith, 1997) canafter MBT.

induce Smad2 phosphorylation before MBT, each of the The activin-like ligands Xnrl and derriére function
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Fig. 5. Activin-like ligands induce distinct temporal profiles endogenous -- .
of Smad?2 activation. (A) Zygotic activin-like ligands induce
Smad2 phosphorylation after, but not before, MBT. Embryos EEEE _ .
injected marginally at the two cell stage with ligand or Xnrl 00pg | =222 +| O-amanitin
ALK4* RNA (100 pg/embryo) were harvested at stage 6 300 pg - e

(before MBT) or at stage 10 (after MBT) for western blot
analysis. Uninjected embryos provide comparison with
endogenous Smad2 phosphorylation. Levels of Smad2 and
actin serve as loading controls. (B) Zygotic activin-like
ligands induce Smad2 phosphorylation after MBT without
requirement for zygotic transcription. Embryos injected
marginally at the two-cell stage with ligand or ALK4* RNA (100 pg/embryo) alone orawémanitin injected vegetally at the four-cell stage
were harvested at stage 10+ for western blot analysis. Uninjected embryos provide comparison with endogenous Smad2 ipmosphorylat
Levels of Smad2 and actin serve as loading controls. (C) Timing of ligand-induced Smad2 phosphorylation is not altergibbyfnhib
zygotic transcription. Patterns of Xnrl-induced Smad2 phosphorylation were compared with endogenous patterns from siagékes to 1
presence or absenceafamanitin. Xnrl RNA (100 pg/embryo) was injected marginally at the two-cell staganitin was injected

vegetally at the four-cell stage. (D) Responsiveness for Smad2 activation is transcription independent and ligand spetsfiaf Batad?2
phosphorylation induced by activin, Xnrl or derriere in the presenzeofanitin were compared with each other and to the endogenous
pattern withouti-amanitin from stages 6 to 10. Ligand RNA (100 pg/embryo) was injected marginally at the two-cet-stageritin was
injected vegetally at the four-cell stage. (E) Timing of responsiveness to ligands is not altered by increased dosd. Htatidths o
phosphorylation induced by Xnrl or derriere at 100 pg/embryo or 300 pg/embryo in the presenogaoitin were compared with each

other and with the endogenous pattern witltoamanitin from stages 6 to 10. Ligand RNA was injected marginally at the two-cellstage;
amanitin was injected vegetally at the four-cell stage.

. 100 pg = +
derriere
300 pg ~=2 +

differently in the early embryo, as induction of anterior andhat the differences observed between Xnrl and derriere
dorsal tissues appears to be mediated by Xnr1/Xnr2 but nogflect distinct timing of responsiveness rather than effective
by derriére (Kofron et al., 1999; Osada and Wright, 1999; Sudose, we compared timing of Smad2 phosphorylation induced
et al.,, 1999). To attempt to identify a difference in theby injected RNA encoding Xnrl or derriére at two doses: 100
signaling mechanisms of Xnrl and derriere, we compared theg/embryo and 300 pg/embryo (Fig. 5E). Increasing the dose
timing of Smad2 phosphorylation induced by these ligands inf RNA increases the level of Smad2 phosphorylation, but
embryos harvested from stage 6 to stage 10 (Fig. 5D). Tdoes not alter the time of onset of Smad2 phosphorylation.
more clearly detect effects of ectopic ligands, endogenouBhese results indicate that Xnrl and derriere are
signaling was suppressed by co-injection wittamanitin  distinguished by the timing of cellular responsiveness to each
(Faure et al., 2000). Activin induces Smad2 phosphorylatiotigand in the early embryo. The appearance of responsiveness
before stage 6, the earliest stage examined. Xnrl inducés ligands is unaffected lyy-amanatin, indicating the timing
Smad2 phosphorylation from stage 8, while derriere inducesf this process is not dependent on zygotic transcription (Fig.
Smad?2 phosphorylation strongly from stage 9.5. To confirnC).
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DISCUSSION activation in the presence @fcatenin and VegT relative to
o ) endogenous prospective mesendoderm, or that the prospective

A wave of Smad2 phosphorylation in the prospective mesendoderm contains factors that accelerate Smad2

mesendoderm: generation of the rising phase phosphorylation relative to the effects @tatenin and VegT

Maternal VegT is a definitive determinant of endogenouslone.
activin-like signaling (Fig. 1A). When maternal VegT is o
depleted, the zygotic activin-like ligands — Xnrs 1, 2, 4, 5 and\ wave of Smad2 phosphorylation in the
6, and derriére (Jones et al., 1995; Joseph and Melton, 199r0spective mesendoderm: generation of the falling
Lustig et al., 1996a; Sun et al., 1999; Takahashi et al., 2000)Rhase
are not expressed (Kofron et al., 1999). That maternally derivedvo inhibitors of activin-like ligands, antivin and cerberus, are
ligands such as Vgl and activin (Fukui et al., 1994; Oda et akapidly induced by activin-like signaling through Smad2 and
1995; Weeks and Melton, 1987) are not sufficient to activateAST. In the early gastrula stage embryo, the same
Smad?2 to detectable levels raises the possibility that maternambination of regulators that generates the dorsal ‘rising
VegT is indirectly required for the post-transcriptional phase’ of the wave of Smad2 phosphorylation across the
activation of the maternal ligands (e.g. by regulating themarginal zone also results in the initiation aftivin and
expression of processing enzymes). Alternatively, the maternaérberusexpression on the dorsal side. Antivin and cerberus
ligands may act cooperatively with zygotic ligands but areoroteins therefore accumulate to levels that antagonize activin-
themselves insufficient for Smad?2 activation. like signaling earlier on the dorsal side. Positive regulation by
Maternal VegT and Smad2 are present at similar levelSmad2 activation is probably not the only mechanism that
dorsally and ventrally (data not shown; Faure et al., 2000), beinhances dorsal expression of these inhibitorg}-eastenin
both Smad2 phosphorylation (Fig. 3D) and expressiotnot, may also contribute directly to dorseérberusexpression
Xnr5, Xnr6, derriere (Fig. 3E; Agius et al., 2000; Sun et al., (Zorn et al., 1999). These observations suggest a relatively
1999; Takahashi et al., 2000) and aXsw2 (Jones et al., 1995; simple mechanism by which the activation, and subsequently
Chris Wright, personal communication) begin earlier dorsallythe attenuation, of activin-like signaling begin from the dorsal
than ventrally. This suggests that additional maternal factorsjde. Within this apparently simple model, however, puzzles
differentially distributed or activated along the prospectiveregarding specific aspects of dose and timing remain. How are
dorsal-ventral axis, interact with VegT to generate this dorsathe rates of synthesis of activin-like ligands and inhibitors, and
ventral asymmetry in Smad2 regulati@Catenin is a likely the affinities of each for the other calibrated so that the
candidate for such a factor, as it is enriched in nuclei on thi@hibitors accumulate rapidly enough to efficiently inhibit the
dorsal side, and injection d§-catenin can rescue the early ligands? Why does the expression of inhibitors not drop as
initiation of Smad2 phosphorylation in embryos in whichsoon as they begin to inhibit activin-like ligand activity? More
cortical rotation has been prevented (Fig. 4B). Analysis of thquantitative analyses will be necessary to clarify how feedback
Xnrl promoter has shown that it contains both VegT- @nd regulation stably and reliably generates the observed wave of
catenin-binding sites (Hyde and Old, 2000; Kofron et al.Smad2 signaling.
1999). Antagonism of VegT function blocks activation of this . .
promoter entirely (Hyde and Old, 2000), while antagonism ots Smad2 signaling propagated across the dorsal-
B-catenin activity block&nrl expression at stage 9 but not at ventral or animal-vegetal axes?
stage 9.5 (Agius et al., 2000). These observations are consist@ftosphorylation of Smad2 begins asymmetrically in a region
with a model in which VegT and3-catenin cooperate of the late blastula that is both dorsal and vegetal and extends
transcriptionally in the dorsal marginal zone to acceleratéo encompass both ventral and marginal cells by the early
expression of activin-like ligands, and thus accelerate Smadfastrula stage. Both diffusion of ligands and local positive
phosphorylation. In addition to Xnrl, four more nodal-relatecautoregulation (relay) of ligand expression have been
ligands have been identified in the prospective mesendodersuggested as mechanisms by which BG&perfamily signals
that can act as mesoderm inducers (Xnr2, Xnr4, Xnr5 anchight be propagated across the embryo (Jones et al., 1996a,;
Xnr6) (Jones et al., 1995; Joseph and Melton, 1997; TakahadReilly and Melton, 1996; Osada and Wright, 1999), but it is
et al, 2000). Characterization of the regulation andilso possible that changing patterns of signal activation are
contribution to local Smad2 phosphorylation of each of thesmediated primarily by differentially timed, cell-autonomous
ligands will be necessary to develop a complete picture of hoaxpression of ligands. While tissue recombination experiments
this family of ligands participates in mesodermal patterning. have demonstrated that patterning signals can be propagated
While B-catenin can cooperate with VegT to accelerate thbéoth between vegetal and animal explants (Nieuwkoop, 1969),
initiation of Smad2 phosphorylation when both are expresseand between dorsal and ventral marginal zones (Slack and
in animal caps, ectopic expression of these two factors is nebrman, 1980; Ding et al., 1998b), it is not clear whether these
sufficient to recapitulate endogenous timing of Smaddropagated signals are the predominant ones mediating
phosphorylation in the mesendoderm. Co-injection Bef endogenous patterning. We find that Smad2 phosphorylation
catenin with VegT induces Smad2 phosphorylation in animatan be activated independently, and with distinct timing, in
caps at stage 10+ (Fig. 4E), but even high doses of both factatsrsal and ventral embryonic halves isolated at stage 8 (Fig.
will not induce Smad2 phosphorylation earlier than stage 108D,E). This indicates that the activation of Smad2 is region-
Endogenous Smad2 phosphorylation begins significantlputonomous across the dorsal-ventral axis, but does not rule
earlier than this, at stage 9, both in intact embry@sceatenin-  out the possibility of more locally propagated signaling. The
rescued u.v.-treated embryos (Fig. 4B,E). This indicates thattenuation of Smad2 signaling by feedback inhibitors is
either animal caps contain regulators that delay Smadikewise region-autonomous (Fig. 3D,E), again suggesting that
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these inhibitors are acting at most across relatively shorelated ligands and derriere is independent of zygotic
distances rather than globally. The available resolution afanscription (Fig. 5B-E), indicating that regulation of EGF-
dissections do not permit a clear answer to the question &FC co-receptors, like FRL-1 (Kinoshita et al., 1995), or other
whether Smad2 activating signals are propagated from tHeniting components occurs at the level of translation,
vegetal region into the marginal zone. What is clear, howeveproteolysis or other post-translational processing. Timing of
is that Smad?2-activating signals do not propagate towards tlesponsiveness may be a critical mechanism by which different
animal pole beyond the blastocoel floor. In light ofligands use the same pathway to cause different effects on
observations that several Smad2-activating ligands arm@evelopmental patterning.
positively autoregulatory, the interesting question is raised of )
how Smad2 phosphorylation is excluded from the prospectividlodels of early developmental patterning should
ectoderm. Identification of the mechanisms that inhibit th&onsider temporal regulation of activin-like signals
propagation of a positive feedback loop of Smad2-activating\ctivin can act as a morphogen on animal cap cells, inducing
signaling into the animal pole will be an important aspect ofientral-to-lateral-to-dorsal mesodermal fates with increasing
understanding the mechanism of germ layer establishment. dose (Green et al., 1992). Activin-like signaling through
o o Smad2 can also act synergistically wikcatenin to induce
Timing of endogenous activin-like signals may organizer-specific markers (Crease et al., 1998; Cui et al.,
direct cell fate specification in the embryo 1996; Sokol and Melton, 1992; Watabe et al., 1995). Based on
Can manipulation of the timing of Smad2 phosphorylatiorthese and related observations, two general models have been
direct regionally distinct mesendodermal patterning? Th@roposed for the role of activin-like signals in the dorsal-
observation that the timing of initiation of Smad2 ventral patterning of the mesoderm. In one model (Agius et al.,
phosphorylation is regulated across marginal and vegetaD00), activin-like signals are postulated as a static gradient
regions suggests, but does not in itself demonstrate, a role fitvat decreases across the dorsal-ventral axis; the highest level
this timing in axial patterning. Ectopic Xnrl induces SmadZorsally presumably resulting from overlap with dorsally
phosphorylation to maximal levels by stage 9, while derriéréocalizedB-catenin. In the alternative model (Clements et al.,
does not induce maximal levels of phosphorylation until stag&999; Crease et al., 1998), activin-like signaling is represented
10 (Fig. 5D,E); these differences correspond roughly to thas evenly distributed across the dorsal-ventral axis of the
timing of Smad2 phosphorylation in prospective dorso-anteriomarginal zone; this signal interacts with dorfatatenin to
and ventro-posterior regions, respectively (Figs 2, 3D)regulate organizer gene expression. In contrast to these models,
Interestingly, Xnrl is an effective inducer of relatively dorsalwe find neither an even distribution nor a static gradient of
and anterior tissues, while derriére induces relatively ventralctivin-like signaling across the dorsal-ventral axis. Rather,
and posterior tissues and does not induce notochord or heagls find that the dorsal-ventral distribution of Smad2
(Osada and Wright, 1999; Sun et al., 1999). Soluble activiphosphorylation changes dramatically as gastrulation proceeds
ligand added to progressively older animal caps induce@ig. 6). We propose that, while the magnitude of Smad2
differentiation of progressively less dorsal tissues (Green et
al., 1990), further supporting the idea that timing of
initiation of Smad2 phosphorylation is instructive for tis
differentiation. As for early activation of Smad2 signal
early attenuation of Smad2 phosphorylation is assoc
with the induction of relatively dorso-anterior structt
(Figs 2, 3D, 4B; Gritsman et al., 2000; Thisse et al., 2!
suggesting that signal attenuation, as well as signal
may play a role in patterning of the mesendoderm.
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Is timing of responsiveness to ligands a point of
developmental regulation?

Ectopic expression of activin, Xnrl or derriére activ
Smad2 phosphorylation at distinct developmental stages

5D). This regulated timing of responsiveness to ectopic li
expression may be conferred at the level of productic
mature ligands, competence of cells to respond to ligan
both. TGH superfamily ligands must be dimerized

cleaved intracellularly for maturation (Lopez et al., 19
thereby providing several potential points for regule
(Constam and Robertson, 1999). Recent work demonst
that the biological activities of nodal orthologs in sev
species, but not activin, require co-receptors of the epid
growth factor-cripto, FRL-1, criptic (EGF-CFC) fam
raises the possibility that specific EGF-CFC-like molec
are limiting for Xnrl or derriére signaling in early embr
(Chang and Whitman, 2001; Ding et al., 1998a; Gritsm
al., 1999). The appearance of responsiveness to ectopic

phosphorylated Smad2

[ ] endoderm / maternal Vegr in the mesadoderm

[ dorsd determinant / B-catenin

Fig. 6. DorsalB-catenin modifies timing of Smad2 phosphorylation in
early developmental patterning of tikenopusmbryo. In the wild-type
embryo, early initiation of Smad2 phosphorylation at stage 9.5 in the
dorsal vegetal region results from cooperation between ddrsenin
and vegetal VegT. At stage 10.5, attenuation of Smad2 phosphorylation
on the dorsal side is mediated by expression of negative feedback
inhibitors (see text). In u.v.-treated embryos, Smad2 phosphorylation
appears later and persists longer than in wild-type embryos. Maximal
levels of Smad2 phosphorylation, however, are not affected by
perturbation of the location of endogen@dsatenin, indicating that
dorsalB-catenin determines the temporal patter, not the maximal level,
of endogenous activin-like signaling.
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phosphorylation may distinguish the primary germ layers of Spemann’s organizer: analysis of the movements of blastomere clones
(Faure et al., 2000), the timing of Smad2 phosphorylation before and during gastrulation in Xenopbevelopmen20, 1179-1189.
determines the role of activin-like signaling in patterningBeuwmeester, T, Kim, S., Sasai, Y., Lu, B. and De Roberis, E. I996).

. ; Cerberus is a head-inducing secreted factor expressed in the anterior
across the dorsal-ventral and anterior-posterior axes. endoderm of Spemann’s organizsature 382, 595-601.

How might the timing of Smad2 phosphorylation direct cellchang, C., Wilson, P. A., Mathews, L. S. and Hemmati-Brivanlou, A.
fate? One possibility is that cells ‘take the integral’ of dose of (1997). AXenopustype | activin receptor mediates mesodermal but not
signal received over time. In this case it is interesting to note Neural specification during embryogenegigvelopment.24, 827-837.

_ - - hang, C. and Hemmati-Brivanlou, A. (2000). A post-mid-blastula
that ventro-posterior regions of the embryo may actuall transition requirement for TGFbeta signaling in early endodermal
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