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SUMMARY

Endoderm originates from a large endomesodermal field casanova is the earliest specification marker for

requiring Nodal signalling. The mechanisms that ensure
segregation of endoderm from mesoderm are not fully
understood. We first show that the timing and dose of
Nodal activation are crucial for endoderm formation and

endodermal cells and that its expression requires bonnie
and clyde. Furthermore, we have analysed the molecular
activities of casanoveon endoderm formation and found

that it can induce endodermal markers and repress

the endoderm versus mesoderm fate choice, because mesodermal markers during gastrulation, as well as

sustained Nodal signalling is required to ensure endoderm
formation but transient signalling is sufficient for
mesoderm formation. In zebrafish, downstream of Nodal
signals, three genes encoding transcription factordaust,
bonnie and clydeand the recently identified gene casanova)
are required for endoderm formation and differentiation.

change the fate of marginal blastomeres to endoderm.
Overexpression of casanovaalso restores endoderm
markers in the absence of Nodal signalling. In addition,
casanova efficiently  restores later endodermal

differentiation in these mutants, but this process requires,
in addition, a partial activation of Nodal signalling.

However their positions within the pathway are not

completely established. In the present work, we show that Key words: casanova, Endoderm, Nodal, Cripto, Rescue, Zebrafish

INTRODUCTION shown roles for TGF{elated ligands, Vg1, activins, Nodal-
related (Ndr) molecules 1 and 2, and Derriére, as well as their
Endoderm gives rise to the gut, associated organs like thextracellular antagonists, antivin/lefty in this induction (Yasuo
pancreas and the liver, and to the respiratory tract. Thand Lemaire, 1999). Analyses carried out in mice and fish have
molecular mechanisms  ensuring proper endoderrhighlighted the specific function of a Nodal signalling pathway
specification and differentiation have recently been explore(Alexander and Stainier, 1999; Schier and Shen, 2000). Mouse
and led to a two-step model, initially proposed in frogs (Yasu@mbryos mutant for theodal gene and zebrafish mutants in
and Lemaire, 1999). In a first step, a combination of matern&loth the nodal-related genes cycldpgc) and squinfsqt) do
signals including the transcription factor VegT allows thenot develop endoderm or mesoderm (Conlon et al.,, 1994;
transcription of primary specification genes encoding activingreldman et al., 1998; Zhou et al., 1993). Conversely, a
Nodal-related factors and the transcription factor Mix1lmutation in lefty leads to embryos with an excess of
(Clements et al., 1999; Zhang et al., 1998a). In a second stepesendodermal tissue (Meno et al., 1999). Endoderm (and
endoderm formation is controlled by cell-cell communicationmesoderm) formation also requires the function of an EGF-
events, regulated in part by the primary specification gengSFC factor encoded by the gene criptanouse and one-eyed-
(Yasuo and Lemaire, 1999). pinhead(oep) in zebrafish (Ding et al., 1998; Minchiotti et al.,
In particular, similar to mesoderm, endoderm formation2000; Schier et al., 1997; Strahle et al., 1997; Xu et al., 1999;
relies at least on one event of induction, mediated byhang et al., 1998b). Mouseripto mutants and zebrafish
extracellular signalling molecules, either released from @&mbryos lacking maternal and zygatiepexpression (MZoep
neighbouring tissue, like the yolk syncytial layer (YSL) in fish,embryos) exhibit phenotypes similar twdal mutants or
or potentially from presumptive endodermal cells themselvesyc;sqtdouble mutants, indicating thabdal-related genes and
(Rodaway et al., 1999; Yasuo and Lemaire, 1999)cripto/oepact in the same signalling pathway (Ding et al.,
Overexpression and dominant interference experiments hat®98; Gritsman et al., 1999; Xu et al., 1999). Further
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experiments in zebrafish have demonstrated that Oep/Criptodas mutants do not express any known endodermal marker
required as a permissive cofactor downstream of nodal-relatetiiring gastrulation and do not differentiate endodermal
genes in mesoderm and endoderm formation (Gritsman et atlerivatives (Alexander et al., 1999; Alexander and Stainier,
1999; Peyriéras et al., 1998). 1999). Activation of Nodal signalling by ectopic expression of
TGFBrelated molecules act through the binding to a celtar*, bon/mixeror fau/gata5fail to induce endoderm inas
surface type Il receptor, followed by the recognition andmutants, indicating that cas required for the action of these
activation of a type | receptor that conveys the signaNodal signalling components (Alexander and Stainier, 1999;
intracellularly to activate specific sets of genes (Massagu®eiter et al., 2001). Theasgene encodes a novel high mobility
2000). Recent biochemical experiments have shown that Nodgtoup (HMG) protein related to Sox17 (Dickmeis et al., 2001a,;
signals through the type Il receptor ActrliB and the type Kikuchi et al., 2001) that is expressed in endoderm-like cells
receptor ALK4/ActRIb or the orphan receptor ALK7, but during gastrulation. Ectopic expression a#s can induce a
efficient binding of the ligands to the receptors and activation gbopulation of sox17-positive cells in MZoembryos, showing
signalling require the binding of the extracellular EGF-CFCthat it can act downstream of Nodal signals, although it is not
protein Cripto to ALK4/ActRIb and/or ALK7 (Reissmann et al., clear whether it is sufficient to ensure that the fate of early
2001; Yeo and Whitman, 2001). Consistent with this ideablastomeres is changed to endoderm. In the absencasof
inactivation of the alk4/ActRIBene led to phenotypes similar activity, endodermal progenitors are respecified to mesoderm
to those observed inodal mouse mutants (Gu et al., 1998). (Dickmeis et al., 2001a).
Moreover, overproduction of ALK4* or Tar*, activated forms of ~ Several genes instrumental to the formation of endoderm
ALK4 or the ALK4-related zebrafish type | receptor Taram-Ahave been identified but it is now essential to understand how
(Tar), induces mesodermal and endodermal markers (Armes atiese genes, particularly cas, act within the Nodal signalling
Smith, 1997; Bally-Cuif et al., 2000; Peyriéras et al., 1998pathway to ensure proper endoderm development and
Renucci et al., 1996; Yasuo and Lemaire, 1999). Last, ectopdifferentiation. First, the precise position of éaghe genetic
expression of Tar* changes the fate of early zebrafishierarchy controlling endoderm development and the
blastomeres to endoderm and rescues endoderm formationnrechanism by which it influences the cell fate choice at the
oep embryos, demonstrating thaepis required upstream of margin remain to be defined. Second, although Nodal
Tar/ALK4/ActRIb (Gritsman et al., 1999; Peyriéras et al., 1998)signalling is essential for both endoderm and mesoderm
Downstream of Nodal-related signals and their receptors/calevelopment, it needs to be determined whether these two
receptors, several types of genes control vertebrate endodetissues have the same requirement for the duration and time of
formation and differentiation. In frogs and fish, overexpressiomctivation of the pathway.
and dominant interference experiments have implicated By restoring oepactivity at precise time points in MZoep
transcription factors belonging to the Mix/milk/mixer, Bix and embryos, we first show that, in contrast to mesoderm
Gata families, and the HMG box factor Sox17 in endoderntevelopment, endoderm development requires sustained Nodal
induction (Hudson et al., 1997; Rosa, 1989; Henry and Meltorsignalling. Then, we show thaasis initially expressed in a
1998; Ecochard et al., 1998; Lemaire et al., 1998; Weber et akubdomain of thebon/mixer expression domain, thatas
2000). expression requires a functional bon/migene and can be
Zebrafish mutations affecting endoderm development havieduced in wild-type but not in MZep embryos upon ectopic
opened the way to a definition of the genetic hierarchy bpon/mixerexpression. Last, we have analysed the activities of
which Nodal-related signals control this process (Alexandecaswhen overexpressed in zebrafish embryos and determined
and Stainier, 1999). In zebrafish, endoderm progenitoritss requirements for defined components of the Nodal
originate from the margin of the embryo and involute soon aftesignalling pathway. We show thatas can induce early
the onset of gastrulation (Dickmeis et al., 2001a; Warga anendodermal markers and repress mesodermal markers in wild-
Nusslein-Volhard, 1999). Once involuted, they expsessl7  type embryos, and can change the fate of early blastomeres to
andfoxa2(previously known as axial/HNE3 (Alexander and endoderm. The cagene can also rescue early endodermal
Stainier, 1999; Strahle et al., 1993). Downstreancyaf sqt markers missing in oe@nd bon/mixer embryos, but late
andoep, three genes have been defined at the molecular lewkiferentiation of endoderm requires partial activation of Nodal
(bonnie and clydébon), faust(fau) and casanovéas)) that  signalling in addition tocas overexpression. Thus, our data
are required for the expression sx17and foxa2 and for allow us to place cawithin the Nodal signalling pathway
endoderm development. Tieu and bongenes require Nodal downstream of bomnd demonstrate that caan induce an
signalling for their expression and encode a Gata5-related aetidodermal fate and differentiation, but requires additional
a Mixer-related protein, respectively (Kikuchi et al., 2000;elements of the Nodal signalling pathway to do so.
Reiter et al., 1999). Mutantsfau have fewer endodermal cells
and bon mutants lose most of them (Reiter et al., 2001).
Overexpression of pon/mxgnan induce a small number. of MATERIALS AND METHODS
endodermal progenitors Byc;sqtdouble mutants, suggesting
that bon/mixeracts downstream of Nodal signals (Kikuchi et o embryos

al., 2000). Théau/gatasand bon/mixegenes act in parallel Adults were maintained as described by Westerfield (1994). Wild-type

on endoderm formation becadmj;bondou_ble mutants have nd mutant embryos were obtained by natural crosses of wild-type
a stronger endodermal phenotype than single mutants and tj,‘]a@] and homozygousep?’, heterozygousor™25or heterozygous

combination of bon/mixeand fau/gatadRNA induces more  faus26mutant fish, respectively (Chen et al., 1996; Hammerschmidt et
endodermal cells than either RNA alone (Reiter et al., 2001)al., 1996). Embryos were maintained and staged according to Kimmel
The casgene is required for endoderm formation, becauset al. (Kimmel et al., 1995).
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Cripto production and purification probably as a consequence of involution movements (Fig.
Recombinant Cripto protein was produced in cell strain 293 as 4K,W). In addition, on the dorsal side of the embryas is
histidine-tagged fusion protein lacking Cripto amino acid residuestrongly expressed in a group of marginal superficial cells,
+156 to +172 and purified from the conditioned medium by metalvhich do not appear to involute and probably represent the so-
chromatography. called forerunner cell cluster (Cooper and D’Amico, 1996;
Microiniecti Melby et al., 1996). During gastrulation, except for the
icroinjection . . . .
forerunner cells, embryonic expression is found only in cells

Capped RNAs were synthesized with SP6 polymerase using t e . ;
MMESSAGE mMMACHINE SP6 kit (Ambion) from pCS2cas, & a deep position, abutting the YSL, which eventually scatter

PSP6ATtar*, pCS2gfp, pCS2nls-lacZ, pCN3Xmixer or pSport-zgata$Ver its surface (Fig. 10,S,X,Y). Evidence that these cells are

that carries a full lengtfau/gataScDNA obtained during a screen for Of endodermal nature comes from their flat, star-shaped
Nodal-inducible genes (Dickmeis et al., 2001b). Purified RNA@pPpearance and from their scattered distribution over the YSL

solutions were injected into wild-type or mutant embryos at the 1/4¢Alexander and Stainier, 1999; Warga and Nusslein-Volhard,
cell stage (2 nl) or into one marginal blastomere at the 8/16-cell stade999).

(100 pl) with 0.1% phenol red. In some injectiog§ or nis-lacZ To understand the spatial and temporal relationships
RNA were added as lineage tracers. We verified that Xmixer RNAyetween cas expression and endoderm development, we
was able to rescue endoderm markersdnembryos. compared the cas expression pattern to thoseonfmixer,

fau/gata5 and sox17 which have important functions in
endoderm development. First, bon/mixerexpressed before
\Fas, at the sphere stage on the dorsal side, both in the YSL and

Whole-mount in situ and immunohistochemical staining

Two-colour  whole-mount  in  situ hybridization  and
immunohistochemical staining were performed as previousl

described (Hauptmann and Gerster, 1994). In a ring of marginal cells that expands at 40-50% epiboly to
generate a continuous ring encompassing six tiers of marginal
Grafting experiments cells (Fig. 1A,E,l) (Alexander and Stainier, 1999; Kikuchi et

Donor embryos were injected at the four-cell stage into onal., 2000). At the shield stage, expression stops (Fig. 1M,Q).
blastomere with gfi§80 pg) and nis-lacZ120 pg) RNAs as lineage Expression of fau/gatainitiates slightly later than that of
tracers, either alone or combined with t4f2 pg) orcas (40 pg)  bon/mixer(dome stage) in both the YSL and a ring of marginal
RNAs. At sphere stage, 1-20 donor (green) cells were grafted to t'?%lls, in a pattern similar to bon/mixefata not shown) (Reiter
margin or to the animal pole of hosts (Ho and Kimmel, 1993)¢¢ 51 2001; Rodaway et al., 1999). At 40% epiblaiy/gatas
Emi)ryos were then cultured |nlembryo medium with penicillin 10 UiS eipresséd in the Whol’e depth of the blastoderm and
mi~and streptomycin 10g mf=. encompasses four tiers from the margin (Fig. 1B,F,J). At the

end of gastrulationfau/gata5-positive cells have adopted a

RESULTS position and a shape typical of endodermal cells (Fig. 1R and
) o ) data not shown). Comparison of tlvas early expression

The casanova gene is expressed within prospective domain with those obon and faushows that borinitiates

endoderm progenitor cells expression before camd fau, and that cds expressed in a

The cas gene is first expressed in late blastulae (dome-30%ubdomain obon-and fau-positive cells.
epiboly stage) in a group of superficial dorsal marginal cells Thesox17gene is first expressed at 40% epiboly, in a group
(Dickmeis et al., 2001a). At this stage and during the wholef superficial dorsal marginal cells (Fig. 1D,H). This pattern is
gastrulation processasis also expressed in the YSL (data notmodified at the shield stage, when two different populations of
shown). About 40 minutes later (40% epiboly), distinct cellularsox17-positive cells can be observed: the forerunner cells and
tiers are discernible from vegetal to animal positions, with tier & group of dorsal deep endodermal precursors (Fig. 1P). Later
corresponding to the first row of cells at the blastoderm margion, sox17cells adopt a shape and position very similacas
and tiers 2 and higher residing further from the margin. At thigells (Fig. 1T). Thuscasis expressed before soxand in a
stage,casexpressing cells occupy a superficial position withinvery similar blastodermal domain.
tiers 1-4 (Fig. 1C,G,U,V). Expression is mosaic and is observed Expression of casrepresents an interesting basis for
preferentially in cells located close to the margin, with a higheunderstanding the molecular mechanisms leading to the cell
frequency on the dorsal side of the embryo. This spotted pattefate choice between mesoderm and endoderm. Both endoderm
is reminiscent of the endoderm fate map established in laBnd mesoderm require functional Nodal signalling and are
blastula (40% epiboly). Indeed, marginal cells located withirinduced by Nodal signals. Howeveasis expressed in only a
tiers 1-4 are fated to become endoderm, mesoderm or both, tsraall region of the bon/mixeand fau/gata5expression
probability of populating the endoderm increasing with thedomains before gastrulation, strongly arguing that specific
proximity from the margin and from the dorsal side of the latenechanisms are involved in ensuring proper differential
blastula (Dickmeis et al., 2001a; Warga and Nusslein-Volhardnitiation of these markers. In particular, whereas fau/gata5,
1999). Because cas required cell autonomously for endoderm bon/mixerandcasall require and may be induced by Nodal-
development from blastula stages on, the similarity in the earlyelated signals, additional mechanisms, yet to be defined, must
cas expression and the expected position of endodermdle postulated to explain the restrictiorcasinitiation to a few
precursors strongly suggest thaas expression already marginal cells.
delineates some of the endodermal precursors. . ) ) .

At the onset of gastrulation (50% epiboly), the mosaic caExpression of casanova requires Nodal signalling
expression pattern is maintained but cas-positive cells a@nd is induced cell autonomously upon Nodal
found closer to the margin and a significant proportion of th&ctivation
cells are now found in deep positions, abutting the YSLThe casgene is not expressed in M&p embryos and thus
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requires Nodal signalling (Dickmeis et al., 2001a). We studiedttenuated Nodal signalling is sufficient to allow mesoderm but
whether the transient activation of the Nodal pathway inducedot endoderm formation.

by an early Oep function was sufficient to induce a normal Expression of cawithin the blastoderm is induced upon the
level of casexpression. Expression ohs was analysed in activation of the Nodal pathway by Tar* (Dickmeis et al.,
embryos devoid of zygotic oegontribution (Zoepembryos) 2001a). This induction could be either cell autonomous or non-
(Schier et al., 1997; Strahle et al., 1997). In late blastula (40%ell autonomous. To address this issue, we microinjected an
epiboly) and during gastrulation, 0Zd?>7 homozygous RNA encoding the lineage tracels-lacZ (100 pg) alone as a
embryos had either a dramatic reduction of the numbea®f control or combined with tarRNA (1.2 pg) into early donor
expressing cells or no expressing cells at all within thembryos. At the late blastula stage (sphere stage), small groups
blastoderm (Fig. 2A-D). Thus, similar to the expression of thef cells were transferred from donor embryos to the animal pole
endodermal markers soxlahd foxa2and the endodermal region of host untreated embryos, which were allowed to
differentiation markefkd7 (foxal)casexpression requires oep develop until mid-gastrulation, fixed and stained for the
function and Nodal signalling. However, the early transienexpression of caand of the lineage tracer. This showed that
Nodal signalling, associated with the matemm@pbexpression tar* but not lacZinduced the expression csin grafted cells

is not sufficient to ensure full caxpression (Alexander and but not in host cells (Fig. 2E,F). Thus, consistent with the
Stainier, 1999). By contrast, previous work has shown thandodermal expression cdsand the autonomous induction of
most mesodermal derivatives form normally in Zeepbryos endodermal progenitors by Tar*, caspression is induced in a
(Schier et al., 1997; Strahle et al., 1997), indicating thatell autonomous fashion by activation of the Nodal pathway.

Endoderm formation and casanova
bon/mixer fau/gatas cas sox17 expression require sustained Nodal signalling

C D The analysis of zygotioep mutants indicates that

F attenuated Nodal signalling is not sufficient to allow
endoderm development. MZoepmbryos do not
develop endoderm. We wished to know when activation

of Nodal signalling would be required to allow
endoderm development in these mutants.

MZoep embryos can be fully rescued by
microinjection of an RNA encoding a soluble form of

A

40%

40%

Fig. 1. Dynamics of expression dbn/mixer, fau/gata5,
casanovand sox17 genes in wild-type embryos at 40%
epiboly (A-H), 50% epiboly (I-L), shield (M-P) and 70-80%
epiboly (Q-T) stages. (A-D) Animal pole views; (E-T)
lateral views, dorsal to the right. At 40% epiboly, whereas
bon/mixer(A,E) and gata5/faB,F) are homogeneously
expressed in large marginal domains, casameysession is
mosaic and preferentially restricted to the most marginal
blastomeres of the dorsal side (C,G). At this stagel7is
expressed only in the superficial and marginal cells of the
dorsal side (D,H). At 50% epiboly, expression patterns of
bon/mixer(l), gata5/fau(J) and sox1{L) are roughly
unchanged. Theasanovagattern is still mosaic but it is
found throughout the margin and in the forerunner cells (K).
At the shield stage, bon/mix@vl) and gata5/fayN) are
expressed in more germ ring blastomeres. Cells expressing
casanovaiave begun to involute and abut the YSL, except
the forerunner cells, which remain superficial (O). The
sox17gene is expressed in deep cells abutting the YSL in
the dorsal axis (P). After the onset of gastrulation, bon/mixer
(Q) is no longer expressed, wheréaggata5(R), casanova
(S) and sox1{T) are expressed in the scattered endodermal
cells (arrowhead); casanoyd) and sox1{T) are still
expressed in the forerunner cells. (U,V) Close up of the
mosaic pattern of casanogathe dorsal margin (U) and
lateral margin (V) of embryos at 40% epiboly stage (notice

shield 70-80% the isolated blastodermal cas-positive cells (arrowheads); the
X _ b dotted lines mark the YSL-blastoderm frontier).

" ~ (W-Y) Cross sections of embryos following whole-mount in

50%

shield

\

L Y situ hybridization with casanovat 50% epiboly (W), shield
_ (X) and 70-80% epiboly stage (Y), animal pole up (arrows
N\ - i point to YSL nuclei). Theas positive cells involute at the
' - margin, abut YSL and spread over the whole embryos with a
scattered pattern.
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Oep into their YSL (Gritsman et al., 1999), or by injecting aembryos (Fig. 3B,F,J). Class Il embryos have a reduction in the
purified recombinant preparation of soluble Cripto protein intaaumber of expressing cells whereas class Il exhibit a further
the extracellular space (Minchiotti et al., 2001; Minchiotti etreduction of expressing cells (less than 50) and class IV exhibit
al., 2000; Reissmann et al., 2001). We reasoned that Criptery few, if any, expressing cells (Fig. 3C-E,G-1,K-N). When
protein injection should readily allow the initiation of Nodal Cripto was injected before or at the sphere stage, full
signalling in these embryos because it restored the early markestoration (class 1) was achieved, indicating that Nodal
bon/mixerin MZoepembryos within 1 hour from the injection signalling is not essential for endoderm development before
time (data not shown). We then tested when expression diis stage (Fig. 4A-C). Injections at dome stage led to a
Cripto protein was able to rescue endoderm development imoticeable shift to class Il and Ill embryos (Fig. 4A-C).
MZoep embryos. Cripto protein or bovine serum albumininjections at 40-50% led to very weak rescue (Fig. 4A-C).
(BSA), as a control protein solution, was injected into theSimilarly, analysis of fkd&xpression at 30 hpf showed that
extracellular space of early to late MZddpstula, which were  Cripto protein injection before or at the sphere stage led to full
allowed to develop until mid- to late gastrula stages (70-80%escue of fkdendoderm expression, whereas injection at a
epiboly) or 30 hours postfertilization (hpf) and were probedater stage led to a progressively poorer rescue (Fig. 30-S, Fig.
with the early markers cas, soxtv foxa2, or the endoderm 4D). In these experiments, posterior mesoderm markers such
differentiation markefkd7. Control injections never led to any as the expression of foxaR the axial mesoderm during
rescue (not shown). On the contrary, injections of solublgastrulation (Fig. 3J-M, asterisk, 98%&42) or the marker for
Cripto protein rescued endoderm development in a dose- awlifferentiated somites myolvere efficiently rescued (not
time-dependent fashion. All kinetics experiments were carriedhown, 100%, n=34) up to the onset of gastrulation (40-50%
out with 2 ng Cripto protein, a dose ten times higher than thepiboly). Thus, transient Nodal signalling allowed by the
minimal dose required to induce full endodermal andmaternal oep contribution or by injection of Cripto at
embryonic rescue. Four classes of embryos can be recognizeegastrula stages is sufficient to ensure mesoderm
according to their degree of endodermal marker restorationlevelopment but sustained Nodal signalling is required to
Class | embryos cannot be distinguished from wild-typeachieve proper endoderm development.

Expression of casanova requires Bon/Mixer function
To understand in more detail the regulation of eaxl

A e B -
: endoderm development, we analysed whetasrexpression
[ : was dependent on downstream components of the Nodal
“ ' ) signalling pathway. The number of cells expressiagwas

dramatically reduced in the blastoderm of bon/meabryos
1 both before gastrulation (40% epiboly) and at the end of
wt 40% Zoep 40% gastrulation (tail bud) (Fig. 5C-F). Expressioncaswas also
c D : variably and slightly decreased in fau/gata5 embryos (Fig.
5A,B). Thus,cas expression requires Bon/Mixer function and,
\ to a lower extent, fau/gatafinction. Furthermore, we tested
2 a whetherbon and/orfau/gata5could induce cagxpression in

wild-type embryos and whether bon/mixar fau/gata5 and
cas could induce each other in M2&p embryos, in which

™ - expression (Fig. 5G,H). Overexpressiorfaf/gataSwas also

& - able to induce ca®xpression but the induction appeared
ﬁ weaker and more variable (data not shown). Thus our results

confirm that bon/mixeand fau act upstream of cas the

Nodal signalling pathway controlling endoderm formation

Fig. 2. Expression of casanovaquires Nodal signalling. (Alexander and Stainier, 1999). However, neitkarixernor

(A-D) Expression of casanow@quires zygotic contribution of oep. ~ fau/gataSinduced cas expression in MZoegmbryos (Fig.
(A,B) Animal pole views, dorsal to the right. (C,D) Dorsal views. 51, and data not shown). We note, however, that the

wt 70-80% Zoep  70-80% Nodal signalling is inactive. Expression cés induced fau
E Fo (Dickmeis et al., 2001a) but not bon/mixeMZoepembryos
'q (data not shown). On the contrary, overexpressioXmixer

in wild-type embryos led to a robust induction oés

® + lacZ lacZ + tar*

Compared with wild-type controls (A,&asanovandodermal combination of these two factors induced, in a small number
express_,ion is not ini_tiated or maintained in blastula (B, 40% epiboly)of MZoep embryos a few casexpressing cells, which
nor during gastrulation (D, 70-80% epiboly)dnephomozygous remained in the epiblast (Fig. 5K,L). Altogether, these results

mutants. Expression in the forerunner cells and YSL is not affected.gyggest that other factors are required in addition toaoan
(E,F) Induction of casipon Nodal signalling activation is cell fau, acting downstream of Nodal signals, to specify and

autonomous. In late blastula, a few wild-type cells expresggig s . . }
lacZ alone or combined wittar* were transplanted to the animal maintain the proper number of cespressing cells (Fig. 5I-L
) and data not shown).

pole of a host wild-type embryo. During gastrulation (60% epiboly
tar* expressing cells transplanted to the animal pole (brown nuclear
staining) autonomously expresasanovgF; 96%, n=93) whereas Casanova controls endoderm fate

control cells do not (E; 100%=12). Our understanding afasfunction for endoderm development
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80% 24hpf
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Fig. 3. Rescue of endodermal markers inddgby Cripto protein injection at different times. (A) Experimental procedure. Synchronized
MZoepembryos were injected with Cripto protein together with rhodamine dextran as a tracer at appropriate stages (from high to 40%
epiboly). Subsequently, embryos exhibiting homogeneous rhodamine fluorescence were sorted, fixed and analysed by in situ hybridization
(B-S). (B-N) Lateral (C-E,G-1,N) or dorsal views. At 80% epiboly, four different classes of expression patter(BoEyasox17F-I) and

foxa2(J-N) can be identified in Cripto-injected MZoembryos. When Cripto was injected at 40% epiboly, most embryos do not erpass

in endodermal cells but still express it in axial mesoderm (M). (O-S) Stainfikd@ih Cripto-injected MZoegmbryos at 30 hpf. Anterior to

the left. Four classes were also defined. (O) Class | exhibits almost normal exprefigi@inahe pharynx (white arrow) and in the gut (black
arrow). (P) Class Il exhibits incomplete expression of fkd7, often lacking the pharyngeal endoderm (white arrow) but have an almost normal
expression in the gut (black arrow). Class Il has only afkel@positive cells (Q, arrow). Class IV shows no endodermal $kaiiing (R,S).

is still partial. Expression of caappears essential to the casRNA appeared to populate the notochord and prechordal
endoderm versus mesoderm fate choice, but we needed plate less frequently, but to populate the pharyngeal endoderm
determine whether casuld induce a consistent change of fate(Fig. 6D, arrowhead) and the forerunner derivatives more
of marginal cells to endoderm. To address this issue, wieequently (Cooper and D’Amico, 1996; Melby et al., 1996).
injected the RNA encoding the lineage tracer green fluoresce@blonization of neuroectoderm was not affected by the
protein (GFP) alone, as a control, or combined w#eRNA  presence of cas RNA. In the second strategy, a small group of
and analysed the fate of the expressing cells with two differemlls from injected embryos were grafted to the margin of host
strategies. In the first strategy, injections were carried out inntreated blastula (sphere stage) and their fate was analysed at
one marginal cell at the 16-cell stage (Bally-Cuif et al., 200024 hpf. Grafts from control cells mostly colonized mesodermal
Peyriéras et al., 1998). Clones of control marginal cellsissues (Fig. 6B,C) but a fraction of the embryos (30¢4,7)
colonized mostly mesodermal tissues and, to a much smallexrhibited some grafted cells in the endoderm derivatives such
extent, endoderm and ectoderm. For instance, dorsal clonas the pharyngeal endoderm and the gut (not shown). This
mostly populated the notochord, the prechordal plate and theaction increased significantly (58%, n=20) when grafted cells
neuroectoderm (Fig. 6A). By contrast, dorsal clones expressingere derived from cas RNA injected embryos and more grafted
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Fig. 5. Expression of bon/mixés required for casanovexpression.

' (A,B) Dorsal views, 70-80% epiboly. Compared with the control (A),
class (11 W O 21V casanovds normally expressed in most faustitant embryos, but is
sometimes slightly reduced (B). (C,D) Lateral views, 40% epiboly.
(E,F) Dorsal views, tail bud. Compared with the control (C,E), there
corresponding to the four classes described in Fig. 3. Full rescue &€ many fewer casositive cells in bomutant er_nbryos from Iate_
(Classpl) Wasgpredominantly observed until spher?e stage. ReductionbIaStLIIa (D) to late gastrula (F). (G-J) Dorsal views, 70-80% epiboly.

of the number of endodermal cells expressiag, sox1or foxa2 Compared with the control (G,1), Xmbeverexpression increases
was observed when Cripto protein was injected at dome (Classes IIE)het nu:nb?\;%f cells fxptres?ngKCﬁs%nmvT;/_lld-ttype ?n;br}gd(H)
and IIl). At 40% epiboly, Cripto protein was not able to induce thesef u /no |r51 L €p mutan 'Sh( )- ( ’I)K gn; ination Of mi b
markers in almost all injected embryos (Class V). Embryos probed al; gatia (L, compare with control K) induces, in a few embryos
for foxa2show that axial mesoderm but not endoderm was rescued (5%, n=20), a very small number of qaasitive cells, which never
when Cripto protein was injected at 40% epiboly (Fig. 3M). reach the YSL.

Fig. 4. Frequency of endodermal markers rescue irobfiby
Cripto-injection at different times, displaying the frequencies

cells appeared to populate endoderm than control grafts (Figxpression of casanova induces endodermal

6E,F). However, the bulk of grafted cells still populated mostlynarkers and represses mesodermal markers

mesodermal tissues (Fig. 6F). Thus, eggression is sufficient To understand howascauses the observed change of cell fate,
to induce some marginal cells to acquire an endodermal fateve injected casfRNA or nis-lacZ RNA as a control into one
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Fig. 6. Expression of cagepresse:
mesodermal markers, induces
endodermal markers and can
change the fate of cells to an
endodermal identity.

(A-F) Anterior to the left, dorsal t
the top. (A,D) Clonal progeny of
one marginal blastomere injecte
with gfpalone (A) or combined
with cas(D) RNA at the 16-cell
stage. At 24 hpf, expression cds
leads to a more frequent
colonization of endodermal
territories, like pharynx
(arrowhead in D). (B-C, E-F) Thi
ability to change the cell fate wa:
confirmed by transplant
experiments. By blastula stage, .
few cells expressing only tiggp
gene (B-C) or botlgfpand cas
(E-F) were transplanted to the
margin of host embryos. At 24 h
cells expressing canore
frequently became involved in
endodermal derivatives such as
pharynx (E) and gut (arrowhead
F). Dorsal (G-H, O-P) and anime
pole (I-L, Q-R) views of shield ar
75% epiboly embryos.

(G-L) Compared with the lacZ
injected siblings (G,1,K), injectior
of casRNA at the 8/16-cell stage
induces expression of endodermr
markers sox1H; 100%, n=23),
foxa2(J; 92%, n=12) and gata5
(L; 93%, n=15). (M,N) This
induction is cell autonomous, as
revealed by transplant experiments (the nuclei of grafted cells has been stained in brown by immunodetection efjaladezsifase, used
as a lineage tracer). By contrast, mesodermal markdi®,®) and tbx§Q,R) are repressed by overexpressiooasf{arrowheads in P and R;
86%, n=21 and 78%, n=18, respectively). Conversely, overexpressititefresses casxpression at the margin (arrowhead in T, compare
with S).

+ lacZ

central or one marginal cell at the 8/16-cell stage in wild-typalso tested whether overexpressionntif would affect cas
embryos and analysed the expression of early endodermefpression. Consistent with the abova] inhibited the
markerssox17 fau/gata5 foxa2and mesodermal markers thx6 blastodermal expression of cas (Fig. 6S,T), suggestingnthat
and the Brachyury orthologugl (Hug et al., 1997; Schulte- andcasare involved in cross-regulatory interactions, probably
Merker et al., 1993). Overexpression of nls-latd not alter leading to the generation of mutually exclusive domains during
the expression of any of these markers (Fig. 6G,I,K,0,Q)gastrulation. Altogether, our results @as overexpression
However,casexpression in marginal cells led to an increasedhow that it acts at gastrulation in marginal cells to activate
number of endodermal cells expresssuxl7, gatasand/or endodermal and forerunner specific genes autonomously and
foxa2 (Fig. 6H,J,L). By contrast, ectopic expression ofto repress mesodermal specific genes.

endodermal markers in embryos injected in central cells was ) ) o

only transient, probably reflecting the requirement forEXxpression of casanova restores late differentiation
additional marginal signals in endoderm specification (data n&f endoderm but requires functional Nodal

shown). Induction was cell autonomous because, vdasn signalling

expressing cells were grafted to the margin of host embryo8ye then wished to know whetheas alone was sufficient to
grafted cells but not neighbouring cells expressed thellow an endodermal fate choice downstream of Nodal
endodermal markers (Fig. 6M,N). In addition, consistent wittsignalling. To this aim, caBNA was injected at the 8/16-cell
the fact that, in Xenopus, endoderm specification genestage into one marginal cell of MZd&3 embryos, Zoeg>’ or

can repress mesodermal genes (Lemaire et al., 1888), bon™25homozygous embryos. Embryos were probed during
expression led to the downregulatiortm{6and ntlexpression  gastrulation with the endodermal markeox17and foxa2 or

in the blastoderm (Fig. 6P,R). Because the overexpression af 24 hpf with the endoderm differentiation marker fkd7.
thentl homologXbraleads, in Xenopus, to the downregulationExpression of casvas able to restore the early endodermal
of the endodermal marker mix.1 (Lemaire et al., 1998), wenarkerssox17andfoxa2in MZoep, bon/mixe(Fig. 7H-O) and
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Fig. 7.Expression of casanovascues late differentiation of endoderm and early endodermal marker expressioarid bepmutants.
Compared with 24 hpf M@ep(A), Zoep(B) and born(C) controls, which are deficient in endodermal structures and in the endodermal
differentiation markefkd7, casanovaverexpression can sometimes restore the differentiation of pharynx in Mzdgapts (D) (11%, n=97)
and efficiently restores differentiation of pharynx and gut in Z&p) (88%, n=42) and banutants (G) (100%, n=17), as evidencedkuy
expression (arrowheads). Overexpression of casaslgwancreases the number of cells expressing the early endodermal reexit&end
foxa2in MZoep(H-K) and bon(L-O) embryos.

Zoepembryos (not shown). Thusasdoes not require active gastrulation. In older embryos, wherezss expressing wild-
Nodal signalling or Bon/Mixer function to induce these earlytype cells could significantly populate endodermal derivatives
endoderm markers. Becausasis induced bybon/mixerand  such as the gut and pharyngeal endoderm (Fig.c&3,
requires Bon/Mixer function to be expressed, this places caxpressing MZoegells were unable to do so except very
activity downstream of bon/mixém endoderm formation. infrequently (Fig. 8E). Thus Nodal signalling is required at
We obtained different results when analysing the marker fkdTfeast within casexpressing cells to allow them to populate
Endodernfkd7-positive structures were efficiently restored uporendodermal derivatives. Altogether, our results show dhst
casoverexpression in Zoegmbryos (Fig. 7B,E,F; 88%=42), acts on the cell fate decision between endoderm and mesoderm
but were not in MZoepembryos (Fig. 7A,D; 11%n=97). by activating early endoderm markers independently of Nodal
Similar results were obtained with late pharyngeal endodermsignalling. It also restores endoderm differentiation in
markersfoxa2 and shh (data not shown)Becausebon/mixer  endoderm deficient mutants but this restoration requires, in
embryos do not differentiate endoderm bod/mixelis strongly an autonomous fashion, some active Nodal signalling
downregulated in MZoepembryos, this downregulation of independently of Bon/Mixer function.
bon/mixercould be responsible for the failure adsto restore
late fkd7 endodermal expression. Howevelkd7-positive
endodermal structures were also restordzbmmixerembryos  DISCUSSION
overexpressingas(Fig. 7C,G). Thusgascan restore endoderm
differentiation in endoderm deficient mutants but thisExpression of cas and endoderm formation require
activity requires a component activated by Nodal signallingustained Nodal signalling
independently of Bon/Mixer function. We wished to determine when Nodal signalling should be
We then determined whether Nodal signalling was requiredctivated to ensure endoderm development. Oep function was
within casexpressing cells to allow endoderm differentiation.activated in MZoepembryos at precise time points by
The lineage tracer gfiRNA was injected alone or together with microinjection of Cripto protein into the extracellular space.
casRNA into MZoepor wild-type embryos and few or single Several conclusions can be drawn from these experiments.
cells were grafted at mid-blastula stages from injected embrydsrst, consistent with the fact that embryos with only zygotic
at the margin of host wild-type embryos (Fig. 8A,B). Duringoep contribution develop normally, reintroduction in &&p
gastrulation and independent of the genotype or the RNmutants of Oep function and Nodal signalling, after the onset
injected, grafted cells involuted and a portion of them remainedf zygotic transcription, allowed the restoration of endoderm
in contact with the YSL (Fig. 8C,D), thereby adoptingdevelopment (Gritsman et al., 1999). Second, the degree of
the expected position of endodermal progenitors duringndoderm restoration was time dependent, leading to poorer
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Fig. 8. Functional Nodal signalling is
required cell autonomously to allow C.
to change the cell fate. (A) Experimen
procedure. MZoepr wild-type embryos
were injected with a lineage tracer (df]
for MZoep embryos and rhodamine fo
wild-type embryos) alone or combinec A Ads T thod
with casRNA. By the blastula (sphere- Torgfp or rhod
dome stage), one mutant cell and one

wild-type cell were transplanted to the D
margin of a wild-type host (B). During
gastrulation, both mutant and wild-typ
cells, expressing caw not, involute anc
remain close to or in contact with the
YSL (C,D). The dotted line indicates tl
position of the margin. (E) Anterior to wt

the left, dorsal to the top. At 24 hpf, Msioep
MZoepcells hardly ever took part in

endodermal derivatives (only six intestinal cells in one embryo, out of 24 embryos), whereas wild-type cells expefssipugntly
participated in the endoderm (58%, n=31; Fig. 6). Abbreviations: s, somites; y, yolk.

.~ , wi
LY N el MZoep

rescue when Cripto was injected at progressively later stagescting downstream of Nodal signalling. During gastrulation,
In this process, the expressioncasand of other endodermal fau/gata5embryos exhibit a variable reduction in the number
markers exhibited a strong correlation, showing that thepf cas endodermal cells. Thus, similar to sox17, fau/gata5
obeyed similar regulatory mechanisms. These results are @ppears required for the proper expression of cas. However, the
good agreement with the fact that @ads upstream of sox17 reduction in the number of cells observed is modest, suggesting
and is required for the endodermal expressionfoxd?2 and that, similar to what has been proposed for the regulation of
fkd7 (Alexander et al., 1999; Alexander and Stainier, 1999)sox17, fau/gatab may act in parallel with other genes,
Expression of casand endoderm development were fully downstream of Nodal-related genes, to controlecgeession
restored when Cripto was injected before or at the sphere stagBeiter et al., 2001).
demonstrating that Oep function and Nodal signalling are not The bon/mixergene is also required for caxpression.
required for endoderm development before this stage ioddZ Consistent with the requirement for bon/mixer, overexpression
embryos. Consistent with this ideayc and sqgtbegin to be of Xmixer increased the number of cas-expressing cells in
expressed throughout the margin at this stage in wild-typaild-type embryos. However, two sets of evidence lead us to
embryos, suggesting that endoderm formation also requirgmstulate the implication of an additional Nodal signalling
Nodal signals from the sphere stage in wild-type embryosomponent in the induction afas. First, bon/mixeembryos
(Feldman et al., 1998; Rebagliati et al., 1998; Sampath étarbour, during gastrulation, a fewas expressing cells.
al., 1998). Moreover, botlsgt and cyc expressions are Although this could mean thabrm425is not a null allele, it
downregulated during this crucial period of development ircould also suggest the existence of another gene acting in
MZoep embryos, providing an explanation for the absence oparallel to bon/mixeto induce cas. Second, and consistent
endoderm (Meno et al., 1999). with the latter hypothesis, overexpression of Xmis&nnot

In these experiments, mesoderm and endoderm exhibitéaduce cas expression in MZoepgmbryos. Thus, although
different requirements: past the 40% epiboly stage, mesoderon/mixer clearly acts upstream of cand appears to be
could still be restored whereas endoderm could not. Thusapable of inducing its expression, it requires additional factors
whereas transient Oep function and Nodal signalling aractivated by Nodal-related signals to do so. Such factors
sufficient for mesoderm formation, sustained Oep function iprobably include fau/gatabut probably also other partners,
required to ensure endoderm development. This differentiddecause combined expressionfaui and Xmixelis unable to
requirement for Nodal signalling in the development ofrescue a normal number of caspressing cells, in deep
endoderm versus mesoderm was also observed upgosition, in embryos deficient in Nodal signalling.
attenuation of Nodal signalling by overexpression of the Nodal ) ) o )
antagonist antivin/lefty. Antivin/lefty inhibited endoderm Expression of casanova is sufficient to induce early
formation at low doses and mesoderm formation at highegndoderm and to repress early mesoderm markers
doses (Thisse and Thisse, 1999). This different requirement fdihe overexpression of cassufficient, in the absence of Nodal
Nodal signalling can be explained in terms of dose or time daignalling, to induce the endodermal markex17 (Dickmeis
exposure, or both (Dyson and Gurdon, 1998; Gritsman et akf al., 2001a). This may mean either that isas regulator of
2000). Whatever the mechanism involved, our results clearlyox17 or has a wider function in the induction and/or
show that activation of the Nodal signalling cascade atlifferentiation of endoderm. Here, we provide the evidence
the proper time is a crucial factor for proper endodernthat cas has a more general role in endoderm formation,

development. downstream of Nodal signals. First, we show that
] overexpression ofcas is sufficient to induce several
The bon/mixer gene acts upstream of cas endodermal markers. This induction is cell autonomous,

We have examined the requirements for specific componentsnsistent with the fact that botas and sox17are induced
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autonomously by Tar* (this work) (David & endoderm formation

Rosa, 2001). Second, the induction of € bon/mixer sox17

endodermal markers is also observec _ / fa“/f(’ftﬁ ——> casanova ——>"_ ., \

MZoep embryos, so casan function in th ~ Nedal signals ' dimdoderm
absence of Nodal signalling, extending %Cpfg, ¥ pathway / i er?‘l? d|? ion
previous results (Dickmeis et al., 200:

Third, the induction of early endoderr  Fig. 9. A model for endoderm formation and differentiation, adapted from Alexander
markers by cas does not require Bon/M  and Stainier (Alexander and Stainier, 1999). Our work suggests the involvement of an
function. Altogether, our results show that  unknown factor (X) acting with bon/mixand fau/gata%or casinduction, and it also

acts downstream of boim the induction ¢ shows the requirement for an independent Y pathway induced by Nodal signalling to
endodermal markers. We also show tba¢  @allow proper endoderm differentiation.

overexpression leads to the inhibition of

expression of the mesodermal marketisand tbx6. Whether We thank R. Ho and J. Kanki for introducing us to the grafting
the inhibition of mesoderm formation is mediatedchgitself technique, L. Henry for providing the Xmixer plasmid construct, F.
or by a gene acting with or activated tgsremains unclear Bouallague for fish maintenance and many colleagues, including J.
because none of Soxl?yfau/gatasmzhave been reported Mathieu and S. W||Son, who prOVIded pI’ObeS, fish strains and

kil ; ; ; lasmids for injections. This study was supported by grants from
to inhibit mesoderm formation. Thus, consistent with the faC;iRC, LNCC, the ltalian AIRC (to G.M.P), MRE and an EMBO

that marginal cells normally fated to endoderm have their fa Short-term fellowship to G.M. While the present work was under

changed to mesoderm in-the "?‘bsef‘ce °f.a""%‘5’.‘W' cas review, the work of two other groups was published describing the
appears to achieve a dual function, i.e. to inhibit mesoderoning of casanovéKikuchi et al., 2001; Sakaguchi et al., 2001).
formation and to induce endoderm formation.
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