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Early endoderm formation in zebrafish requires at least three loci that function downstream of Nodal signaling
but upstream of the early endodermal marker sox17: bonnie and clyde (bon), faust (fau), and casanova (cas).
cas mutants show the most severe phenotype as they do not form any gut tissue and lack all sox17
expression. Activation of the Nodal signaling pathway or overexpression of Bon or Fau/Gata5 fails to restore
any sox17 expression in cas mutants, demonstrating that cas plays a central role in endoderm formation. Here
we show that cas encodes a novel member of the Sox family of transcription factors. Initial cas expression
appears in the dorsal yolk syncytial layer (YSL) in the early blastula, and is independent of Nodal signaling. In
contrast, endodermal expression of cas, which begins in the late blastula, is regulated by Nodal signaling. Cas

is a potent inducer of sox17 expression in wild-type embryos as well as in bon and fau/gata5 mutants. Cas is
also a potent inducer of sox17 expression in MZoep mutants, which cannot respond to Nodal signaling. In
addition, ectopic expression of cas in presumptive mesodermal cells leads to their transfating into endoderm.
Altogether, these data indicate that Cas is the principal transcriptional effector of Nodal signaling during

zebrafish endoderm formation.
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Vertebrate endoderm formation has recently been the
focus of intense investigations. In the late blastula stage
zebrafish embryo, endodermal cells form in the four
most marginal blastomere tiers (Warga and Nusslein-
Volhard 1999), and involute early during gastrulation to
occupy the deep hypoblast, directly overlying the extra-
embryonic yolk syncytial layer (YSL; Warga and Kimmel
1990). During gastrulation, the endodermal cells are rec-
ognizable by their characteristically large size and flat
morphology, distinct from the smaller, rounder mesoder-
mal cells (Warga and Nusslein-Volhard 1999). Starting at
the onset of gastrulation, endodermal cells express
sox17, a high-mobility group (HMG) domain transcrip-
tion factor gene (Alexander and Stainier 1999), as well as
foxA2/axial/ HNF3B , a winged helix/forkhead transcrip-
tion factor gene (Strihle et al. 1993; Schier et al. 1997;
Kaestner et al. 2000).
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Several zebrafish mutations affect endoderm forma-
tion and endodermal sox17 and foxA2 expression. The
earliest acting mutations, cyclops (cyc), squint (sqt), and
oep, affect Nodal signaling: Cyc and Sqt are themselves
Nodal-related proteins (Erter et al. 1998; Feldman et al.
1998; Rebagliati et al. 1998a; Sampath et al. 1998), and
Oep is a transmembrane protein essential for Nodal sig-
naling (Zhang et al. 1998; Gritsman et al. 1999). Embryos
mutant for both cyc and sqgt, or embryos that lack both
maternal and zygotic Oep (MZoep), fail to form all endo-
derm and most mesoderm (Feldman et al. 1998; Grits-
man et al. 1999). casanova (cas), faust (fau), and bonnie
and clyde (bon) more specifically affect endoderm for-
mation and endodermal sox17 and foxA2 expression.
The cas phenotype is the most dramatic, in that cas mu-
tants do not form any gut tissue and fail to express any
markers of endoderm differentiation or formation from
the onset of gastrulation (Alexander et al. 1999; Alex-
ander and Stainier, 1999).

In contrast to cas mutants that completely lack sox17
expression, fau and bon mutants exhibit a significant
level; at bud stage, fau and bon mutants contain [160%
and 10% of the wild-type number of sox17-expressing
endodermal cells, respectively. fau, which encodes the
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zinc finger transcription factor Gata5 (Reiter et al. 1999),
and bon, which encodes a Mix-type homeodomain pro-
tein (Kikuchi et al. 2000), are both expressed in the mar-
ginal domain of the embryo beginning at dome stage,
that is, [(BO min before the endodermal cells initiate
sox17 and foxA2 expression (Alexander et al. 1999; Rei-
ter et al. 1999,2001; Rodaway et al. 1999). The expression
of both bon and fau/gata5 is regulated by Nodal signal-
ing (Alexander and Stainier 1999; Rodaway et al. 1999;
Reiter et al. 2001). And whereas bon expression ceases
soon after gastrulation commences (Alexander et al.
1999), fau/gata5 expression persists and is involved in
maintaining endodermal sox17 and foxA2 expression
during gastrulation (Reiter et al. 2001).

cas also functions downstream of Nodal signaling as
indicated by the failure of a constitutively active form of
the type-I transforming growth factor g (TGF-B) receptor
Taram-a (Renucci et al. 1996), a probable zebrafish or-
tholog of mammalian Alk4 (Payne et al. 2001) and Nodal
receptor, to induce sox17 expression in cas mutants (Al-
exander and Stainier 1999). Overexpression of bon in cas
mutants also fails to restore endodermal sox17 expres-
sion (Alexander and Stainier 1999), and similar data were
obtained when fau/gata5 was overexpressed in cas mu-
tants (Reiter et al. 2001). In addition, mosaic analysis
indicates that cas acts cell-autonomously in the endo-
dermal progenitors (Alexander et al. 1999).

These and other data have suggested the following
pathway for zebrafish endoderm formation: Nodal sig-
naling induces the expression of bon and fau/gata5; Bon
and Fau/Gata5 cooperatively regulate the expression of
sox17 and foxA2, but do not regulate each other’s expres-
sion; Cas is essential cell autonomously for soxI17 ex-
pression and appears to function downstream of, or in
parallel to, Bon and Fau/Gata5 (Alexander and Stainier
1999; Kikuchi et al. 2000; Reiter et al. 2001). Clearly,
many issues remain to be resolved regarding this path-
way and the isolation of cas should help address some of
them.

Studies in Xenopus also implicate Nodal-related mol-
ecules (Osada and Wright 1999), a Mix-type homeodo-
main protein, Mixer (Henry and Melton 1998), and Gata5
(Weber et al. 2000) in the regulation of Xsox17 expres-
sion and endoderm formation (Xanthos et al. 2001).
XSox17 itself appears to be an important intrinsic regu-
lator of endoderm formation; when overexpressed in ani-
mal caps, it activates endodermal gene expression, and
overexpression of a dominant interfering variant of itself
(Xsox17-enR) inhibits endoderm differentiation in both
isolated vegetal pole explants and the intact frog embryo
(Hudson et al. 1997).

The striking parallels between the pathways regulat-
ing endoderm formation in zebrafish and Xenopus sug-
gest that similar molecules are likely to function in this
process in mammals. Indeed, Nodal signaling has also
been implicated in mouse endoderm development (Con-
lon et al. 1994; Tremblay et al. 2000), and Gata factors
are expressed and function in a variety of developing tis-
sues including the endoderm (for review, see Zaret 1999).

Given its central role in zebrafish endoderm forma-
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tion, we sought to isolate cas using a combined approach
of positional cloning and candidate gene testing. Here,
we show that cas encodes a novel member of the Sox
family of HMG domain transcription factors. cas expres-
sion initiates in the dorsal YSL in the early blastula and
is later found in the presumptive endodermal progenitors
prior to their involution and initiation of sox17 expres-
sion. Cas is a potent inducer of sox17 expression in wild-
type embryos, as well as in bon, fau/gata5, and MZoep
mutants. In addition, ectopic expression of cas in meso-
dermal cells leads to their transfating into endodermal
cells. These data illustrate the unique potency of Cas as
a transcriptional regulator of endoderm formation in ze-
brafish.

Results
Isolation of cas

We initially mapped cas***® within 2 ¢cM of the LG7 cen-
tromere using half-tetrad analysis (Johnson et al. 1995):
94 wild-type and 88 mutant embryos were generated af-
ter blocking the second meiotic division of gynogenotes.
Fine mapping revealed that cas is tightly linked to the
simple sequence repeat markers Z7958 (no recombina-
tion in 5405 meiotic events) and Z9869 (no recombina-
tion in 550 meiotic events). We used these markers to
begin to assemble a contiguous stretch of genomic DNA
with yeast artificial chromosome and P1-derived artifi-
cial chromosome clones. However, it became clear that
this region was underrepresented in the existing large-
insert genomic libraries (J. Alexander, S. Waldron, and
D.Y.R. Stainier, unpubl.).

In the course of a large-scale, in situ hybridization
screen for zebrafish genes expressed in restricted pat-
terns during embryogenesis (C. Thisse and B. Thisse,
unpubl.), we isolated CG569, a Sox-related gene ex-
pressed in the YSL and endodermal cells during gastru-
lation. In light of this expression pattern, we placed
CG569 on the Goodfellow radiation hybrid (RH) panel
(Kwok et al. 1999), and found that it mapped in the
cas region (data not shown), suggesting that CG569
could correspond to cas. The CG569 genomic locus
was characterized and sequenced in the wild-type and
cas'®® alleles. In cas*“*® we found a T-to-G substitution
that introduces a premature translational stop codon at
position 170 and leads to a truncation of the protein
shortly after the HMG domain (Fig. 1A). During a mosaic
F1 screen for cardiac mutations (Alexander et al. 1998),
we identified a second mutant allele of cas, designated
cas*®. The phenotype of cas*? is indistinguishable from
that of cas'®®®, except that cas®¥ mutants exhibit some
endodermal foxA2 expression that is not maintained
during gastrulation (data not shown). In cas** we found
an A-to-G substitution that introduces an arginine in
place of a highly conserved histidine at codon 130 within
the HMG domain (Fig. 1A). An HMG domain has a
“twisted letter L” or “boomerang” shape, and this histi-
dine (His-65 within the HMG domain) is believed to con-
tribute to the stability of the long arm of the L, which is



important for DNA binding and bending (Werner et al.
1995).

Using restriction fragment length polymorphisms to
analyze linkage, we found that the ta56 and s4 mutant
alleles of CG569 segregated with the cas phenotype in
240 and 200 meiotic events, respectively (data not
shown). Together with the tight genetic linkage between
cas and 77958, and the significant physical linkage be-
tween Z7958 and CG569 on the RH map, these data
indicate that CG569 is very closely linked to cas. To test
further whether the cas phenotype is caused by the iden-
tified mutations in CG569, we injected wild-type CG569
mRNA (100 pg) into embryos derived from cas***® het-
erozygote intercrosses, and genotyped the injected em-
bryos following wholemount in situ hybridization with
sox17. We found that this mRNA could restore sox17
expression in cas*®*® mutants (Fig. 1B), further suggest-
ing that CG569 encodes Cas. We also confirmed that the
s4 mutation inactivates Cas function by showing that
cas*? mRNA injected into wild-type embryos had no ef-
fect on sox17 expression (data not shown). Considered
together, the linkage data, identification of severe mo-
lecular lesions, and rescue experiments indicate that
CGH69 is cas.

Interestingly, we found that cas overexpression led to
confluent patches of sox17 expression in both wild-type
and cas mutant embryos (Figs. 1B, 4B, sece below), in
contrast to the regularly spaced distribution of sox17-
expressing endodermal cells observed in uninjected wild-
type embryos (Fig. 4A, see below; Alexander and Stainier
1999). These data suggest that cas is able to activate
sox17 expression in nonendodermal cells, and possibly
direct cells not fated to become endoderm into the en-
dodermal lineage. This hypothesis will be directly tested
and the data shown in Figure 6 (below).

Sequence and clustering analyses indicate that Cas en-
codes a novel Sox protein of the SoxF group, which in-
cludes Sox7, Sox17, and Sox18 (Fig. 1C). Within the
HMG domain, Cas shows less sequence identity (<71%)
with any of the existing SoxF members than the other
SoxF members do with each other (>83%) (Fig. 1D,E).
(Contributing to this divergence are substitutions in the
RPMNAFMVW signature motif common to the HMG
domains of all non-SRY Sox proteins thus far identified
[Bowles et al. 2000].) However, Cas shows a higher de-
gree of sequence identity to the SoxF group than to the
neighboring SoxE group; for example, Cas and mouse
Sox10, a group E member, show only 54% sequence
identity in their HMG domains. Thus, considering all
currently available data, Cas appears to be a novel mem-
ber of the SoxF group.

Regulation of cas expression

cas expression is first observed at high stage (3.3 h post-
fertilization [hpf]) in the dorsal YSL (Fig. 2A, arrowhead,
B). Embryonic cas expression initiates <1 h later in
the dorsal marginal blastomeres (Fig. 2C,D), by which
time cas is expressed at low levels throughout the YSL.
The embryonic expression extends progressively around
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the margin, and by 40% epiboly (5 hpf) cas is clearly
expressed all around the margin in both the YSL and
marginal blastodermal cells (Fig. 2E). A high magnifica-
tion view clearly shows cas expression in both the YSL,
distinguished by the large nuclei, and the presumptive
endodermal progenitors at the margin (Fig. 2F), whereas
adjacent marginal cells, presumably mesodermal pro-
genitors, do not express cas. Embryonic cas expression
precedes sox17 expression and can be clearly seen during
gastrulation, both in the endodermal cells as well as in
the forerunner cells (Fig. 2G, fo; I-L), a specialized subset
of dorsal cells that also express sox17 (Alexander and
Stainier 1999) and sqt (Fig. 2L; Erter et al. 1998; Feldman
et al. 1998; Rebagliati et al. 1998a), and later form the
lining of Kupffer’s vesicle (Cooper and D’Amico 1996).
By 90% epiboly, cas expression is evident throughout
the endoderm (Fig. 2G,H); posterior endodermal cells
that express sox17 but not foxA2 (Alexander and Stainier
1999) also express cas. At this stage cas expression is still
present in the YSL, but it disappears shortly afterwards
from the YSL as well as from embryonic tissues (data not
shown).

Next, we examined whether cas expression is regu-
lated by Nodal signaling. Embryos injected with 100 pg
of mRNA encoding a constitutively active form of the
type I TGFB receptor Taram-a, designated Taram-a*,
showed a massive induction of cas (Fig. 2N,O), indicat-
ing that Nodal signaling activates cas expression. Con-
versely, injection of 25 pg of mRNA encoding Antivin, a
competitive inhibitor of the Activin/Nodal signaling
pathway related to mammalian Lefty (Thisse and Thisse
1999; Thisse et al. 2000), led to a complete loss of cas
expression in marginal blastomeres at late blastula stage,
whereas cas expression in the YSL appeared to be unaf-
fected (Fig. 2P). Examining antivin-injected embryos at
90% epiboly confirmed the loss of cas expression in the
endodermal and forerunner cells, but not the YSL (Fig.
2Q). Similarly, MZoep mutants exhibit no cas expres-
sion in the embryo, but seemingly normal cas expression
in the YSL (data not shown). These data demonstrate
that the embryonic expression of cas, like that of bon
and fau/gata5, is regulated by Nodal signaling, whereas
the YSL expression of cas is independent of Nodal sig-
naling.

We then used embryonic cas expression as a marker of
endoderm to examine endoderm formation in cas, bon,
and fau/gata5 mutants at shield (6 hpf) and 80% epiboly
(8.3 hpf) stages. In cas mutants, no embryonic cas ex-
pression is observed, whereas cas expression appears to
be up-regulated in the YSL (Fig. 3A,D). In bon and fau/
gata5 mutants, embryonic cas expression behaves essen-
tially like sox17 expression. bon mutants exhibit a pro-
found reduction in the number of cas-expressing endo-
dermal cells but normal cas expression in the
forerunners and YSL (Fig. 3B,E). fau/gata5 mutants show
a smaller, though noticeable, decrease in the number of
cas-expressing endodermal cells, as well as a decrease in
the intensity of cas expression in the endodermal cells,
whereas cas expression appears to be normal in the fore-
runners and YSL (Fig. 3C,F). These data further support
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(Figure 1 continued on facing page)
the hypothesis that no endoderm forms in cas mutants, cas can induce cyc and sqt expression
and also further illustrate the close correspondence be-
tween cas and sox17 expression in the endoderm and cas overexpression in wild-type embryos induces wide-
forerunner cells (Alexander and Stainier 1999; Kikuchi et spread sox17 expression (Fig. 4A,B), and inhibits epiboly
al. 2000; Reiter et al. 2001). and involution (data not shown). These phenotypes are
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E Identity of HMG domain (%)
Cas 7zf-Sox17
2f-Sox17 65 _
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Figure 1. cas encodes a novel member of the Sox family of
high-mobility group (HMG) domain transcription factors. (A)
Schematic representation of wild-type and mutant Cas proteins.
The cas*®® mutation leads to a truncation of the protein shortly
after the HMG domain, and the cas®® mutation introduces a
single amino acid substitution (histidine to arginine) in the
third helix of the HMG domain (position 130). (B) sox17 expres-
sion in uninjected (left) and CG569/cas-injected cas**>® mutant
embryos. Animal pole views at shield stage (6 h postfertiliza-
tion) with dorsal to the right (left embryo). Whereas sox17 ex-
pression is missing in uninjected cas*®® mutants (left), overex-
pression of CG569/cas mRNA always induced sox17 expression
(right). For comparison to wild-type pattern of sox17 expression,
see Fig. 4A. (C) Unrooted phylogenetic tree for the Sox HMG
domain, constructed by the neighbor joining (NJ) method
(Saitou and Nei 1987). Branch lengths are representative of the
extent of divergence. Ten groups (Groups A-J) are classified by
phylogenetic analysis of Sox protein HMG domain sequences
(Bowles et al. 2000). The ce-SoxJ* protein (Group J) was identi-
fied from databases and previously reported as a Sox protein
(Bowles et al. 2000). This phylogenetic analysis indicates that
Cas is a divergent member of the SoxF group. (D) Sequence
comparison of Cas; zebrafish, Xenopus and mouse Sox17;
mouse Sox18; and Xenopus and mouse Sox7. The HMG domain
is underlined. Cas shows a relatively high degree of sequence
identity in its HMG domain with the members of the SoxF
group, but otherwise shows limited sequence conservation. The
arrow indicates intron position in cas, zebrafish sox17, and
mouse Sox17 and Sox18, which appears to be the same in all
members of the SoxF group but different in most other Sox
genes (Bowles et al. 2000). The asterisk and exclamation point
indicate the position of the cas®* and cas***® mutations, respec-
tively. (E) Percent sequence identity of the Cas and zebrafish
Sox17 HMG domains with the HMG domains of the other
members of the SoxF group as well as with the HMG domains
of mouse Sox10 (SoxE group) and mouse LEF1. Cas shows sub-
stantially less sequence identity with the other SoxF group
members than does zebrafish Sox17. However, Cas shows even
less identity with mouse Sox10 (54%) and mouse LEF1 (29%).
Abbreviations: ce, Caenorhabditis elegans; dr, Drosophila me-
lanogaster; hu, Homo sapiens; mo, mouse; xe, Xenopus laevis;
zf, Danio rerio.

very similar to those seen following taram-a* overex-
pression (Alexander and Stainier 1999). Although embry-
onic cas expression and function are clearly downstream
of Nodal signaling (Fig. 2N-Q; Alexander and Stainier
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1999), it seemed possible that cas overexpression could
act by inducing the expression of cyc and/or sqt. To in-
vestigate this possibility, we overexpressed cas (100 pg)
in wild-type embryos at the 1-4-cell stage and examined
cyc and sqt expression. We observed a significant in-
crease in cyc and sqt expression (Fig. 4C-F), indicating
that cas can activate their expression. However, except
for the lack of sqt expression in the forerunners, which
are missing in cas mutants (Alexander et al. 1999), we
did not observe overt defects in cyc or sqt expression in
cas mutants by wholemount in situ hybridization (data
not shown).

Given that cas can activate cyc and sqt expression, it
seemed that cas could induce sox17 expression directly
or via Nodal induction. To distinguish between these
possibilities, we overexpressed cas in MZoep mutants,
which cannot respond to Nodal signaling (Gritsman et
al. 1999). We found that cas could induce sox17 expres-
sion in MZoep mutants (Fig. 4G,H), extending our pre-
vious data that Cas functions downstream of Nodal sig-
naling (Alexander and Stainier 1999) by showing that it
is sufficient to induce sox17 expression in the absence of
Nodal signaling. In addition, we found that cas overex-
pression in MZoep mutants did not induce cyc or sqt
expression (data not shown), indicating that this aspect
of Cas function is dependent on Nodal signaling. Inter-
estingly, cas-overexpressing MZoep mutants exhibited
only faint foxA2 expression and no bon, fau/gata5, gsc,
or ntl expression (data not shown), suggesting that Cas
cannot activate the expression of either bon or gata5, nor
does it induce the expression of mesodermal markers.
Rather, Cas can regulate sox17 expression in a Nodal-
independent manner, illustrating its potency as an in-
ducer of endodermal gene expression.

Relationship of Cas, Bon and Fau/Gatab

fau/gata5, bon, and cas are all induced by Nodal signal-
ing, and each regulates sox17 expression (Alexander and
Stainier 1999; Rodaway et al. 1999; Kikuchi et al. 2000;
Reiter et al. 2001). Our previous work had shown that
bon or fau/gata5 overexpression in cas mutants failed to
restore sox17 expression (Alexander and Stainier 1999;
Reiter et al. 2001), indicating that cas function is re-
quired downstream of bon and fau/gata5. To test this
model further, we injected cas into bon and fau/gata5
mutants and examined sox17 expression. cas was able to
expand sox17 expression in bon and fau/gata5 mutants
to an extent comparable to that seen in wild-type em-
bryos (Fig. 5A-C), confirming that cas is able to function
in the absence of bon or fau/gata5.

Although Cas function clearly acts downstream of Bon
and Fau/Gata5, the precise relationship between these
proteins remained unclear. It could be that Nodal signal-
ing induces bon and fau/gata5, which then activate cas,
which directs endoderm formation. Alternatively, bon,
fau/gata5, and cas could each be induced independently
by Nodal signaling, and each could direct endoderm for-
mation, with cas being uniquely required for sox17 ex-
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Figure 2. cas expression in zebrafish em-
bryos at high (3.3 h postfertilization [hpf];
A,B), sphere (4 hpf; C,D), 30% epiboly (4.7
hpf; 1), 40% epiboly (5 hpf; E,F,N,O,P),
50% epiboly (5.3 hpf; ]J), 60% epiboly (7
hpf; K,L), and 90% epiboly (9 hpf; G,H,Q)
stages. sqt expression at 60% epiboly (7
hpf; M). A, C, E, F, G, L, M, N, P, and Q

show lateral views with dorsal to the right.
B, D, and O show animal pole views. H, I,
J, and K show dorsal views with anterior to
the top. (A,B) cas expression is first ob-
served at the high stage in the dorsal YSL.
(C,D) By sphere stage cas expression is de-
tected throughout the marginal (yolk syn-
cytial layer) YSL and in dorsal blasto-

meres. (E,F) At 40% epiboly cas is ex-
pressed in a subset of blastomeres all
around the margin (see high magnification
in F), and is maintained in the marginal
YSL. (G,H) As endodermal cells gastrulate,
they continue to express cas, and a group
of noninvoluting cells, the forerunner cells
(fo), also begins to express cas. At 90%

epiboly, expression is seen in all endoder-
mal and forerunner cells and resembles
sox17 expression. (I) cas expression in pre-
sumptive forerunner cells. (J,K) By 60%
epiboly, forerunners, which continue to
express cas, form a compact group of cells
that do not involute and stay at the vegetal
tip of the axial mesoderm throughout gas-

+ taram-a*

+ tara ysl +atv ysl

trulation. (L,M) Forerunners show strong

cas expression (L) as well as sqt (M) expression throughout gastrulation. (N,O) Injection of 100 pg of taram-a* mRNA into one cell at
the two-cell stage led to a high level of cas expression in the injected half of the embryo. (P,Q) Injection of a low dose of antivin (atv)
mRNA (25 pg) at the one-cell stage led to the disappearance of embryonic cas expression, whereas the YSL expression appeared
unaffected. High magnification views at 40% epiboly are shown in P. The optical cross section in Q shows cas expression present in
the YSL, but absent in the endoderm of atv injected embryos at 90% epiboly. ap, animal pole; d, dorsal; end, endoderm; fo, forerunner

cells; v, ventral; wt, wild type; ysl, yolk syncytial layer.

pression. To distinguish between these models, we
tested whether bon or fau/gata5 could induce cas expres-
sion in cells that do not normally express cas. Wild-type
embryos were injected with bon, fau/gata5, or both at
the 1-4-cell stage and examined for cas expression at
40% epiboly. Although endodermal cas expression at the

Figure 3. cas expression in cas, bon, and fau/
gata5 mutant embryos. Animal pole views with
dorsal to the right at shield stage (6 h postfertil-
ization [hpf]). (A-C), and dorsal views with ante-
rior to the top at 80% epiboly (8.3 hpf; D-F).
(A,D) In cas mutants, no cas expression is ob-
served in the embryo proper, whereas cas appears
to be up-regulated in the yolk syncytial layer
(YSL). (B,E) In bon mutants, cas expression is ob-
served in a few endodermal cells (arrows), the
forerunner cells (arrowheads), and the YSL. (C,F)
In fau/gata5 mutants, cas expression in the en-
dodermal cells appears weaker (arrows), whereas
cas expression in the forerunner cells (arrow-
heads) and the YSL appears normal.

margin was somewhat increased, presumably reflecting
increased endoderm formation, no cas expression was
observed outside the margin (Fig. 5D-F; data not shown),
showing that bon or fau/gata5, alone or in combination,
is not sufficient to activate cas expression in nonmar-
ginal cells.
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Figure 4. cas overexpression induces cyc and sqt expression in
wild-type embryos, and induces sox17 expression in MZoep mu-
tants. (A,B,G,H) Animal pole views at shield stage (6 h postfer-
tilization [hpf]) with dorsal to the right (A). (C-F) Animal pole
views at 50% epiboly (5.3 hpf) with dorsal to the right (C,E).
(A,B) A characteristic salt-and-pepper distribution of sox17-ex-
pressing endodermal cells is observed throughout the margin in
uninjected wild-type embryos (A), whereas injection of cas
mRNA at the 1-4-cell stage led to confluent patches of sox17
expression throughout the embryo (B). (C-F) Injection of cas
mRNA at the 1-4-cell stage induced ectopic cyc and sqt expres-
sion in wild-type embryos (D,F). (G,H) Whereas no sox17 ex-
pression is observed in uninjected MZoep mutants (G), injection
of cas mRNA at the 1-4-cell stage induced strong sox17 expres-
sion (H). wt, wild type.-

Ectopic cas expression leads to the transfating
of mesodermal cells into endoderm

cas overexpression leads to widespread sox17 expression,
suggesting that cas is able to activate sox17 expression in
nonendodermal cells and possibly direct them to become
endoderm. To test this possibility, we ectopically ex-
pressed cas and GFP (100 pg each) in single marginal
blastomeres at the 16-cell stage and determined the po-
sition of the injected cells at shield stage (6 hpf). For
example, Figure 6A shows a clone resulting from a dorsal
injection. First we examined sox17 expression in the in-
jected embryos at shield stage and found that, in all
cases, strong sox17 expression was induced around the
labeled clone (Fig. 6B). Next, we examined the fate of

cas necessary and sufficient for endoderm formation

dorsal, dorsolateral, lateral, and ventral clones. Examina-
tion at 24 hpf showed that the descendants of injected
dorsal cells, which would normally populate prechordal
plate and notochord, had colonized the entire extent of
the gut tube (Fig. 6C). The conversion of dorsal axial
mesoderm into endoderm led this embryo (shown in Fig.
6C) to be cyclopic and exhibit U-shaped somites (Fig.
6D,E). Of 106 embryos injected dorsally, cyclopia was
seen in 44 (41.5%) and U-shaped somites in 68 (64.1%).
We further characterized the loss of anterior axial meso-
derm in dorsally injected embryos by examining the ex-
pression of gsc, a prechordal plate marker, and hggl, a
hatching gland marker (Thisse et al. 1994), at 50% and
80% epiboly, respectively: of 74 embryos injected dor-
sally, we found a complete absence of gsc expression in 4
(5.4%), and a strong reduction, such as that seen in Fig-
ure 6G, in 54 (73%); of 80 embryos injected dorsally, we
found a complete absence of hggl in 16 (20%), and a
strong reduction, such as seen in Figure 61, in 56 (70%).
To examine the axial mesoderm in dorsally injected em-
bryos, we analyzed shh expression at 24 hpf, which, at
this stage, is present in the notochord, floor plate, and
part of the diencephalon (Krauss et al. 1993). Of 76 em-
bryos injected dorsally, we found a complete absence of
shh expression in 4 (5.2%), and patchy expression, such
as that seen in Figure 6K, in 68 (89.5%).

Embryos injected dorsolaterally with cas and GFP also
exhibited a decrease in notochordal tissue, as evidenced
by loss of shh expression and kinking of the embryos
(data not shown). Laterally injected embryos showed a
unilateral loss of somitic muscle with a concomitant
enlargement of foxA2 expression on the cas-injected side
(data not shown). Embryos injected ventrally with cas
and GFP exhibited an accumulation of GFP-expressing
cells in the tail, which displayed an abnormal shape
characterized by a large, empty ventral blister, instead of
forming ventral mesenchyme (Fig. 6L). To analyze the
fate of the cas-expressing ventral cells, which would nor-
mally give rise to blood, we examined the expression of
the carbonic anhydrase gene (C. Thisse and B. Thisse,
unpubl.), which is specifically expressed in blood cells
and the otic vesicle (Fig. 6M). Of 81 embryos injected
ventrally, we observed a total absence of carbonic anhy-
drase expression in blood tissue in 18 (22%), and a partial
reduction, such as that seen in Figure 6N, in 48 (59.3%),
whereas the otic vesicle expression was unaffected.

Figure 60-R show our interpretation of these data by
representing the fate maps of a noninjected embryo (Fig.
60), dorsally injected embryos (a smaller clone in Fig. 6P
and a larger clone in Fig. 6Q), and a ventrally injected
embryo (Fig. 6R). cas misexpression in a clone of cells
located centrally within the embryonic shield at the on-
set of gastrulation resulted in the transfating of the pre-
chordal plate progenitors into endoderm, as revealed
partly by the loss of gsc and hggl expression (Fig. 6G,LP).
cas misexpression in a larger dorsal clone affected both
anterior and posterior axial mesoderm, resulting in em-
bryos that lack both prechordal and notochordal tissues
(Fig. 6K,Q). cas misexpression in ventral clones resulted
in embryos that lacked nearly all blood cells, but whose
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Figure 5. cas overexpression induces ecto-
pic sox17 expression in bon and fau/gata5
mutant embryos, whereas bon and fau/
gatab cannot induce ectopic cas expression
in wild-type embryos. Animal pole views at
6 h postfertilization (hpf; A-C) and 40%
epiboly stage (5 hpf; D-F). (A-C) Injection of
cas mRNA at the 1-4-cell stage expanded
sox17 expression to a comparable extent in
wild-type, bon, and fau/gata5 mutant em-
bryos. (D-F) Injection of bon or fau/gata5
mRNA in wild-type embryos was not able
to induce ectopic cas expression away from
the margin.

cas == wt

—
£
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other mesodermal derivatives appeared unaffected (Fig.
6N,R).

cas misexpression at the animal pole at the 256-cell
stage (Fig. 6S,T), a territory normally fated to become
epidermis, telencephalon, and eye, led to ectopic sox17
expression (Fig. 6W), but did not affect the morphology of
the injected embryos (Fig. 6U). Injections performed at
earlier developmental stages (32-128-cell stage) gave es-
sentially the same results. However, due to the extensive
spreading and mixing of cells derived from these earlier
stage blastomeres, some of them reached the margin dur-
ing the blastula stage and became incorporated in the
endoderm. Localized injections in single animal pole
blastomeres at the 256-cell stage gave rise to smaller
clones of cells that remained in the epiblast; at 24 hpf,
labeled cells appeared in various ectodermal locations,
sometimes within differentiated structures such as the
neural tube, and often on top of the yolk (Fig. 6V). Nev-
ertheless, disappearance of ectodermal derivatives, in-
dicative of transfating, was never observed. One possible
explanation for these observations is the finding that cas
misexpression in the animal pole does not induce ec-
topic sqt expression in the embryo proper, but only in a
few cells of the enveloping layer (evl; Fig. 6X), whereas
cas misexpression in the margin induces strong sqt ex-
pression in embryonic cells (Fig. 6Y). In conditions in
which Nodal activity is inhibited by Antivin, injection
of cas in a marginal blastomere at the 16-cell stage re-
sulted in the induction of sqt only in evl cells (Fig. 6Z),
demonstrating that the ability of cas to induce sqgt ex-
pression in the embryo proper is dependent on Nodal
signaling. The finding that sqt is not induced in the em-
bryo proper by cas misexpression at the animal pole may
similarly be explained by the fact that this region has
previously been shown to be a ground state for the Ac-
tivin/Nodal signaling pathway (Thisse et al. 2000).

Discussion

cas encodes a novel member of the SoxF group
of HMG domain transcription factors

We have provided genetic and molecular evidence that
cas encodes a novel member of the SoxF group of tran-
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scription factors. Sox17, whose Xenopus orthologs can
activate endodermal gene expression in animal caps
(Hudson et al. 1997), also belongs to this group, but sev-
eral points argue against Cas and XSox17 being equiva-
lent. First, sequence analyses suggest that cas is a novel
SoxF member and not a recently duplicated version of
zebrafish sox17. Second, cas but not Xsox17 can restore
sox17 expression in cas mutants (J. Alexander and
D.Y.R. Stainier, unpubl.), indicating a clear functional
difference between them.

In both zebrafish and Xenopus, Gata5 and a Mix-type
protein (Bon in zebrafish and Mixer in Xenopus) have
been shown to regulate sox17 expression (Henry and
Melton 1998; Alexander and Stainier 1999; Kikuchi et al.
2000; Reiter et al. 2001; Xanthos et al. 2001). And based
on the temporal characteristics of the Xsox17 expression
pattern, an additional upstream regulator probably ini-
tiates its expression in Xenopus (Xanthos et al. 2001). It
is thus possible that, much like Cas regulates sox17 ex-
pression in zebrafish, another member of the SoxF group
regulates Xsox17 expression in Xenopus.

The conservation seen in the pathways responsible for
endoderm formation in zebrafish and Xenopus suggest
that similar factors may be involved in this process in
mammals. Although mouse Sox18 does not appear to be
expressed in the developing endoderm (Pennisi et al.
2000), it will be interesting to investigate the early ex-
pression of Sox7 and Sox17 in the mouse embryo, as well
as any possible roles they may play in endoderm forma-
tion.

cas may regulate sox17 directly

cas is initially expressed in the YSL and later appears in
marginal blastomeres. The embryonic expression of cas
is clearly regulated by Nodal signaling, as shown by its
absence in antivin-injected embryos and MZoep mu-
tants. Unlike previously identified genes, cas expression
in late blastula-stage embryos may be restricted to the
endodermal progenitors; cas is expressed in a subset of
fau/gata5-expressing cells, appearing more spottily dis-
tributed throughout the margin (Fig. 2F,P). sox17 expres-
sion appears to be activated in all cas-expressing cells,



Figure 6. Misexpression of cas results in
the transfating of presumptive mesodermal
cells into endoderm. GFP fluorescence at
shield stage (6 hours postfertilization [hpf];
A; animal pole view; T; lateral view), and at
24 hpf (C,L,V; lateral views). Lateral view
with dorsal to the right of sox17 expression
at shield stage (B,W). gsc expression at 50%
epiboly (5.3 hpf; F,G; animal pole views,
dorsal to the right). hggl expression at 80%
epiboly (8.3 hpf; H,I; dorsal views, anterior
to the top). shh expression at 24 hpf (J,K;
lateral views). carbonic anhydrase expres-
sion at 24 hpf (M, N; lateral views). Fate map,
as adapted from Thisse et al. (2000) of unin-
jected (O) and cas-injected embryos (P-R) at
the onset of gastrulation (5.3 hpf). sqt ex-
pression at 30% epiboly (4.7 hpf; X) and 40%
epiboly (5 hpf; Y,Z); lateral views, dorsal to
the right. (A) Coinjection of 100 pg of cas
mRNA and 100 pg of GFP mRNA into a
marginal blastomere at the 16-cell stage
gives rise to marginal clones of cells which
were screened at the onset of gastrulation to
determine their localization along the dor-
so-ventral axis. A dorsal clone is shown
here. (B) Embryo with a labeled dorsal clone
was examined for sox17 expression, which
was strongly induced dorsally. (C) Embryo
shown in A at 24 hpf. GFP-expressing cells
accumulate in the entire endoderm, from
the level of the pharyngeal arches anteriorly
to the anal opening in the posterior trunk
region. More caudally, GFP-expressing cells
are observed underlying the notochord in
the anterior part of the tail, and in the no-
tochord and tail bud more posteriorly. (D)
High-magnification view of the head of the
embryo shown in C, revealing a cyclopic
phenotype. (E) The same embryo exhibits U-
shaped somites, indicative of a reduction in
axial mesoderm. (F,G) gsc expression in a
dorsally injected embryo (G) is severely re-
duced as compared to wild type (F). (H,I) Ex-
pression of hggl, a prechordal plate marker,
in a dorsally-injected embryo (I) is nearly
abolished as compared to wild type (H). (J,K)
shh expression in a dorsally-injected em-
bryos (K) is severely reduced as compared to
wild type (/). (L) Embryo with a labeled ven-
tral clone at 24 hpf. GFP-expressing cells ac-
cumulate in the tail, which displays an ab-
normal shape characterized by a large,
empty ventral blister instead of ventral mes-
enchyme. (M,N) The blood expression of carbonic anhydrase has almost completely disappeared in a ventrally-injected embryo,
whereas the otic vesicle (ot) expression is unaffected. (O) Fate map of a wild-type embryo at the onset of gastrulation (di, diencephalon;
ep, epidermis; hb, hindbrain; mb, midbrain; n, notochord; pp, prechordal plate; sp, spinal chord; te, telencephalon). (P) Misexpression
of cas in a clone of cells located in the central part of the embryonic shield results in the transfating of the prechordal plate into
endoderm, resulting in the loss of gsc (G) and hggl (I) expression. (Q) A larger dorsal clone affects both anterior and posterior axial
mesoderm, resulting in embryos that lack both prechordal and notochordal mesoderm, as shown in K. (R) Ventral clones result in
embryos that lack almost all blood cells but appear unaffected in the other mesodermal derivatives, as shown in N. (S,T) An embryo
injected with cas and GFP mRNA in an animal pole blastomere at the 256-cell stage (S) is shown at shield stage in T. (U, V) At 24 hpf,
embryos injected at the animal pole have a wild-type morphology (U) and the GFP-expressing cells do not populate the endoderm but
are often found on top of the yolk (V). (W,X) Injection of cas at the animal pole induces sox17 (W) but not sqt (X) expression in the
embryo proper. In such embryos, sqgt expression is only induced in a few cells of the enveloping layer (evl cells; e, an extraembryonic
structure. (Y,Z) In contrast, marginal cas injection induces strong sqt expression in embryonic cells around the margin (Y) and this
induction is blocked by Atv overexpression (Z; this embryo was injected with 25 pg of atv at the two-cell stage and with cas at the
16-cell stage. In such embryos, sqt expression is only induced in a few evl cells). wt, wild type.-
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except the YSL, starting [BO min after the onset of cas
expression. cas overexpression can induce sox17 expres-
sion in MZoep mutants as well as in antivin-injected
embryos (C. Thisse and B. Thisse, unpubl.), indicating
that cas can regulate sox17 expression independently of
Nodal signaling. The regulation of endodermal sox17 ex-
pression by Cas is cell autonomous as shown by cell
transplantation experiments (Alexander et al. 1999), as
well as by the finding that cas overexpression in the YSL,
in contrast to cas overexpression throughout the em-
bryo, does not up-regulate sox17 expression (Y. Kikuchi
and D.Y.R. Stainier, unpubl.). In addition, HMG domain-
binding sites are present upstream of sox17 (Y. Kikuchi
and D.Y.R. Stainier, unpubl.), suggesting that the regu-
lation of sox17 by Cas may be direct.

Potential roles for cas in the YSL

cas is first expressed in the dorsal YSL at high stage,
which coincides with the initial expression of sqt (Feld-
man et al. 1998; Rebagliati et al. 1998a; Sampath et al.
1998). cas and sqt expression subsequently spread
around the margin and by 30% epiboly cas, cyc, and sqt
expression are evident all around the margin (Erter et al.
1998; Rebagliati et al. 1998b). This coexpression in the
margin and the regulation of embryonic cas expression
by Nodal signaling led us to further examine their rela-
tionship; although cas expression in the YSL is clearly
independent of Nodal signaling, interestingly, overex-
pression of cas throughout the embryo led to widespread
cyc and sqt expression. (These data are in contrast to the
inability of bon, which is also initially expressed in the
dorsal YSL [Alexander et al. 1999], to induce cyc and sqt
expression [Kikuchi et al. 2000].) Apart from the forerun-
ner cell phenotype, cyc and sqt expression appear normal
in cas mutants, leaving the physiological role of cas in
cyc and sqt expression unclear. It may be that defects in
cyc and sqt expression in cas mutants are too subtle to
detect by in situ, that other regulators of cyc and sqt
expression are able to compensate for the lack of Cas
function, or that Cas normally regulates sqt expression
only in the forerunners.

It is interesting to note that cas mutants, like cyc mu-
tants, exhibit left-right asymmetry defects (Liang et al.
2000); gene expression that is left-sided in the anterior
lateral plate mesoderm (LPM) and diencephalon of wild-
type embryos becomes randomized in cas and cyc mu-
tants (Rebagliati et al. 1998b; Sampath et al. 1998; Liang
et al. 2000). In thinking about the basis for the laterality
defects in cas mutants, it is useful to consider bon mu-
tants, in which, despite a nearly complete absence of
endoderm, left-right asymmetry appears normal (J. Alex-
ander and D.Y.R. Stainier, unpubl.). Another difference
between cas and bon mutants is the formation of fore-
runner cells, which is defective in cas mutants (Alex-
ander et al. 1999) but apparently normal in bon mutants
(Kikuchi et al. 2000). Thus, the laterality defects ob-
served in cas mutants are unlikely to be due to the ab-
sence of endoderm but, rather, a consequence of either
the lack of forerunner cells or the lack of cas function in
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the YSL. Given the physical proximity of the YSL to the
diencephalon during gastrulation (Woo and Fraser 1995)
and to the anterior LPM during mid- to late-segmenta-
tion stages (Stainier et al. 1993), it is possible that cas
function in the YSL influences left-right asymmetry. Al-
ternatively, given the fact that both cas and sqt are ex-
pressed in the forerunner cells, it is possible that these
cells are involved in setting up left-right asymmetry.
The endocytic properties of forerunner cells (Cooper and
D’Amico 1996) could in fact be a key part of this func-
tion and lead to differential signaling on the left and right
sides of the embryo. It will be interesting to investigate
further whether either or both of these tissues are in-
volved in setting up left-right asymmetry as well as
whether cas regulates left-right asymmetry by regulat-
ing cyc and/or sqt expression or through some other
mechanism.

The finding that cas is expressed in the YSL also sug-
gests an alternative hypothesis for the mesodermal de-
fects observed in cas mutants. These defects include the
failure of the bilateral myocardial populations to migrate
and fuse at the midline (cardia bifida), as well as similar
defects in the vasculature, blood, and pronephros (Alex-
ander et al. 1999). We originally proposed that the ab-
sence of endoderm may underlie these defects (Alex-
ander et al. 1999). It may be, however, that defects in the
YSL, which is also closely apposed to several mesoder-
mal tissues in mid- to late-segmentation stages, may
cause the mesodermal defects seen in cas mutants, or
that the YSL and endoderm both contribute to the mi-
gration of mesodermal tissues. Tissue specific loss-of-
function analyses will be required to further investigate
the basis for these mesodermal defects.

cas, bon and fau/gata5

cas, bon and fau/gata5 encode transcription factors that
directly or indirectly regulate sox17 expression. These
three genes exhibit a similar pattern of expression; all
initiate expression at approximately the same time in
the YSL and the marginal zone of the embryo. In the
margin bon expression is the broadest (Alexander at al.
1999] and cas the most restricted. We have previously
shown that, prior to gastrulation, bon and fau/gata5 ex-
pression appear normal in cas, bon and fau/gata5 mu-
tants (Alexander et al. 1999; Reiter et al. 2001), suggest-
ing that Cas function downstream of, or in parallel to,
Bon and Fau/Gata5. These data were confirmed by the
finding that cas overexpression in MZoep mutants does
not induce bon or fau/gata5 expression.

Neither bon nor fau/gata5 overexpression restores
sox17 expression in cas mutants (Alexander and Stainier
1999; Reiter et al. 2001), further indicating that cas func-
tions downstream of, or in parallel to, bon and fau/gata5.
We confirmed these data by showing that cas overex-
pression in bon and fau/gata5 mutants led to widespread
sox17 expression. To further examine whether Cas acts
downstream of, or in parallel to, Bon and Fau/Gata5, we
overexpressed bon and fau/gata5 in wild-type embryos
and examined cas expression. We found that bon or fau/



gatab, alone or in combination, were not able to induce
cas expression in nonmarginal cells. These data are con-
sistent with the observations that when bon and fau/
gatab were overexpressed in wild-type embryos, epiboly
proceeded normally and no ectopic sox17 expression was
induced (Reiter et al. 2001), in contrast to what was ob-
served in cas-injected embryos. Furthermore, coinjection
of bon and fau/gata5 in cyc;sqt double mutants was not
able to restore significant sox17 expression (Y. Kikuchi
and D.Y.R. Stainier, unpubl.), in contrast to what was
observed in cas-injected MZoep mutants. All these data
are consistent with at least two different models: cas,
bon, and fau/gata5 may be regulated independently by
Nodal signaling and function in parallel; alternatively,
bon and fau/gata5 may act upstream of cas, with a third
factor, X, being restricted to the marginal zone and nec-
essary for cas expression. Some combination of these
two models is also possible, and molecular dissection of
the cas promoter may help to further investigate this
question.

cas is sufficient to convert mesoderm into endoderm

Ectopic expression of cas in presumptive mesodermal
cells leads to their transfating into endoderm. cas-ex-
pressing dorsal mesodermal cells lose gsc and hggl ex-
pression (Fig. 6G,I), and colonize the entire length of the
gut tube (Fig. 6C). Such embryos display cyclopia due to
the loss of prechordal plate, and U-shaped somites due to
the loss of notochord (Fig. 6D,E). It is interesting to note
that cas-expressing cells, unlike taram-a*-expressing
cells (Peyriéras et al. 1998), never contribute to the
hatching gland. We therefore suggest that this organ is
not of endodermal origin as previously suggested (Pey-
riéras et al. 1998), but, rather, it most likely represents a
mesodermal derivative whose formation, similar to that
of the endoderm, requires high level, and/or sustained,
Nodal signaling.

Ventral mesodermal cells, normally fated to give rise
to blood as well as to other tissues, lose their ability to
form blood when expressing cas. However, cas expres-
sion is not able to redirect their migration, so these cells
end up colonizing the posterior gut tube and the tail
region (Fig. 6L). Importantly, despite the ability of cas to
up-regulate cyc and sqt expression when expressed
throughout the embryo, ectopic expression in 1 of 16
blastomeres does not lead to general defects, such as
broadened or duplicated axes, indicative of ectopic sqt
expression (Erter et al. 1998). Rather, the effects on em-
bryonic development appear to be limited to the cas-
expressing cells. Altogether, these data indicate that cas
is able to initiate an endoderm-specific program in cells
not fated to become endoderm. However, this ability ap-
pears to be restricted to the mesoderm; when cas is over-
expressed in animal pole blastomeres at the 256-cell
stage, these cells do not transfate from ectoderm into
endoderm. In summary, only when overexpressed near
the margin is cas able to transfate cells into endoderm. It
will be important to identify the factors responsible for
this spatial restriction. In this context, it is interesting to
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reiterate that cas is unable to induce in MZoep mutants
strong expression of endodermal markers other than
sox17, such as foxA2 and fau/gata5, indicating that other
Nodal-regulated components are essential for the full en-
dodermal program. cas misexpression in the animal pole,
unlike that in the margin, does not lead to ectopic nodal
gene expression, offering one possible explanation for the
inability of these cells to transfate into endoderm.

Conclusions

Phenotypic analyses have shown that cas is the central
regulator of sox17 expression and endoderm formation in
zebrafish (Alexander et al. 1999; Alexander and Stainier
1999; Reiter et al. 2001). The isolation of cas, analysis of
its expression pattern, and gain-of-function experiments
lead us to propose the following model: cas expression in
the YSL initiates independently of Nodal signaling. At
late blastula stages, Nodal signaling induces bon, fau/
gata5, and cas expression in marginal blastomeres. Bon,
Fau/Gata5, and Cas directly or indirectly regulate sox17
expression in the forming endodermal cells, which also
continue to express fau/gata5 and cas during gastrula-
tion. Several important issues remain to be addressed, in
particular the differential regulation of bon, fau/gata$,
and cas expression in the margin. These genes may be-
come activated at different thresholds of Nodal signal-
ing, and/or incorporate inputs from other marginally lo-
calized factors acting autonomously or nonautono-
mously. Resolution of this issue, along with the
identification and analyses of additional regulators of en-
doderm formation, should further our understanding of
the molecular events that direct individual marginal
blastomeres toward an endodermal fate in vertebrate em-
bryos.

Materials and methods

Zebrafish strains

Adult zebrafish and embryos were maintained and staged as
described (Westerfield 1995). Heterozygous carriers were iden-
tified by random intercrosses and intercrossed to obtain mutant
embryos. Adult MZoep™3* fish were a generous gift of Will
Talbot (Stanford University). The following mutant alleles were
used: bon*® (Kikuchi et al. 2000), fau™?3%¢ (Chen et al. 1996;
Reiter et al. 1999), cas'*® (Chen et al. 1996), and cas®*.

Isolation of the CG569 gene

A full-length clone was isolated from a gastrula cDNA library
(gift of Thierry Lepage) inserted between Xhol and EcoRI of
pBluescript IISK*. The GenBank accession number for cas is
AF362749.

Wholemount in situ hybridization

For CG569/cas probe synthesis, Notl was used to linearize the
plasmid and T7 RNA polymerase to generate antisense RNA.
Other riboprobes were prepared according to published instruc-
tions. In situ hybridizations shown in Figure 2 and Figure 6 were
performed as described by Thisse and Thisse (http://www-
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igbme.u-strasbg.fr/zf_info/zbook/chapt9/9.82.html); the others
as described in Alexander et al. (1998).

tab6

Genetic mapping and genomic sequencing of cas'®>® and cas**

CG569 was mapped on the Goodfellow zebrafish radiation hy-
brid panel (Research Genetics) using the following PCR primers:
5'-CCAGATTGCTGCTGATTTTG-3' and 5-TCAATACAAA
CTGGTCAAGTTAACAAC-3'.

To extract genomic DNA from single embryos, 30 hpf em-
bryos were digested overnight in 10mM Tris-HCI pH7.5, ImM
EDTA, 0.1% SDS, 100mM NaCl, 20 pg/mL proteinase K at
55°C. Mutant genomic DNA was purified from ten 30 hpf em-
bryos using genomic DNA extraction kits (Scotlab Bioscience).
To sequence the genomic locus, 4 primer pairs were designed
based on CG569 sequence data. The PCR fragments were cloned
into the pGEM-T vector (Promega). We performed three inde-
pendent PCR reactions for each primer pair, picked two inde-
pendent clones from each PCR reaction, and sequenced them
using an ABI 377 DNA sequencer.

Linkage analysis

CG569 genomic fragments were amplified with PCR primers
(5'-CTGGCAGATAAGCGTCCGTACATGC-3' and 5-CTGA
GTAAGCAGACCGTGGCAGATGC-3'). PCR conditions were
94°C for 5 min (1 cycle), then 94°C for 30 sec, 63°C for 30 sec,
and 72°C for 1 min (40 cycles), followed by 72°C for 5 min (1
cycle). Amplified products were digested with Bfal for cas***® or
Rsal for cas*?, and resolved on 2% agarose gels. Following in
situ hybridization, embryos were genotyped as described above.

mRNA injections

To introduce the s4-type point mutation into a cas injection
vector, we performed site-directed mutagenesis using Quick-
Change™ Site-Directed Mutagenesis Kit (Stratagene) according
to the manufacturer’s instruction using the primer pair (5'-
GCAGAAAGACTACGGATCCAGCG*TACCATTGACTATC
CTAACTAC-3' and 5 -GTAGTTAGGATAGTCAATGGTA
C*GCTGGATCCGTAGTCTTTCTGC-3'; * indicates the site
of the mutation) and pCS2*-cas template. The coding region of
cas*? was verified by sequencing both strands. Capped mRNA
encoding cas or cas®® was transcribed in vitro from pCS2*-cas or
pCS2 *-cas®?, using the SP6 mMESSAGE mMACHINE system
(Ambion). Capped antivin, taram-a*, bon, fau/gata5, lacZ, and
gfp mRNA were prepared according to published instructions
(Peyriéras et al. 1998; Thisse et al. 1999; Kikuchi et al. 2000;
Reiter et al. 2000). Embryos were injected with the following
mRNAs: antivin (25 pg), taram-a* (100 pg), bon (100 pg), cas
(100 pg), fau/gata5 (60 pg), lacZ (100 pg). Embryos injected at the
1-4-cell stage with cas mRNA fail to undergo epiboly and do not
exhibit a clear dorsal axis; they were fixed for in situ at 6 hpf,
which is equivalent to shield stage. For the transfating experi-
ments, 100 pg each of cas and gfp mRNA were coinjected into
a single marginal blastomere of 16-cell stage embryos, or with a
120 ng/uL solution of cas and GFP mRNA in an animal pole
blastomere at the 256-cell stage.
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