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to use this dose for subsequent experiments in this study. As a
control, 7.5 ng of the cdx1b-4mm MO was injected into one-cell
zygotes, and they exhibited a normal morphology when compared
with the wild-type ones at 24 hours of development (Fig. 2G-I).
Pronounced pericardial edema accompanied by a heart-looping
defect was observed in 48 hpf cdx1b morphants when compared
with either wild type or embryos that had been injected with the
cdx1b-4mm MO (Fig. 2M-R). In order to demonstrate the
specificity of the cdx1b MO, we fused the cdx1b MO sequence in
front of the GFP start codon. We detected no green fluorescence
in 27 hpf embryos that had been co-injected with 7.5 ng of the
cdx1b MO and 57.5 pg of the CMV-cdx1b-mo-GFP expression
plasmid (Fig. 2T). By contrast, bright GFP fluorescence was

detected in embryos that had been co-injected with the same
amount of the cdx1b-4mm MO and CMV-cdx1b-mo-GFP
plasmids (Fig. 2S). These results demonstrate the specificity of
the cdx1b MO used in this study.

Development of several digestive organs was
impaired in cdx1b morphants
Development of the liver, intestines and endocrine and exocrine
pancreases was examined by analyzing expression levels and
patterns of two fatty acid-binding proteins (lfabp and ifabp; also
known as fabp1a and fabp2 – ZFIN), insulin and trypsin. A
substantial reduction in both lfabp and ifabp expression levels and
domains were observed in 72 hpf cdx1b morphants (88%, n=50)

RESEARCH ARTICLE Development 135 (5)

Fig. 4. Analyses of relationships between
cdx1b and downstream factors of Nodal
signaling in zebrafish. Reductions in respective
gata5-, cas-, sox17- and foxa2-expressing
endodermal cell numbers were observed in 85%
epiboly morphants (C,G,H,K,L,O) compared with
respective cdx1b-4mm-MO-injected (A,E,F,I,J,M)
and wild-type (B,N) embryos. Embryos co-injected
with either cdx1b mRNA or protein showed
restoration of respective gata5- (D) and foxa2-
expressing (P) endodermal cell numbers.
Percentages of morphants showing decreases in
the respective numbers of gata5-, cas-, sox17- and
foxa2-expressing endodermal cells (Q). Comparison
of the respective gata5-, cas-, sox17- and foxa2-
expressing endodermal cell numbers in morphants
(yellow bars), and wild type (orange bars) and
cdx1b-4mm-MO-injected (brown bars) embryos
(n=10 each) (R). Comparison of percentages of
embryos showing decreased foxa2- or gata5-
expressing endodermal cell numbers in respective
embryos injected with either cdx1b MO (brown
bars), cdx1b MO and cdx1b mRNA (orange bars),
or cdx1b MO and different amounts of Cdx1b
protein (1/40�, yellow bars; 1/2�, green bars) (S).
Comparison of the respective foxa2- and gata5-
expressing endodermal cell numbers in morphants
(brown bars) and embryos co-injected with cdx1b
MO and either cdx1b mRNA (orange bars) or
protein (yellow bars) (T). Error bars represent
standard error. Dfc, dorsal forerunner cell; wt, wild
type.
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when compared with those of the wild-type embryos (Fig. 3A-C).
In addition, 20% of morphants (n=50) showed smaller amounts
of liver lfabp and intestinal ifabp expression on the R-axis (Fig.
3C). A decrease in the area of trypsin expression was detected in
77% of 72 hpf cdx1b morphants (n=104) compared with wild-
type embryos (Fig. 3D-F). Similarly, trypsin mRNA was localized
on the R-axis in 6% of 72 hpf cdx1b morphants (n=104) (Fig. 3F).
The expression domain of insulin was also decreased in 54 hpf

cdx1b morphants (55 %, n=64) compared with wild-type embryos
(Fig. 3G,H). A real-time quantitative PCR further confirmed the
relatively decreased expression levels of lfabp, ifabp, trypsin and
insulin in 72 hpf cdx1b morphants (Fig. 3I). Moreover,
histological analyses revealed different degrees of hypoplastic
development of the liver, intestines and exocrine pancreas in 96
hpf cdx1b morphants (Fig. 3M-R). In 96 hpf wild-type embryos,
the liver surrounded the esophagus (Fig. 3J). The epithelial cells
adopted a columnar shape and folded in on the intestinal bulb
region with the microvilli facing the lumen (Fig. 3K,L,S-U). By
contrast, epithelial cells appeared cuboidal with pleomorphic
nuclei located at random positions with respect to the apical-basal
axis, and no epithelial folding was detected in the intestinal bulb,
mid-intestine or posterior-intestine regions in 96 hpf cdx1b
morphants (Fig. 3N,P,R; n=11, V-X; n=5). Reductions in the sizes
of the liver and exocrine pancreas were observed in 96 hpf cdx1b
morphants (Fig. 3M-R), and these two organs were also detected
in the reversed L-R axis (Fig. 3M,N; 5 of 11). Together, these
results indicate that zebrafish cdx1b is required for the normal
morphogenesis of the liver, intestines and pancreas as well as their
left-right asymmetrical distribution in the embryo.
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Fig. 5. Zebrafish cdx1b epiboly morphant showed no ectoderm
or mesoderm defects. Expression of fgf3 in wild type (A) and bud
morphants (B). gsc expression in wild type (C) and shield morphants
(D). ntl expression in 80% morphants (F) and wild-type (E) embryos.
fb, forebrain; n, notochord; pp, prechordal plate; r4, rhombomere 4;
wt, wild type. Scale bars: 100 �m. 

Fig. 6. Effects of ectopic cdx1b expression on
respective gata5-, cas-, sox17- and foxa2-
expressing endodermal cell numbers in
zebrafish. Increases in the numbers of gata5- (C,D),
cas- (G,H), sox17- (K,L) and foxa2-expressing (O,P)
endodermal cells were detected in 85% epiboly
embryos ectopically expressing cdx1b when
compared with lacZ (A,B,E,F,I,J,M,N) ectopically
expressing epiboly embryos. Scale bars: 100 �m.
Dfc, dorsal forerunner cell.
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cdx1b regulates respective numbers of gata5-,
cas-, foxa2- and sox17-expressing endodermal
precursor cells in epiboly embryos
As cdx1b is present as maternal transcripts and is uniformly
expressed in both epiblast and hypoblast cells in 80% epiboly
embryos, and because defects were detected in the development
of several digestive organs in cdx1b morphants, we expected that
inhibition of Cdx1b protein synthesis would affect early
endoderm development. Thus, we examined the expression levels
of several protein components of the Nodal signaling pathway
that are involved in early endoderm formation. First, we
investigated the relationships among cdx1b, Nodal factors and oep
by analyzing cdx1b expression levels in 48 hpf squintcz35, 48-hpf
cycb16 and 4-6-s oepm134 mutant embryos, respectively. There were
no differences in cdx1b expression levels in mutant embryos from
these three mutant fish lines when compared with their respective
wild-type siblings. Likewise, similar expression levels of cyclops,
oep and sqt were detected in both 85% and 30% epiboly cdx1b
morphants and their wild-type siblings, respectively. In addition,
there was no difference in bon expression levels when comparing
40% epiboly cdx1b morphants with wild-type embryos (see Fig.
S4 in the supplementary material).

We then analyzed the expression levels of downstream factors
of Nodal signaling in 85% epiboly cdx1b morphants. Substantial
reductions in the numbers of gata5-expressing endodermal
precursors and reduced expression levels in ventral-lateral
mesodermal cells were observed in the majority of epiboly
morphants when compared with either cdx1b-4mm-MO-injected
or wild-type embryos (Fig. 4A-C,Q,R, and data not shown);
whereas injection of either the Cdx1b protein or cdx1b mRNA
restored the gata5-expressing endodermal cell number to a level
comparable to that of wild-type in embryos co-injected with
cdx1b MO (Fig. 4D,T). A higher percentage of rescued embryos
was obtained by co-injection of the Cdx1b protein when
compared with co-injection of cdx1b mRNA, which may be
attributed to the translational efficiency of exogenous cdx1b
mRNA (Fig. 4S). Approximately 54% decreases in the respective
numbers of cas- and sox17-expressing endodermal precursors
were also identified in epiboly morphants compared with cdx1b-
4mm-MO-injected embryos, whereas expression levels in dorsal
forerunner cells were not altered (Fig. 4E-L,Q,R). About a 47%
reduction in the number of foxa2-expressing endodermal
precursors was observed in epiboly morphants, and the foxa2
expression area in the prechordal plate was also affected (Fig.
4O,Q,R). Similarly, injection of either the Cdx1b protein or cdx1b
mRNA restored the foxa2-expressing endodermal cell number to
a level comparable to that of wild type in embryos co-injected
with the cdx1b MO, thus demonstrating the specificity of the
cdx1b MO used in this study (Fig. 4P,S,T). In order to clarify
whether the reduced number of endodermal precursor cells in
epiboly cdx1b morphants is a primary defect or not, we examined
development of the forebrain, hindbrain, prechordal plate and
notochord in epiboly morphants. As shown in Fig. 5, similar
expression levels and patterns of fgf3, gsc and ntl were detected
in both epiboly morphants and wild-type embryos, indicating that
a primary endoderm defect occurred in epiboly cdx1b morphants.
Taken together, zebrafish cdx1b is required for the occurrence of
normal numbers of gata5-, cas-, foxa2- and sox17-expressing
endodermal precursors but is not required for the normal
expression levels of cyclops, sqt, oep or bon.

Ectopic cdx1b expression increases the respective
numbers of gata5-, cas-, foxa2- and sox17-
expressing endodermal precursor cells in epiboly
embryos
In order to further confirm the decreases in the respective numbers
of gata5-, cas-, foxa2- and sox17-expressing endodermal precursors
detected in epiboly cdx1b morphants, we also overexpressed cdx1b
by injecting cdx1b mRNA into one-cell zygotes. Substantial
increases in the respective numbers of gata5-, cas-, foxa2- and
sox17-expressing endodermal precursors and altered distribution
patterns were detected in 85-90% epiboly embryos that had been
injected with cdx1b mRNA compared with either embryos that had
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Fig. 7. Electrophoretic mobility shift assay of the Cdx1b protein.
The biotin-labeled wild-type oligonucleotide was mixed with buffer
(lane 1) or 10 �g of nuclear extract prepared from COS-1 cells
transfected with pcDNA3-cdx1b-Myc-His plasmid (lanes 2-4). Binding
was completely abolished by the addition of an unlabeled wild-type
oligonucleotide competitor in a 50-fold molar excess (lane 3), whereas
specific binding was maintained when the same amount of the excess
mutant oligonucleotide competitor was added (lane 4).

Table 2. Respective percentages of embryos showing increases in the numbers of gata5-, cas-, sox17- and foxa2-expressing
endodermal cells in cdx1b-overexpressing epiboly embryos

Percentage

gata5 cas sox17 foxa2

Embryos containing increased endodermal cell numbers 58.5±2.4 72.7±3.0 70.9±3.2 67.6±3.4
Embryos containing endodermal cell numbers similar to wild-type or 41.5±2.0 27.3±1.9 29.1±2.0 32.4±3.4

lacZ-overexpressing embryos
Total number of embryos 412 216 203 185

Data are presented as the mean±standard error (Kuzuma and Bohnenblust, 2004).
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been injected with lacZ mRNA or wild-type embryos (Fig. 6, Table
2). When epiboly embryos ectopically expressing cdx1b were
examined in the animal view, we could easily detect the distribution
of extra gata5-, cas-, foxa2- and sox17-expressing endodermal
precursors in the animal pole where no endodermal precursors
normally exist (Fig. 6D,H,L,P). In addition, we also detected the
appearance of extra foxa2-expressing mesodermal cells in the
animal pole, and expansion/distortion of the foxa2-expressing
prechordal plate and notochord was also detected in epiboly
embryos that had been injected with cdx1b mRNA (Fig. 6O,P, data
not shown). Overall, these results demonstrate that ectopic cdx1b
expression can extensively increase the respective numbers of
gata5-, cas-, sox17- and foxa2-expressing endodermal precursors
and alter their distribution patterns in injected 85-90% epiboly
embryos.

Regulation of the foxa2 gene by cdx1b
In order to investigate possible target genes of cdx1b, we conducted
a comparative sequence analysis to identify conserved Cdx1-
binding motifs in the gata5, cas, sox17 and foxa2 genes. We
identified a conserved Cdx1-binding motif (TTTATA) located in
intron 1 of foxa2 genes from human, mouse and zebrafish and two
conserved Cdx1-binding motifs (TTTATG) located at 22 120 bp
upstream of exon 1 of zebrafish gata5 and its 3� UTR region when
comparing the gata5 gene sequences from the zebrafish and
stickleback (see Fig. S1 in the supplementary material).

Subsequently, we conducted EMSA experiments to investigate
whether the Cdx1b protein specifically binds to the Cdx1-binding
motif located in intron 1 of the foxa2 gene. Nuclear extracts prepared
from cdx1b-overexpressing COS-1 cells were incubated with biotin-
labeled double-stranded oligonucleotides containing a potential
Cdx1-binding motif. These oligonucleotides produced shifted bands
and can be competed by an excess amount of competitor
oligonucleotides, but failed to be competed by oligonucleotides
containing the mutated Cdx1-biding motif (Fig. 7). This result
indicates that Cdx1b can bind to the Cdx1-binding motif located in
intron 1 of the foxa2 gene.

In addition, we conducted rescue experiments by co-injecting
either zebrafish or mouse foxa2 mRNA with the cdx1b MO into one-
cell zygotes. Significant reductions in the ceruloplasmin expression

domain and level were readily detected in 53 hpf cdx1b morphants
(Fig. 3I, Fig. 8B,C). However, injection of either zebrafish or mouse
foxa2 mRNA restored the expression domain of ceruloplasmin in
the liver of embryos co-injected with the cdx1b MO (Fig. 8D,E) to
a size comparable to that of wild-type embryos (Fig. 8A). While
slightly increased expression domains of ceruloplasmin in the liver
of embryos that had been injected with respective zebrafish or
mouse foxa2 mRNA alone were detected (Fig. 8F,G), approximately
32-34% of the cdx1b morphants could be rescued and showed
normal expression domains of cerulopasmin in the liver of embryos
that had been co-injected with either zebrafish or mouse foxa2
mRNA (Fig. 8H). By contrast, injection of either zebrafish or mouse
foxa2 mRNA could not rescue early endoderm deficiencies in
epiboly embryos co-injected with the cdx1b MO when assayed by
sox17 expression (data not shown). These results indicate that
Cdx1b directly regulates foxa2 expression and may modulate gata5
expression to affect endoderm formation and subsequent
development of different digestive organs.

DISCUSSION
We identified cdx1b, a caudal-related homeodomain gene, in
zebrafish embryos. Our loss-of-function, overexpression, EMSA
and rescue studies demonstrated that zebrafish cdx1b controls the
morphogenesis of different digestive organs through regulating
expressions of foxa2 and gata5, downstream factors of Nodal
signaling that are required for early endoderm formation.

Comparison of expression patterns of cdx1b with
zebrafish cdx1a and cdx4 and mouse Cdx1
Three Cdx genes (Cdx1, Cdx2 and Cdx4) have been identified in
mammals (Lohnes, 2003). Previously, two caudal-related
homeobox genes, cdx1a and cdx4, were characterized in zebrafish
(Davidson et al., 2003; Davidson and Zon, 2006; Shimizu et al.,
2006). Results from the sequence comparison, phylogenetic
analyses, and expression patterns all indicated that zebrafish cdx1b
differs from the previously identified cdx1a and cdx4 (see Figs S2,
S3 in the supplementary material; Fig. 1). On the whole, cdx1b is a
maternal transcript and is ubiquitously expressed in both epiblast
and hypoblast cells during the late gastrulation stage, while both
cdx1a and cdx4 are expressed in these two cell types near the margin
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Fig. 8. Injection of either zebrafish or mouse Foxa2 mRNA restored the expression domain of ceruloplasmin in the liver of cdx1b
morphants. Expression of ceruloplasmin in a 53 hpf wild type (A), respective morphants (B,C), an embryo co-injected with zebrafish foxa2 mRNA
and cdx1b MO (D), an embryo co-injected with mouse Foxa2 mRNA and cdx1b MO (E), and respective embryos injected with either zebrafish foxa2
(F) or mouse Foxa2 (G) mRNA alone. (H) Comparison of the percentages of embryos showing reduced levels of the ceruloplasmin expression
domain in respective embryos injected with either the cdx1b MO, zebrafish foxa2 mRNA and cdx1b MO, or mouse Foxa2 mRNA and cdx1b MO.
Scale bar: 100 �m. wt, wild type.
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but are excluded from the dorsal midline. During late segmentation
stages, the cdx1b transcript was detected in the brain, retinas and
somites, whereas almost no cdx1a expression was detected in 22s
embryos, and cdx4 mRNA was detected in the posterior spinal cord,
notochord, hypochord, ventral mesenchyme and tailbud.

Although the syntenic analyses suggested that zebrafish cdx1b
is an ortholog of the mammalian Cdx1 gene, variations between
their expression patterns were identified. Zebrafish cdx1b is
maternally deposited; however, mouse Cdx1 is not (Fig. 1) (Meyer
and Gruss, 1993; Freund et al., 1998; Lohnes, 2003). During late
gastrulation, zebrafish cdx1b is uniformly expressed in both
epiblast and hypoblast cells, whereas mouse Cdx1 begins to be
expressed in the ectoderm and nascent mesoderm of the primitive
streak in mouse E7.5 embryos. During somitogenesis, zebrafish
cdx1b was found to be expressed in the retinas, forebrain,
midbrain, hindbrain and somites, whereas mouse Cdx1 is
expressed in developing somites and neural tubes with an anterior
expression boundary that corresponds to the preotic sulcus in
mouse E8.5 embryos. Taken together, in contrast to mouse Cdx1,
zebrafish cdx1b exhibits early expression in endodermal cells
during gastrulation and in the anterior neuroectoderm, including
the forebrain, midbrain and retinas, during the segmentation stage.
This expression difference may contribute to the novel role of
zebrafish cdx1b in regulating early endoderm formation reported
in this study.

cdx1b regulates expression of downstream
factors of Nodal signaling
Nodal signaling is central to early endoderm development. In
zebrafish embryos, Squint and Cyclops Nodal factors interact with
the Taram-a (Tar) receptor and the One-eyed pinhead EGF-CFC co-
receptor. Nodal signaling is transmitted through Bon, Gata5 and Cas,
following subsequent activations of sox17 and several fork-head
factors including foxa2, leading to endoderm formation (reviewed
by Schier, 2003). Nodal signaling for endoderm development
became more complex when two maternally deposited transcripts
(spg and eomes) were shown to interact with downstream factors of
Nodal signaling and thus participate in early endoderm formation
(Lunde et al., 2004; Reim et al., 2004; Bjornson et al., 2005). Eomes
can interact with both Bon and Gata5 to induce cas expression in the
late blastula stage, whereas Spg interacts with Cas to commit
mesendodermal precursors to an endodermal fate and activate the
expressions of sox17 and foxa2 during gastrulation.

Antisense MO-mediated knockdown of cdx1b and ectopic
cdx1b expression experiments demonstrated that cdx1b modulates
the respective numbers of gata5-, cas-, foxa2- and sox17-
expressing endodermal cells during gastrulation (Figs 4, 6).
Overlapping expressions of cdx1b, gata5, cas, foxa2 and sox17
exist during gastrulation, which provides additional support for the
potential interactions between cdx1b and these genes (Fig. 1)
(Alexander and Stainier, 1999; Kikuchi et al., 2001; Reiter et al.,
2001). An interspecific sequence comparison revealed conserved
Cdx1-binding motifs (A/CTTTATA/G) in intron 1 of the foxa2
gene as well as in the 5� upstream and 3� UTR regions of the gata5
gene, suggesting potential regulation by Cdx1b of the expression
of these two genes (Brown et al., 2005). Direct binding of the
Cdx1-binding motif of foxa2 by Cdx1b was then demonstrated by
EMSA experiments (Fig. 7). Furthermore, injection of foxa2
mRNA rescued the expression domain of ceruloplasmin in the
liver of 53 hpf embryos that had been co-injected with the cdx1b
MO (Fig. 8). These results demonstrate that Cdx1b regulates foxa2
expression.

In fau/gata5 mutant embryos, reductions in the respective sox17-
and foxa2-expressing endodermal cell numbers were detected,
whereas overexpression of gata5 caused increased numbers of
foxa2- and sox17-expressing endodermal cells (Reiter et al., 2001).
Therefore, perturbations of sox17-expressing endodermal cell
numbers in both epiboly cdx1b morphants and embryos ectopically
expressing cdx1b are probably indirectly caused by regulation of
gata5 expression by cdx1b (Figs 4, 6). Weaker cas expression in
endodermal cells was detected in fau/gata5 epiboly mutants, but
overexpression of gata5 did not activate cas expression in
nonmarginal cells (Kikuchi et al., 2001). Thus, the suggested
regulation of gata5 expression by cdx1b cannot completely account
for the alterations of cas-expressing endodermal cell numbers
observed in both epiboly cdx1b morphants and embryos ectopically
expressing cdx1b. The possibility that cdx1b regulates cas
expression exists and remains to be investigated. Altogether, our
study adds an extra regulatory path to Nodal signaling in addition to
the roles of Eomes and Spg, and cdx1b may participate in early
endoderm formation by regulating the expressions of foxa2 and
gata5 during gastrulation.

Regulation of foxa2 expression by cdx1b may
affect development of the liver and pancreas
A chimeric mouse embryo study showed that Foxa2 (also known as
Hnf3�) is required for the formation of the foregut and midgut
endoderm (Dufort et al., 1998). A recent study that engineered an
endoderm-specific deletion of foxa2 using the Cre/loxP recombination
system demonstrated that foxa1 and foxa2 are required for the
establishment of competence within the foregut endoderm and the
onset of hepatogenesis (Lee et al., 2005). In vivo footprinting studies
have shown that binding of Foxa2 onto the albumin enhancer controls
hepatic specification of the gut endoderm, and co-binding of Foxa2
and Gata4 on the albumin enhancer eF and eG sites, respectively, is
essential for albumin enhancer activity (Gualdi et al., 1996; Bossard
and Zaret, 1998). Therefore, Foxa family proteins, including Foxa2,
are pioneer factors that bind to promoters and enhancers to permit
chromatin access for other tissue-specific transcription factors
(Friedman and Kaestner, 2006). Additionally, Foxa2 regulates
expressions of genes important for liver and pancreas development,
including hnf1�, hnf1�, hnf4�, pdx1 and �-amylase (Cockell et al.,
1995; Levinson-Dushnik and Benvenisty, 1997; Duncan et al., 1998;
Gerrish et al., 2000; Lee et al., 2002). Mouse Pdx1 is expressed in the
developing foregut, which invaginates with the dorsal and ventral
buds of the pancreas analog (Edlund, 2002). A recent study showing
that the homozygous deletion of a conserved enhancer region
containing binding sites for several transcription factors, including
Foxa2 from the pdx1 gene, revealed no ventral pancreatic bud
specification or dorsal bud hypoplasia (Fujitani et al., 2006). Their
results indicated that different levels of Pdx1 protein activity are
required for specifying several organs of the posterior foregut,
pancreas and gut enterendocrine cell differentiation.

In 54 hpf cdx1b morphants, defects in the growth of the liver and
pancreatic buds and abnormal intestinal morphogenesis were readily
detected when using gata5, gata6 and hnf4�, respectively, as probes
(see Fig. S5 in the supplementary material). In addition, a decreased
pdx1 expression level was observed in 72 hpf cdx1b morphants (Fig.
3I). As a result, hypoplastic development of the liver and pancreas
was detected in 96 hpf cdx1b morphants (Fig. 3). Results of
functional analyses, the presence of conserved Cdx1-binding motifs
in the gata5 gene, EMSA and foxa2 mRNA rescue experiments
suggest that Cdx1b regulates foxa2 and may modulate gata5
expression (Figs 4, 6-8). Zebrafish gata5 is thought to be a
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functional ortholog of mammalian and avian Gata4, and fau/gata5
mutant embryos exhibit defects in several endodermal organs,
including the liver and pancreas (Reiter et al., 2001; Wallace and
Pack, 2003). Zebrafish pdx1 morphants have been shown to display
defects in pancreas development (Yee et al., 2001). Judging from the
role of Foxa2 as a pioneer transcription factor that displaces linker
histones from compacted chromatin and the synergistic interactive
effect on liver-specific albumin gene expression with Gata4 and
other transcription factors in mouse embryos, decreases in the
numbers of gata5- and foxa2-expressing endodermal precursor cells
in epiboly cdx1b morphants can cause deficient gene activation in
the development of the liver and pancreas, thus resulting in
deformities of these two digestive organs.

In conclusion, we have identified a caudal-related homeobox
gene, cdx1b, in zebrafish embryos. Results from the antisense MO-
mediated knockdown, overexpression, conserved Cdx1-binding
motif search, EMSA and rescue experiments demonstrated that
cdx1b regulates foxa2 expression and may modulate the expression
of gata5, thus resulting in subsequent hypoplastic growth of the liver
and pancreas as well as intestinal abnormalities.

We would like to thank Dr B. C. Chung for providing the oepm134 and cycb16

mutants and sibling wild-type embryos. Thanks also go to Drs K. Sampath and
C. N. Shen for respectively providing the sox17 and mouse Foxa2 constructs.
We would like to thank Drs C. Thisse and B. Thisse for their critical comments
on the manuscript. The authors also thank the Core Facility of the Institute of
Cellular and Organismic Biology, Academia Sinica, for assistance in DNA
sequencing. This research was supported by a grants from Academia Sinica
(AS91IZ2PP and 2345), Taipei, Taiwan.

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/135/5/941/DC1

References
Alexander, J. and Stainier, D. Y. R. (1999). A molecular pathway leading to

endoderm formation in zebrafish. Curr. Biol. 9, 1147-1157.
Alexander, J., Rothenberg, M., Henry, G. L. and Stainier, D. Y. R. (1999).

Casanova plays an early and essential role in endoderm formation in zebrafish.
Dev. Biol. 215, 343-357.

Aoki, T. O., Mathieu, J., Saint-Etienne, L., Rebagliati, M. R., Peyrieras, N. and
Rosa, F. M. (2002). Regulation of nodal signaling and mesendoderm formation
by TARAM-a, a TGF�-related type I receptor. Dev. Biol. 241, 273-288.

Beck, F. (2004). The role of Cdx genes in the mammalian gut. Gut 53, 1394-1396.
Beck, F., Chawengsaksophak, K., Luckett, J., Giblett, S., Tucci, J., Brown, J.,

Poulsom, R., Jeffery, R. and Wright, N. A. (2003). A study of regional gut
endoderm potency by analysis of Cdx2 null mutant chimaeric mice. Dev. Biol.
255, 399-406.

Bjornson, C. R. R., Griffin, K. J. P., Farr, G. H., III, Terashima, A., Himeda, C.,
Kikuchi, Y. and Kimelman, D. (2005). Eomesodermin is a localized maternal
determinant required for endoderm induction in zebrafish. Development 9, 523-
533.

Bossard, P. and Zaret, K. S. (1998). GATA transcription factors as potentiators of
gut endoderm differentiation. Development 125, 4909-4917.

Brown, C. T., Xie, Y., Davidson, E. H. and Cameron, R. A. (2005). Paircomp,
FamilyRelationsII and Cartwheel: tools for interspecific sequence comparison.
BMC Bioinformatics 6, 70-77.

Chawengsaksophak, K., James, R., Hammond, V. E., Kontgen, F. and Beck, F.
(1997). Homeosis and intestinal tumours in Cdx2 mutant mice. Nature 386, 84-
87.

Cockell, M., Stolarczyk, D., Frutiger, S., Hughes, G., Hagenbuchle, O. and
Wellauer, P. K. (1995). Binding sites for hepatocyte nuclear factor 3� or 3	 and
pancreas transcription factor 1 are required for efficient expression of the gene
encoding pancreatic �-amylase. Mol. Cell. Biol. 15, 1933-1941.

Davidson, A. J. and Zon, L. I. (2006). The caudal-related homeobox gene cdx1a
and cdx4 act redundantly to regulate hox gene expression and the formation of
putative hematopoietic stem cells during zebrafish embryogenesis. Dev. Biol.
292, 506-518.

Davidson, A. J., Ernst, P., Wang, Y., Dekens, M. P. S., Kingsley, P. D., Palis, J.,
Korsmeyer, S. J., Daley, G. Q. and Zon, L. I. (2003). cdx4 mutants fail to
specify blood progenitors and can be rescued by multiple hox genes. Nature
425, 300-306.

Deryckere, F. and Gannon, F. (1994). A one-hour minipreparation technique for
extraction of DNA-binding proteins from animal tissues. BioTechniques 16, 405.

de Santa Barbara, P., van den Brink, G. R. and Roberts, D. J. (2003).
Development and differentiation of the intestinal epithelium. Cell. Mol. Life Sci.
60, 1322-1332.

Dufort, D., Schwartz, L., Harpal, K. and Rossant, J. (1998). The transcription
factor hnf3� is required in visceral endoderm for normal primitive streak
morphogenesis. Development 125, 3015-3025.

Duncan, S. A., Navas, A., Dufort, D., Rossant, J. and Stoffel, M. (1998).
Regulation of a transcription factor network required for differentiation and
metabolism. Science 281, 692-695.

Edlund, H. (2002). Pancreatic organogenesis-developmental mechanisms and
implications for therapy. Nat. Rev. Genet. 3, 524-532.

Feldman, B., Gates, M. A., Egan, E. S., Dougan, S. T., Rennebeck, G.,
Sirotkin, H. I., Schier, A. F. and Talbot, W. S. (1998). Zebrafish organizer
development and germ-layer formation require nodal-related signals. Nature
395, 181-185.

Felsenstein, J. (2000). PHYLIP 3.6: Phylogeny Inference Package,
http://evolution.genetics.washington.edu/phylip/.

Field, H. A., Ober, E. A., Roeser, T. and Stainier, D. Y. R. (2003a). Formation of
the digestive system in zebrafish. I. Liver morphogenesis. Dev. Biol. 253, 279-
290.

Field, H. A., Si Dong, P. D., Beis, D. and Stainier, D. Y. R. (2003b). Formation of
the digestive system in zebrafish. II. Pancreas morphogenesis. Dev. Biol. 261,
197-208.

Freund, J.-N., Domon-Dell, C., Kedinger, M. and Duluc, I. (1998). The Cdx1
and Cdx2 homeobox genes in the intestine. Biochem. Cell Biol. 76, 957-969.

Friedman, J. R. and Kaestner, K. H. (2006). The Foxa family of transcription
factors in development and metabolism. Cell. Mol. Life Sci. 63, 2317-2328.

Fujitani, Y., Fujitani, S., Boyer, D. F., Gannon, M., Kawaguchi, Y., Ray, M.,
Shiota, M., Stein, R. W., Magnuson, M. A. and Wright, C. V. E. (2006).
Targeted deletion of a cis-regulatory region reveals differential gene dosage
requirements for Pdx1 in foregut organ differentiation and pancreas formation.
Genes Dev. 20, 253-266.

Gerrish, K., Gannon, M., Shih, D., Henderson, E., Stoffel, M., Wright, C. V. E.
and Stein, R. (2000). Pancreatic � cell-specific transcription of the pdx-1 gene.
J. Biol. Chem. 275, 3485-3492.

Grapin-Botton, A. and Melton, D. A. (2000). Endoderm development from
patterning to organogenesis. Trends Genet. 16, 124-130.

Gualdi, R., Bossard, P., Zheng, M., Hamada, Y., Coleman, J. R. and Zaret, K.
S. (1996). Hepatic specification of the gut endoderm in vitro: cell signaling and
transcriptional control. Genes Dev. 10, 1670-1682.

Guo, R. J., Suh, E. R. and Lynch, J. P. (2004). The role of Cdx proteins in intestinal
development and cancer. Cancer Biol. Ther. 3, 593-601.

Harmon, E. B., Ko, A. H. and Kim, S. K. (2002). Hedgehog signaling in
gastrointestinal development and disease. Curr. Mol. Med. 2, 67-82.

Jowett, T. (2001). Double in situ hybridization techniques in zebrafish. Methods
23, 345-358.

Kikuchi, Y., Trinh, L. A., Reiter, J. F., Alexander, J., Yelon, D. and Stainier, D.
Y. R. (2000). The zebrafish bonnie and clyde gene encodes a mix family
homeodomain protein that regulates the generation of endodermal precursors.
Genes Dev. 14, 1279-1289.

Kikuchi, Y., Agathon, A., Alexander, J., Thisse, C., Waldron, S., Yelon, D.,
Thisse, B. and Stainier, D. Y. R. (2001). Casanova encodes a novel sox-related
protein necessary and sufficient for early endoderm formation in zebrafish.
Genes Dev. 15, 1493-1505.

Kim, S. K. and Hebrok, M. (2001). Intercellular signals regulating pancreas
development and function. Genes Dev. 1, 111-127.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. and Schiling, T. F.
(1995). Stages of embryonic development of the zebrafish. Dev. Dyn. 203, 253-
310.

Lammert, E., Cleaver, O. and Melton, D. (2001). Induction of pancreatic
differentiation by signals from blood vessels. Science 294, 564-567.

Lee, C. S., Sund, N. J., Vatamaniu, M. Z., Matschinsky, F. M., Stoffers, D. A.
and Kaestner, K. H. (2002). Foxa2 controls Pdx1 gene expression in pancreatic
b-cells in vivo. Diabetes 51, 2546-2551.

Lee, C. S., Friedman, J. R., Fulmer, J. T. and Kaestner, K. H. (2005). The
initiation of liver development is dependent on Foxa transcription factors. Nature
435, 944-947.

Levinson-Dushnik, M. and Benvenisty, N. (1997). Involvement of hepatocyte
nuclear factor 3 in endoderm differentiation of embryonic stem cells. Mol. Cell.
Biol. 17, 3817-3822.

Lohnes, D. (2003). The Cdx1 homeodomain protein: an integrator of posterior
signaling in the mouse. BioEssays 25, 971-980.

Lunde, K., Belting, H. G. and Driever, W. (2004). Zebrafish pou5f1/pou2,
homolog of mammalian Oct4, functions in the endoderm specification cascade.
Curr. Biol. 14, 48-55.

Matsumoto, K., Yoshitomi, H., Rossant, J. and Zaret, K. S. (2001). Liver
organogenesis promoted by endothelial cells prior to vascular function. Science
294, 559-563.

951RESEARCH ARTICLEcdx1b regulates endoderm development

D
E
V
E
LO

P
M
E
N
T



952

Meyer, B. I. and Gruss, P. (1993). Mouse cdx-1 expression during gastrulation.
Development 117, 191-203.

Murtaugh, L. C., Stanger, B. Z., Kwan, K. M. and Melton, D. A. (2003). Notch
signaling controls multiple steps of pancreatic differentiation. Proc. Natl. Acad.
Sci. USA 100, 14920-14925.

Mutoh, H., Hakamata, Y., Sato, K., Eda, A., Yanaka, I., Honda, S., Osawa, H.,
Kaneko, Y. and Sugano, K. (2002). Conversion of gastric mucosa to intestinal
metaplasia in Cdx2-expressing transgenic mice. Biochem. Biophys. Res.
Commun. 294, 470-479.

Mutoh, H., Sakurai, S., Satoh, K., Osawa, H., Hakamata, Y., Takeuchi, T. and
Sugano, K. (2004). Cdx1 induced intestinal metaplasia in the transgenic
mouse stomach: comparative study with Cdx2 transgenic mice. Gut 53, 1416-
1423.

Ober, E. A., Field, H. A. and Stainier, D. Y. R. (2003). From endoderm formation
to liver and pancreas development in zebrafish. Mech. Dev. 120, 5-18.

Pack, M., Solnica-Krezel, L., Malicki, J., Neuhauss, S. C. F., Schier, A. F.,
Stemple, D. L., Driever, W. and Fishman, M. C. (1996). Mutations affecting
development of zebrafish digestive organs. Development 123, 321-328.

Peng, M. Y., Wen, H. J., Shih, L. J., Kuo, C. M. and Hwang, S. P. L. (2002).
Myosin heavy chain expression in cranial, pectoral fin, and tail muscle regions of
zebrafish embryos. Mol. Reprod. Dev. 63, 422-429.

Reim, G., Mizoguchi, T., Stainier, D. Y., Kikuchi, Y. and Brand, M. (2004). The
POU domain protein Spg (Pou2/Oct4) is essential for endoderm formation in
cooperation with the HMG domain protein casanova. Dev. Cell 6, 91-101.

Reiter, J. F., Kikuchi, Y. and Stainier, D. Y. (2001). Multiple roles for GATA5 in
zebrafish endoderm formation. Development 128, 125-135.

Roy, S., Qiao, T., Wolff, C. and Ingham, P. W. (2001). Hedgehog signaling
pathway is essential for pancreas specification in the zebrafish embryo. Curr.
Biol. 11, 1358-1363.

Schier, A. F. (2003). Nodal signaling in vertebrate development. Annu. Rev. Cell
Dev. Biol. 19, 589-621.

Shimizu, T., Bae, Y. K. and Hibi, M. (2006). Cdx-Hox code controls competence
for responding to Fgfs and retinoic acid in zebrafish neural tissue. Development
133, 4709-4719.

Shivdasani, R. A. (2002). Molecular regulation of vertebrate early endoderm
development. Dev. Biol. 249, 191-203.

Silberg, D. G., Swain, G. P., Suh, E. R. and Traber, P. G. (2000). Cdx1 and Cdx2
expression during intestinal development. Gastroenterology 119, 961-971.

Stainier, D. Y. R. (2002). A glimpse into the molecular entrails of endoderm
formation. Genes Dev. 16, 893-907.

Tam, P. R. L., Kanai-Azuma, M. and Kanai, Y. (2003). Early endoderm
development in vertebrates: lineage differentiation and morphogenetic function.
Curr. Opin. Genet. Dev. 13, 393-400.

Wallace, K. N. and Pack, M. (2003). Unique and conserved aspects of gut
development in zebrafish. Dev. Biol. 255, 12-29.

Wells, J. M. and Melton, D. A. (1999). Vertebrate endoderm development.
Annu. Rev. Cell Dev. Biol. 15, 393-410.

Westerfield, M. (1995). The Zebrafish Book (3rd edn). Eugene, OR: University of
Oregon Press.

Yee, N. S., Yusuff, S. and Pack, M. (2001). Zebrafish pdx1 morphant displays
defects in pancreas development and digestive organ chirality, and potentially
identifies a multipotent pancreas progenitor cells. Genesis 30, 137-140.

RESEARCH ARTICLE Development 135 (5)

D
E
V
E
LO

P
M
E
N
T



A
Primer name Sequence
CDXNC 5’- ATG TAC/T GTI A/TG/CI TAC/T C/TTI C/TTI GAC/T

AAA/G GA- 3’
CDXCA 5’-TIC G/TT/CT CT/CT TIG CIC G/TIC G/TA/GT TT/CT

GA/GA ACC-3’
CDXCD 5’-C/TTG IGC IGG ICG/T ICG/T CAT CCA C/TTC-3’

B
Oligonucleotide                          Sequence
Wild-type                                           5’ AATAGTGAGTTGTATAAAACCGAATCGGAA 3’
                                                    3’ TTATCACTCAACATATTTTGGCTTAGCCTT 5’
Mutant                                                 5’ AATAGTGAGTTGTGCGTGACCGAATCGGAA 3’
                                                    3’ TTATCACTCAACACGCACTGGCTTAGCCTT 5’

C
55,930,061                     55,929,966
AATTCCGATTCGGTTTTATACAACTCACTATTAGCCCTGAGATAATATTAACTTTGAGATCAAATATTGACTTGAGGCGCCTCCAAATCCTCCCC Zebrafish LG 17
AAATGGGTCTCTTTTTTATACGACACACTGTTAGCCTTGAGATAATATTAACTTTGTGATCAAATATTGACTTGCGGCGCCTCCAAATCCTCTTC Human LG 20
AAATGGGTCTCTTTTTTATACGACACACTGTTAGCCTTGAGATAATATTAACTTTGTGATCAAATATTGACTTGCGGCGCCTCCAAATCCTCTTC Mouse LG 2
H-22,512,680             22,512,586
M-147,737,127            147,737,033

D
7,214,924   5’ upstream region               7,214,992
TTAAGTTGTTTTTTATGGTGCCTCAGGGAGAGATATTTCACACCCTATTTAACCGTTCATTACAGCCAG Zebrafish LG 23
TAAATTGGCTTTTTATGGGACAGCAGGGGTAGATATTTCACACCCAATTTATCTTTTCTTCATTGTTTG Stickleback LG XII
2,544,560           2,544,628
7,247,813            3’ UTR              7,247,928
GGGAGGACAAAAACATGCTTTTTATGGCTACTGAACGTTTCATGGCTTAGTTGTTAATGATTACCTTTTAAGATACATTATTTATGTTGAGATAAGAATGGTGGAGGCACACA AG    Zebrafish LG23
GTGGGGAGAAAAATACCTTTTTTATGGCTGTTGAACATTTCTCATTACAGGTGTGTAGATGATTAACTTTTATGGGCCCATTATTTATGTTGAGATAAGGACAGTTGAAAGTCATGTG Stickleback LG XII
2,560,280      2,560,397

Fig. S1



A
Hcdx1   1   MYVGYVLDKD SPVYPGPARP AS-LGLGPAN YGPPAPPPAP PQYPDFSSYS HV-------- -EPAPAPPTA
Mcdx1   1   MYVGYVLDKD SPVYPGPARP SS-LGLGPPT YAPPGPAPAP PQYPDFAGYT HV-------- -EPAPAPPPT
Hcdx2   1   MYVSYLLDKD VSMYPSSVRH SGGLNLAPQN FVS------P PQYPDYGGYH VAAAAAAAAN LDSAQSPGPS
Mcdx2   1   MYVSYLLDKD VSMYPSSVRH SGGLNLAPQN FVS------P PQYPDYGGYH VAAAAAATAN LDSAQSPGPS
Xtcad2  1   MYVGYLLDKD NNMYPNPVRH PG-LNLNPQN YVP-----AP PQYSDFPSYH HVPGINS--- -DPHHGQPGG
Zcdx1b  1   MYVSYLLDKD SSMYPNSVRH PS-LNLNPQN FVP-----AP PQYPDFTGYH HVPGITTN-- -DPHHSQTGS

Hcdx1   61  WGAPFPAP-K DDWAAAYGPG PAAPAA---- -------SPA SLAFGPPPDF SPVPA----- ----PPGPGP
Mcdx1   61  WAAPFPAP-K DDWAAAYGPG PTASAA---- -------SPA PLAFGPPPDF SPVPA----- ----PPGPGP
Hcdx2   65  WPAAYGAPLR EDWNG-YAPG GAAAAANAVA HGLNGGSPAA AMGYSSPADY HPHHHPHHHP HHPAAAPSCA
Mcdx2   65  WPTAYGAPLR EDWNG-YAPG G-AAAANAVA HGLNGGSPAA AMGYSSPAEY HAHHHPHHHP HHPAASPSCA
Xtcad2  61  TWSSYTPS-R EDWHP-YGPG PGASSA---- -------NPA QISFSPS-DY NPVQ------ ------PPGP
Zcdx1b  62  WNPAYPPP-R EEWTP-YGPG SGVSSS---- -------STG QLGFSPP-EF SSVQ------ ------TPG-

Hcdx1   110 GLLAQPLG-- -------GPG TPSSPGAQRP TPYEWMRRSV AAGGGGGSGK TRTKDKYRVV YTDHQRLELE
Mcdx1   110 GILAQSLG-- -------APG APSSPGAPRR TPYEWMRRSV AAAGGGGSGK TRTKDKYRVV YTDHQRLELE
Hcdx2   134 SGLLQTLNPG PPGPAATAAA EQLSPGGQRR NLCEWMRKP- AQQSLGSQVK TRTKDKYRVV YTDHQRLELE
Mcdx2   133 SGLLQTLNLG PPGPAATAAA EQLSPSGQRR NLCEWMRKP- AQQSLGSQVK TRTKDKYRVV YTDHQRLELE
Xtcad2  105 GLLPPSLN-- -------SSV SPLSPSAQRR NLYEWMRRTG VPTSTNSNGK TRTKDKYRVV YTDHQRLELE
Zcdx1b  104 -LLQSSIN-- -------SSV GQLSPNAQRR NPYDWMRRS- VPPAS-SGGK TRTKDKYRVV YTDHQRLELE

Hcdx1   171 KEFHYSRYIT IRRKSELAAN LGLTERQVKI WFQNRRAKER KVNKKKQQQQ Q---PPQPPM AHDITATPAG
Mcdx1   171 KEFHYSRYIT IRRKSELAAN LGLTERQVKI WFQNRRAKER KVNKKKQQQQ QPLPPTQLPL PLDGTPTPSG
Hcdx2   203 KEFHYSRYIT IRRKAELAAT LGLSERQVKI WFQNRRAKER KINKKKLQQQ QQQQPPQPPP PPPQPPQPQP
Mcdx2   202 KEFHFSRYIT IRRKSELAAT LGLSERQVKI WFQNRRAKER KIKKKQQQQQ QQQQQ-QPPQ PPPQPSQPQP
Xtcad2  166 KEFHYSRYIT IRRKAELAAS LALTERQVKI WFQNRRAKER KVNKKKMQQQ SQQASTTTPT PPSVGTTAGM
Zcdx1b  163 KEFHYSRYIT IRRKAELATA LSLSERQVKI WFQNRRAKER KINKKKMQQ- PQPASTTTPT PPGSALPGNV

Hcdx1   238 PSLGGLCP-- SNTSLLATSS PMPVKEEFLP ---------- -
Mcdx1   241 PPLGSLCP-- TNAGLLGTPS PVPVKEEFLP ---------- -
Hcdx2   273 GPLRSVPEPL SPVSSLQASV SGSVPGVLGP TGGVLNPTVT Q
Mcdx2   271 GALRSVPEPL SPVTSLQGSV PGSVPGVLGP AGGVLNSTVT Q
Xtcad2  236 GGLCSSSS-- SNS-NLVSPS SMPIKEEYLS ---------- -
Zcdx1b  232 P-MVTSSS-- SGG-LVSPPM PMSIKEEY-- ---------- -

B
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