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An evolutionarily conserved subcircuit (kernel) dedicated to a specific developmental function is found at the
top of the gene regulatory networks (GRNs) hierarchy. Here we comprehensively demonstrate that a pan-
deuterostome endoderm specification kernel exists in zebrafish. We analyzed interactions among gata5,
gata6, otx2 and prdm1a using specific morpholino knockdowns and measured the gene expression profiles by
quantitative real-time RT-PCR and in situ hybridization. ThemRNA rescue experiment validated the specificity
of the morpholino knockdown. We found that the interactions among gata5, gata6, otx2 and prdm1a
determine the initial specification of the zebrafish endoderm. Although otx2 can activate both gata5 and gata6,
and the prdm1a/krox homologue also activates some endoderm transcription factors, a feedback loop from
Gata to otx2 and prdm1a is missing. Furthermore, we found the positive regulation between gata5 and gata6 to
further lock-on the mesendoderm specification by the Gata family. Chromatin immunoprecipitation was used
to further validate the recruitment of Otx2 to the gata5 and gata6 loci. Functional assays revealed that module
B of gata6 and the basal promoter of gata5 drive the gene at the mesendoderm, and mutational analysis
demonstrated that Otx2 and Gata5/6 contribute to reporter gene activation. This is the first direct evidence for
evolutionarily conserved endoderm specification across echinoderms and vertebrates.
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Introduction

In studies of developmental gene regulatory networks (GRNs), the
conserved sub-circuit at the top of the hierarchy dedicated to a
specific developmental function is called the “kernel” (Davidson,
2006). In sea urchin and starfish, the endoderm kernel contains otx,
blimp/krox, gatae, foxa, bra, and delta, which form an interaction sub-
circuit (Hinman et al., 2003). Otx is the driver that initiates
specification of the endoderm for many endoderm-specific genes,
including endo16 (Yuh et al., 1998). Beyond echinoderms, the role of
otx2 and blimp/krox in early endoderm is very limited. The purpose of
this study is to search for the functions of these genes in the early
development of zebrafish and to find out whether an evolutionarily
conserved endoderm specification kernel exists across echinoderms
and vertebrates.

In zebrafish (Danio rerio), the endoderm originates from the most
marginal blastomeres of the blastula-stage embryo. The most
important signaling molecule during endoderm formation is Nodal.
Upon binding to its receptors, Nodal leads to the activation of gata5,
bon and og9x, which then activate sox32 to promote the expression of
sox17 and activate endoderm differentiation (Alexander and Stainier,
1999; Bennett et al., 2007; Chan et al., 2009b). gata5 is expressed in
the endodermal progenitors during the late blastula stages, and
mutation of gata5 results in loss of expression of sox17 and foxa2
(Reiter et al., 2001). Gata5 is necessary for the development of the
endoderm and heart in zebrafish (Reiter et al., 1999, 2001). Gata4/5/6
is reported to be downstream of nodal signaling and involved in the
development of mesendoderm in Xenopus embryos (Afouda et al.,
2005); however, the role of gata6 in zebrafish endoderm has not
previously been investigated.

In mice, Otx2 is expressed in neuroectoderm and visceral
endoderm, tissues that are hypothesized to possess similar activities
as the yolk syncytial layer (YSL) of the zebrafish embryo (Rhinn et al.,
1998). It is essential for gastrulation and early brain development
(Rhinn et al., 1999; Zakin et al., 2000). There are variant isoforms of
otx2, and the proximal isoforms of otx2 that are prevalent in the
visceral endoderm are required for gastrulation (Acampora et al.,
2009). Injection of mouse otx2 mRNA into Xenopus embryos induces
expression of the ectopic endodermal marker endodermin (Chiao
et al., 2005). The function of otx2 in the diencephalon has been studied
thoroughly in zebrafish (Rhinn et al., 2005; Scholpp et al., 2007);
however, there has been no report describing otx2 in zebrafish
endoderm specification. Prdm1a is necessary for the development of
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the posterior pharyngeal arch and nerve in zebrafish (Olesnicky et al.,
2010; Birkholz et al., 2009; Rossi et al., 2009). In Xenopus, Prdm1/
Blimp1 is hypothesized to induce anterior endomesoderm and promote
head formation (de Souza et al., 1999). The roles of otx2 and prdm1a in
the endoderm have received little attention in zebrafish.

Previously, we constructed zebrafish GRNs (Chan et al., 2009b)
(http://www.zebrafishworld.org) by integrating published evidence for
interactions with the spatial/temporal expression pattern extracted
from the Zebrafish Information Network (ZFIN) (http://zfin.org). In this
study, we establish the interrelationship among four evolutionarily
conserved transcription factors, gata5, gata6, otx2 and prdm1a in early
endoderm specification by using morpholino (MO) perturbation
coupled with quantitative RT-PCR (Q-PCR) and in situ hybridization.
We demonstrate their structural and functional relationships in the
genomic code of gata5 and gata6 for interaction and activation from
Otx2 and Gata5/6. With this new insight, we suggest that the kernel of
these four evolutionarily conserved transcription factors is also
important, however with some degree of modification, for activating
endodermal transcription factors during early zebrafish development.
Fig. 1. Temporal and spatial expression profiles of gata5, gata6, otx2 and prdm1a. (A) Quanti
The X-axis represents RNA molecules per embryo defined by Q-PCR. RNA was isolated from
shown as a purple line for gata5, a blue line for gata6, a red line for otx2, and a green line fo
shown as a bar extending to both sides of the mean. (B–E) In situ hybridization of gata5, gata
mesendoderm and the YSL at 5 hpf. otx2 is expressed in the blastoderm at 5 hpf, and pr
mesendoderm lineage at the margin of blastoderm. (F–K) Co-localization of otx2, gata5 and g
(I, J, K) in wild-type embryos at 5 hpf. (F) gata6mRNA is indicated by green fluorescence. (G
co-localization of gata6 and otx2 in the mesendoderm. (I) gata5mRNA is indicated by green
indicating the co-localization of gata5 and gata6 in the mesendoderm. Arrow indicates the
Results

The spatial and temporal expression profiles of otx2, gata5, gata6 and
prdm1a

Key conserved transcription factors operating a subcircuit (kernel)
are essential for determining the endoderm in early embryogenesis.
To investigate the roles of gata5, gata6, otx2 and prdm1a in
mesendoderm specification in zebrafish, we first examined the
temporal expression profiles of these genes. We extracted total RNA
from wild-type embryos at 0.5, 2.5, 3.5, 4.5, 5.0, 5.5, 6.5 and 8 hpf
(hours post-fertilization) and performed real-time RT-PCR. As shown
in Fig. 1A, all four transcription factors were undetectable at 1.5 hpf
and started to be expressed around 4 hpf. The expression of prdm1a
before 5 hpf was undetectable (not shown). The expression of gata5,
gata6 and otx2 increased until it peaked at around 5 hpf. The
expression peaked again at 11 hpf and then declined from 16 to
24 hpf (data not shown). The time of the four genes' expression
correlated with mesendoderm specification in zebrafish.
tative expression profiles of gata5, gata6, otx2 and prdm1a determined by using Q-PCR.
embryos at different time points, and the absolute molecular numbers per embryo are
r prdm1a. The experiments were conducted in triplicate, and the standard deviation is
6, otx2 and prdm1a in wild-type embryos at 5 hpf. gata5 and gata6 are expressed in the
dm1a is expressed in the blastoderm and ectoderm. Arrow indicates the location of
ata6 at 5 hpf double in situ hybridization for gata6 and otx2 (F, G, H) and gata5 and gata6
) otx2mRNA is shown by red fluorescence. (H) Merged image of F and G, indicating the
fluorescence. (J) gata6 mRNA is shown by red fluorescence. (K) Merged image of I and J
location of mesendoderm lineage at the margin of the blastoderm.
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To confirm whether those transcription factors were expressed in
the same area at the blastula stage, in situ hybridization was
performed using 5 hpf embryos. As shown in Figs. 1B and C, gata5
and gata6 were expressed in the presumptive mesendoderm at 5 hpf.
They were co-expressed in the endoderm and YSL at 8 hpf, the
endoderm, ventral mesoderm, and heart primordium at 11 and
16 hpf, and finally, in the heart and gut at 24 hpf (data not shown).
These results were consistent with previous studies of gata5 and gata6
in the development of the heart and endoderm-derived organs
(Afouda et al., 2005; Reiter et al., 2001). As seen in Fig. 1D, otx2 was
expressed in the presumptive mesendoderm at 5 hpf (40%–50%
epiboly) (indicated with an arrowhead). At later stages, otx2 was
expressed in the neural ectoderm-derived tissue as described
previously. It was expressed in the anterior neural plate at 8 hpf, in
the midbrain at 11 and 16 hpf, and in the forebrain neural plate and
the hindbrain at 24 hpf (data not shown). The weak expression of
prdm1a could be seen in the blastoderm at 5 hpf (Fig. 1E). This result
indicates that the spatial expression domains of the four transcription
factors overlap at the presumptive mesendoderm at 5 hpf.

otx2, gata5 and gata6 co-localize in the mesendoderm at 5 hpf

It is essential to show the precise locations of gata5, gata6 and otx2 in
the endoderm lineage at the earliest possible time. We performed
double fluorescent in situ hybridization and showed that gata6 (Fig. 1F)
and otx2 (Fig. 1G) co-localize in the mesendoderm at 5 hpf (Fig. 1H);
also, gata5 (Fig. 1I) and gata6 (Fig. 1J) co-localize in themesendodermat
5 hpf (Fig. 1K). Our data demonstrate that although otx2 is expressed at
a low level at 5 hpf, it is expressed in the same domain as gata5 and
gata6.

The analysis of the potential involvement of otx2 and prdm1a in
endoderm specification in zebrafish

The causal significance of transcription factors within networks is
established by specific trans-perturbation using MO-substituted
antisense oligonucleotide. For otx2 and gata5, two MOs were
designed; one targeted the translation initiation site, and the other
targeted the 5′ un-translated region, which was used for the RNA
rescue experiment (Fig. 2A). Both MOs suppressed the expression of
their target genes at the similar dose (Fig. S1). The gata6 and prdm1a
MOswere based on previously published papers (Peterkin et al., 2003;
Wilm and Solnica-Krezel, 2005). TheMOsweremicroinjected into the
yolk of one-cell stage zebrafish embryos, and the phenotypes were
observed with a specific focus on the early endoderm. After double in
situ hybridization with hypoblast (sox32) and epiblast (foxb1.2)
markers, the embryos were sectioned to examine the germ layer
progenitor cell fate specification during early gastrulation (Fig. 2B).
Most of the gata5 morphants showed decreased staining of the
hypoblastmarker gene (Fig. 2D) comparedwith controlMOs (Fig. 2C).
For the gata6 morphants, the hypoblast at 5 hpf showed slower
migration ability (Fig. 2E). After knockdown of Prdm1a or Otx2, most
of the morphants at 5 hpf exhibited early endodermal phenotype
defects (Figs. 2F and G), with weaker and less cell-expressed
hypoblast marker-sox32; epiblast formation appears abnormal and
that expression of the epiblast markers (foxb1.2) was also affected
(Figs. 2F and G). The reason for the minor effect of knockdown of
gata5 and gata6 compared to knockdown of otx2 and prdm1a might
have been due to the cross-regulation between gata5 and gata6 as
seen in the knockdown experiment below.

gata5, gata6, otx2 and prdm1a regulate mesendoderm-expressed genes
at 5 hpf

After examining the phenotypes of the morphants, we used
quantitative real time RT-PCR (Q-PCR) to examine the expression
changes of other transcription factors to further elucidate the
interaction networks mediated by those transcription factors. The
cDNAs were prepared from morphants and controls, and Q-PCR was
performed on all 36 candidate genes, which were selected by
screening for mesendoderm- or endoderm-expressed genes in ZFIN.
Genes that are positively regulated by one transcription factor should
show decreased expression with knockdown of that transcription
factor. In contrast, genes that are repressed by one transcription factor
should show increased expression with knockdown of that transcrip-
tion factor. We set the criteria for downstream targets to more than
twofold differences in expression between morphants and controls,
and t-tests on triplicate experiments showed significance. Primer
sequences for the Q-PCR experiments are listed in Table S1. The
downstream target genes are listed in Table 1 with red and green
indicating those that were positively and negatively regulated,
respectively.

From our Q-PCR data, we identified many possible target genes for
otx2, gata5, gata6 and prdm1a. Because we used whole embryos for Q-
PCR, we cannot be sure whether the reduced expression occurred in
mesendoderm. Therefore, we further used in situ hybridization to
examine localization. Compared to the Q-PCR data (Figs. 3-I–IV, A),
genes that are positively regulated by the knocked down genes
exhibited lighter staining in the morphant embryos than the control
embryos (Fig. 3). The otx2 MO not only reduced the expression of
many endoderm-specific transcription factors (Fig. 3-I A) but also
reduced expression in the mesendoderm territory (Figs. 3-I B–O). By
Q-PCR (Fig. 3-II A) and in situ hybridization (Figs. 3-II B–I), we found
that the gata5 MO reduced the expression of gata6, irx3a and sox32,
and it enhanced the expression of sox4 and trh3. The gata6 activated
sox32, foxa3, tbx16, gata5, foxa2 and og9x (Fig. 3-III A), and the
territory for this interaction was the mesendoderm (Figs. 3-III B–M).
Based on both Q-PCR (Fig. 3-IV A) and in situ hybridization (Figs. 3-IV
B–G), we also found that the prdm1aMO only reduced the expression
of three genes (cdx4, og9x and foxa2) in our candidate genes at 5 hpf.
Supplementary Fig. 2 shows that other genes were not regulated by
those four transcription factors, based on Q-PCR.
otx2 and gata5 mRNA rescue the effects of otx2 and gata5 MO

To determine specificity, the otx2 and gata5 morphants were
rescued by co-injection of otx2 and gata5 mRNA. Using in situ
hybridization, we found the mesendoderm expression of gata5, gata6,
foxa3, og9x, sox32, gata4 and prdm1a was reduced by knockdown of
otx2 (Figs. 4 A–G-2); the mesendoderm expression in the otx2
morphant could be rescued by co-injection of otx2mRNA (Figs. 4 A–G-
3). Using Q-PCR analysis, we found that the expression levels of gata5,
gata6, foxa3, og9x, sox32 and prdm1a were rescued in the otx2
morphant by co-injection of otx2 mRNA (Fig. S3). However, neither
the otx2MO nor the otx2mRNA co-injection had a significant effect on
bon, tbx16 or trh3, which were used as negative controls. Similarly, the
expression domains of gata6, sox32 and sox4 in embryos injected with
gata5MO or co-injection of both gata5MO andmRNAwere examined
using in situ hybridization (Figs. 4H–J). Expression in the mesendo-
derm was down-regulated in the gata5 morphant (Figs. 4 H–J-2), and
the effect of the gata5MO could be rescued by co-injection with gata5
mRNA, as confirmed by the re-appearance of mesendoderm expres-
sion (Figs. 4 H–J-3). Q-PCR demonstrated that the expression levels of
gata6 and sox32 were reduced by injection of the gata5 MO and were
rescued by co-injection of gata5 mRNA (Fig. S3-B). The negative
control used in this experiment, the expression of foxa2, foxa3 and
tbx16, showed no significant changes with gata5MO or co-injection of
both of gata5 MO and mRNA. The rescue experiments were done in
more than 50 embryos, the number and percentage of embryos that
exhibit specific expression pattern are provided in supplementary
Table 2.



Fig. 2.Morpholino and phenotypic characterization of morphants for germ layer progenitor cell fate specification. (A) The nucleotide sequence surrounding the translation initiation
site for gata5, gata6, otx2 and prdm1a, with the MO target site highlighted. (B) Illustration of section to demonstrate the cells' lineage. (C–G) Section double in situ hybridization with
ectoderm marker (foxb1.2 shown in blue) and endoderm marker (sox32 indicated by pink) for the 5 hpf morphants injected by the control MO (C), gata5 MO (D), gata6 MO (E),
prdm1a MO (F) and otx2 MO (G). MO shown in the right upper corner and scale bar indicated with a black line in the right lower corner.
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Using in situ hybridization, we found that the weak expression of
foxa2 at 5 hpf could be enhanced by overexpression of gata5, gata6 or
otx2 mRNA (Figs. 5A–C). Furthermore, the expression level of sox32
could be enhanced by either gata5 or gata6 mRNA (Figs. 5D and E),
and og9x could be enhanced by gata6 mRNA overexpression (Fig. 5F).
These results indicate the importance of gata5, gata6 and otx2 to the
earliest expression of endoderm transcription factors.

Both the gata6 and prdm1a MOs were designed according to
published work, and the specificity has been previously shown. The
gata6MO targeted to the long-form translation initiation site has been
shown to knock down both the long-form and short-form Gata6 in
zebrafish (Peterkin et al., 2003). Injection of prdm1a MO caused
developmental defects in all germ layers, and its effectiveness and
specificity have been proven in prdm1 RNA rescue experiments (Wilm
and Solnica-Krezel, 2005). The morpholino injection experiments
were done in more than 30 embryos, the number and percentage of
embryos exhibit specific expression pattern are provided in Supple-
mentary Table 3.
Validation of epistasis or parallel interaction

To further validate the interrelationship between gata5, gata6 and
otx2, we performed the experiment by knockdown one factor and
rescue by adding back another factor. Fig. 6 shows the results by
knockdown otx2 and rescue with gata5 or gata6 mRNA (A),
knockdown gata5 and rescue with otx2 mRNA (B), also knockdown
gata6 and rescue with otx2 mRNA(C).

From the co-injection experiment of otx2 MO with gata5 or gata6
mRNA, we found the expression of sox32 and sox17 in otx2morphants
can be rescued by gata5 but not gata6 (Fig. 6A). This proves that otx2
might activatesox32 and sox17 through gata5. On the other hand, we
found the expression of foxa2 in otx2 morphants can be rescued by
gata6 but not gata5 (Fig. 6A), indicating that otx2might activate foxa2
through gata6. In addition, overexpression Otx2 by mRNA injection
can partially rescue the foxa2 expression in gata6morphants (Fig. 6C).
These results suggest that otx2 can regulate foxa2 through gata6 or
independent of gata6, both regulation pathways work in parallel.

image of Fig.�2


Table 1
Downstream target genes of otx2, gata5, gata6, and prdm1a.a

otx2 downstream genes

foxa3 (+)

gata5 (+)

sox32 (+) 

gata6 (+)

og9x (+)

foxa2 (+)

sox17 (+)

gbx2 (+)

gata4 (+)

prdm1a (+)

gata5 downstream genes

sox32 (+)

gata6 (+)

sox4 (-)

trh3 (-)

irx3a (+)

gata6 downstream genes

sox32 (+)

foxa3 (+)

tbx16 (+)

gata5 (+)

foxa2 (+)

og9x (+)

prdm1a downstream genes

cdx4 (+)

og9x (+)

foxa2 (+)
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However, otx2 mRNA can neither rescued the expression of gata6
and sox32 in gata5morphants (Fig. 6B), nor rescued the expression of
gata5 and sox32 in gata6 morphants (Fig. 6C). These result indicated
gata6 might directly activates gata5 and sox32 bypass of otx2, and
gata5 might directly activates gata6 and sox32 not through otx2. The
regulation between gata5 and gata6 cannot be replaced by otx2. It also
suggested that gata5 and gata6 gene regulate sox32 expression in
parallel. If the regulation between otx2, gata5 and gata6 are direct,
both Otx and Gata binding sites should exist in the important cis
regulatory modules for driving gata5 or gata6 in mesendoderm. The
test of this hypothesis is shown later.

The redundancy of gata5 and gata6 in endoderm specification
were further proved by double knockdown of Gata5 and Gata6 using
morpholinos (Fig. 6D). To test the redundancy between gata5 and
gata6, we used half amount of the optimized dose morpholino for the
single MO injection and one fourth of the effective dose for the double
knockdown experiment. With half of the effective dose of gata5 MO,
the expression of both sox32 and foxa2 was decreased, and the half of
the effective dose gata6MO hasmuchweaker effect on the expression
of sox32 and foxa2. However, when both of gata5 and gata6 were
knockdown with one fourth of the effective dose, the expression of
sox32 and foxa2 were more significantly decreased. These results
suggest that gata5 and gata6 activate foxa2 and sox32 redundantly.

We also examined the possibility of the redundancy between otx2,
otx1 and otx5 in activating endoderm specific transcription factors.
Two homolog of otx1 exist in zebrafish embryo, otx1a and otx1b has
been reported to express at 5 hpf (source: ZFIN Direct Data
Submission); they share 74% of identity in gene and 71% of identity
in protein sequence (http://www.ensembl.org/Danio_rerio/Gene/
Compara_Paralog?g=ENSDARG00000094992;r=17:24146910–
24152572;t=ENSDART00000064083). We compared the expression
between otx2 and otx1 bywholemount in situ hybridization. Although
the expression of otx1 is very high at 5 hpf embryos, the expression
domain is in neuroectoderm, the mesendoderm expression of otx1
(Figs. S4D–F) is less obvious than otx2 (Figs. S4A–C). However, we
cannot exclude the possibility of otx1 and otx2 co-expression in
mesendoderm from in-situ hybridization alone. We performed the
rescue experiment by overexpression of otx1 in otx2 morphants. The
result indicates that otx1cannot rescue the expression of foxa2, gata5,
gata6, og9x, sox17 and sox32 in otx2morphants (Fig. S4G). Form these
result we found otx1 do not exhibit redundant function in regulating
otx2 activated genes in mesendoderm. We found otx5 starts to
express at 48 hpf using quantitative RT-PCR analysis; there is no
expression of otx5 in 5 hpf embryos (Fig. S4H). Therefore, otx5 could
not involve in this kernel.

Identification of the evolutionarily conserved modules of gata5 and
gata6 and Otx2 interacts with the gata5 and gata6 loci

To further demonstrate the possibility of direct interaction
between Otx2 and its downstream target genes, gata5 and gata6, we
performed chromatin immunoprecipitation using an Otx2 antibody
and reporter functional analysis. Evolutionary conservation of a DNA
sequence among different genomes often indicates its significance;
cross species conservation provides a very powerful method for
identifying the important regulatory regions of a gene (Chen and
Blanchette, 2007; Werner et al., 2007). To identify the functional cis-
regulatory modules of gata5 and gata6, we first compared the
genomic sequence to orthologous genomic regions from nine
different species and identified several conserved non-coding
Notes to Table 1:
aGenes that are repressed by each transcription factor are labeled in green; in
contrast, genes activated by each transcription factor are labeled in red. The
statistical significance of the Q-PCR results was examined by a Student's t-test (two-
tailed, type 2). ★★ pb0.01, ★ 0.01bpb0.05, ☆ indicates pN0.05.

http://www.ensembl.org/Danio_rerio/Gene/Compara_Paralog?g=ENSDARG00000094992;r=17:24146910-24152572;t=ENSDART00000064083
http://www.ensembl.org/Danio_rerio/Gene/Compara_Paralog?g=ENSDARG00000094992;r=17:24146910-24152572;t=ENSDART00000064083
http://www.ensembl.org/Danio_rerio/Gene/Compara_Paralog?g=ENSDARG00000094992;r=17:24146910-24152572;t=ENSDART00000064083


Fig. 3.Genes that are affected after knockdown of otx2 (I), gata5 (II), gata6 (III) and prdm1a (IV) at 5 hpf. (I) otx2MO repressesmany genes' expression at 5 hpf. (II) gata5MOaffect
many genes' expression at 5 hpf. (III) gata6MO inhibit many genes' expression at 5 hpf. (IV) prdm1aMO inhibit the expression of cdx4, og9x and foxa2 at 5 hpf. The Q-PCR results
from different morphants are shown in bar graphs. The gene expression levels in the control embryos were used as standards and are shown by blue bars. The red bars represent
the extent (fold-change) to which gene expression was up- or down-regulated in morphants compared with control embryos. The results were obtained from more than three
sample batches, and the standard deviations are indicated as lines extending from the mean. The statistical significance of the quantitative data was determined by the Student's
t-test.★★, represents pb0.01,★, represents 0.01bpb0.05. I(B–O), II(B–I), III(B–M), and IV(B–G): Representative images from in situ hybridization show the domains in which
the expressed genes were deregulated in morphants. Upper images: expression of the gene (name shown in the right lower corner) in the control MO-injected embryos; lower
images: expression of the gene (name shown in the right lower corner) in the otx2 MO (I), gata5 MO (II), gata6 MO (III), and prdm1a MO (IV) injected embryos.
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modules spanning the gata5 and gata6 loci. Three modules (A–C) plus
a basal promoter (Bp) were identified in the gata5 upstream region
(Fig. S53-A), and four modules (A–D) plus a Bp were identified in the
gata6 upstream sequence (Fig. S5-B).

Chromatin immunoprecipitation is a useful method for studying
protein–DNA relationships during zebrafish development (Hart et al.,
2007; von Hofsten et al., 2008), and it has been applied to zebrafish
embryo development (Havis et al., 2006; Wardle et al., 2006). Using
an antibody against the Otx2 protein, we performed chromatin
immunoprecipitation on 5 hpf embryos. Representative gel images of
the PCR products from DNA immunoprecipitated by the Otx2
antibody or IgG are shown in Fig. 7. The gata5 B and C modules and
gata5 Bp were significantly enriched by the Otx2 antibody, and the
gata6 B and D modules were also enriched.

Otx2-interacting modules are functional positive regulatory modules for
gata5 and gata6

We next examined the function of those evolutionarily conserved
modules by linking them to EGFP (Enhanced Green Fluorescent
Protein) reporter constructs with their own basal promoter using
transient expression assay. The statistical analysis to demonstrate the



Fig. 4. RNA rescue experiment verifying the specificity of otx2MO and gata5MO at 5 hpf. (A–G) The embryos were injected with control MO (1), otx2MO (2) or both otx2MO and
otx2mRNA (3) and using in situ hybridization to examine the expression of genes such as gata5 (A), gata6 (B), foxa3 (C), og9x (D), sox32 (E), gata4 (F) and prdm1a (G). (H–J) The
embryos were injected with control MO (1), gata5 MO (2), or both gata5 MO and gata5 mRNA (3) and using in situ hybridization to examine the expression of genes such as
gata6 (H), sox32 (I) and sox4 (J). Injected morpholino is shown in the bottom, and the in situ probe is indicated in the right upper corner.
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consistency of GFP expression patterns generated across multiple
experiments is shown in Supplementary Table 4. We performed 5′
deletion analysis for gata5 and linked individual modules to the basal
promoter of gata5 (Fig. 8-I-A). Module C together with Bp activated
the expression of the EGFP fusion product in the dorsal half of the
embryo (Fig. 8-I-B) or combined with mesendoderm expression
(Fig. 8-I-C). When the Bp was linked with module B, GFP was
expressed in the mesendoderm with scattered GFP expression in
dorsal half of the embryo (Fig. 8-I-D). We found that expression
throughout the entire mesendoderm was achieved by the Bp of gata5
Table 2
The PCR primers used following chromatin immunoprecipitation.

Target region Forward Reverse

gata5-chip-Bp ACAGACTGGCACCGATAACT TCATCCGCGGGAATCAAGCTGC
gata5-chip-A TTAAAAAGCGTTTTGGGCAC TTATCACCCCTCCCCTTTTC
gata5-chip-B GGATTGATGAATGGATGATTTG CGCCTTTGTTGTTAGTGTGC
gata5-chip-C TGGGAAACTGTAGGTCTGCC TCTTCTTCTCCTTTTTCCCCTC
gata6-chip-A GGACCAAATTAATCCCGGTT TAAAGCGTCATTTGCACAGC
gata6-chip-B CCCCGCAGTCTGTGTATTTT TCAGGTGGGTGTTAGCCTTT
gata6-chip-C GCAAACAGCCACATACATGC CTCAGCCCTGTTCCTACTGC
gata6-chip-D ACCAAACTCCACTGCTGGAC TGATGAATGGTTTGGGGAAT
alone (Fig. 8-I-E). Therefore, the most important module for
mesendoderm expression in gata5 is Bp.

We also performed 5′ deletion analysis for gata6 or linked
individual modules to the basal promoter of gata6 (Fig. 8-II-A). The
sequence starting from −7566 contains the 5′ portion of module B,
and the modules B and A have no expression activities (Fig. 8-II-B).
However, the modules B and A together can drive the expression of
GFP in the mesendoderm lineage (Fig. 8-II-C). Upon deletion of the
module B, the activity was abolished (Fig. 8-II-D). Modules B, C and D
alone cannot drive expression in the mesendoderm (Figs. 8-II-E–G).
Together with module A, module B can drive the expression in the
mesendoderm. Therefore, the most important module for mesendo-
derm expression in gata6 is module B.

Mutational analysis identified the direct target site for Otx2 and Gata
factors

Direct targeting of Gata6 and Otx2 to the gata5 Bp, or Gata5 and
Otx2 to the gata6 Bmodule were tested by co-injection of the reporter
construct with MOs. The GFP reporter construct driven by gata5-Bp
was co-injected with gata6 MO or control MO, and the embryos were
collected at 5 hpf to examine the expression of GFP and other
endogenous genes. We found that the transcription regulatory
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Fig. 5. Endoderm-specific transcription factors are activated by overexpression of gata5, gata6 and otx2 mRNAs. The embryos were injected with control MO (1) or mRNA (2) and
using in situ hybridization to examine the expression of genes such as foxa2 (A–C), sox32 (D, E), and og9x (F). Injectedmorpholino is shown in the left lower corner, the in situ probe is
indicated in the right upper corner, and the percentage of morphants exhibited the similar pattern is shown at the right lower corner.
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function of gata5-Bp could be repressed by knockdown of Gata6, and
so could the endogenous gata6 target genes (foxa2, gata5 and sox32)
(Fig. 9A). Similarly, otx2 MO could reduce the GFP expression driven
by gata5-Bp, and the other endogenous otx2 target genes were also
reduced (foxa2, gata5, gata6, sox32 and sox17) (Fig. 9B). These results
indicate that the basal promoter of gata5 contains the target sites for
both Gata6 and Otx2. We also identified the target sites for Gata5 and
Otx2 on the gata6-BA module. Co-injection of gata6-BA-GFP with
gata5 MO reduced the expression of GFP and other endogenous gata5
target genes (foxa2, gata6 and sox32) (Fig. 9C). Similarly, otx2 MO
could reduce the GFP expression driven by gata5-BA-GFP and the
other endogenous otx2 target genes (foxa2 and sox17) (Fig. 9D).

There are three Otx2 sites and three Gata sites in the basal
promoter of gata5 (Fig. 9E). We applied two different strategies to
explore whether those presumptive target sequences are the direct
binding sites for Otx2 and Gata. We used cis-perturbation bymutation
of the target site, and trans-perturbation by knocking down the
transcription factor with MO. If Otx2 and Gata indeed bind to the
presumptive target sites to activate transcription, either cis- or trans-
perturbation will produce the same result; however, there should be
no additional decrease of activity when they are added together (Chan
et al., 2009b; Yuh et al., 2004). First, we made a deletion mutant of
gata5 loci with 137 bp removed. Deletion of the presumptive Gata
sites abolished the Gata5 and Gata6 responsiveness for the gata5-Bp
reporter construct similarly to the trans-perturbation by co-injection
of gata6 morpholinos (Fig. 9F). As predicted, application of morpho-
lino knockdown to the deletion mutant did not result in any further
decrease of activity. In addition, deletion of the presumptive Otx2
binding sites from gata5-Bp abolished the Otx2 responsiveness of the
gata5 basal promoter in both cis-mutation and trans-perturbation
experiments (Fig. 9G). However, the combination of cis- and trans-
perturbation together resulted in a slightly greater decrease, indicat-
ing that there might be other Otx2-responsive elements in this
construct. This provided additional evidence that Otx2 and the Gata
proteins are functionally activated through binding of the gata5 basal
promoter to regulate mesendoderm gene expression. There are three
Otx2 binding sites and four Gata sites in the gata6-B module (Fig. 9H).
These are possible interaction sites through which Otx2 and Gata5
may directly regulate gata6. Functional analysis shows that the basal
promoter of gata5 and module B of gata6 drive GFP expression in the
mesendoderm lineage of the embryo, and abolishing the Otx2 and
Gata5/6 input either by cis (mutation) or trans (injection with
morpholino) perturbation diminished the responsiveness.

Discussion

Mesendoderm GRNs at 5 hpf in zebrafish and the comparison between
fish and urchin

We assembled the GRNs of the mesendoderm using BioTapestry
Editor (Fig. 10). Dash lines from one gene to another indicate
knockdown with morpholino and/or overexpressing with mRNA
affect the expression of its target genes. For some interaction which
mRNAwere co-injected with morpholino and rescue the effect of MO,
then we draw solid lines with blue diamond. For the interactions of
Otx2 and Gata5 to gata6, we have found thatmodule B in gata6Gene is
crucial to drive gene expression in mesendoderm at 5 hpf, and this
driving force is sensitive to otx2 MO and gata5 MO; we draw solid
lines with orange diamonds in this kind of circumstance. For the
interactions of Otx2 and Gata6 to gata5, we found that gata5-Bp can
drive gata5 express in mesendoderm at 5 hpf, and also response to the
activation of otx2 and gata6 for its driving force is sensitive to otx2 and
gata6morpholino. Furthermore, we also found deleting multiple Gata
and Otx transcription factors binding sites in this resign can abolish its
driving force and otx2 and gata6 morpholino sensitivity. For this kind
of solid data, we draw solid lines with green diamonds.

In the architecture, we show that otx2 activates gata5 and gata6,
and then gata5 and gata6 activate each other and form an
autoregulatory positive feedback system (Fig. 10A). This system
ensures a stable output of gata5 and gata6 soon after they start to be
expressed. In addition to the gata6 gene, gata5 activates other genes,
such as sox32 and irx3a, and suppresses sox4 and trh3. gata6 activates
gata5 and other genes such as sox32, foxa2 and foxa3. otx2 not only
activates gata5 and gata6 but also activates the expression of many
endoderm-specific transcription factors at 5 hpf, such as og9x, foxa2,
foxa3, prdm1a and gata4. The features of this regulatory circuit make it
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Fig. 6. Coinjection various RNA with morpholino validating the epistasis or parallel relationship among genes. (A) Embryos were injected with control MO (blue bars), otx2 MO (red bars), otx2 MO plus gata5 mRNA (green bars), or otx2 MO
plus gata6 mRNA (purple bars) to examine the expression of sox17, sox32 and foxa2 using Q-PCR. (B) Embryos were injected with control MO (blue bars), gata5 MO (red bars), or gata5 MO plus otx2 mRNA (green bars) to examine the
expression of sox32 and gata6 using Q-PCR. (C) Embryos were injected with control MO (blue bars), gata6MO (red bars), or gata6MOplus otx2mRNA (green bars) to examine the expression of foxa2, gata5 and gata6 using Q-PCR. (D) Embryos
were injected with control MO (blue bars), gata5MO (red bars), gata6MO (green bars), or gata5MO plus gata6MO (purple bars) to examine the expression of sox32 and foxa2 using Q-PCR. The amount of morpholino in the single knockdown
was one half of the effective dose: 8 ng per embryo for gata5MO and 2.5 ng per embryo for gata6 MO. The amount of morpholino in the double knockdown was one fourth of the effective dose: 4 ng per embryo of gata5 MO plus 1.25 ng per
embryo of gata6 MO. The gene expression levels in the control embryos were used as standards and the gene expression in injected embryos compared with control embryos shown in the table. The results were obtained from multiple
batches, and the standard deviations are indicated as lines extending from the mean.
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Fig. 7. The in vivo binding of Otx2 on the genomic region of gata5 and gata6 using chromatin immunoprecipitation. In vivo Otx2-binding sites were detected by chromatin
immunoprecipitation using an Otx2 antibody. (A) A physical map of the gata5 regulatory modules with the number indicated the location relative to translation initiation site as +1.
The red boxes indicate the modules that are enriched by chromatin immunoprecipitation using the Otx2 antibody. The gray box indicates the module that is not enriched by
chromatin immunoprecipitation using the Otx2 antibody. The gel images represent typical results from the ChIP assay. IgG and Otx indicate the PCR products from genomic DNA
precipitated using either IgG or Otx2 antibody. The input is the PCR product from the total input genomic DNA. The PCR amplicon tested in each reaction is labeled. (B) A physical
map of the gata6 regulatory modules with the number indicated the location relative to transcription initiation site as +1. The gata6 regulatory modules with the modules that are
enriched by chromatin immunoprecipitation using the Otx2 antibody are labeled in red, and the modules that are not enriched by ChIP using Otx2 antibody are labeled in gray. The
representative gel images of the PCR products from total input genomic DNA, precipitated using IgG or Otx2 antibody. The PCR amplicon tested in each reaction is labeled at the
bottom of each image.

550 W.-F. Tseng et al. / Developmental Biology 357 (2011) 541–557
possible to express genes for mesendoderm specification at a
sufficient level quickly when the cues from signaling molecules are
received.

From our experiments, Otx2 is important for activating both gata5
and gata6. The positive feedback loop between gata5 and gata6
contributes to the specification of endoderm to ensure the expression
of endoderm-specific transcription factors (Fig. 10B). In the echino-
derm endoderm kernel, otx activates gatae at 15 hpf and otx at 18 hpf.
Then, from 21 hpf, gatae and otx form a positive feedback loop,
reinforcing each other in the endoderm (Yuh et al., 2004) (Fig. 10C).
Otx is the important driver to activate the endoderm lineages in sea
urchin. Invertebrate deuterostomes contain a single-copy GATA gene,
and multiple paralogs resulted frommany rounds of gene duplication
(Gillis et al., 2009). In zebrafish, Gata5 and Gata6 are both equally
related to GATAe. Therefore, this is an example of gene duplication
and subsequent sub-functionalization. We also found that otx2
positively regulated prdm1a, as seen in echinoderms. Those in-
teractions were conserved between zebrafish and sea urchin.

Furthermore, the endoderm kernel differs to some degree between
invertebrates and vertebrates. Within the echinoderm kernel, the
cross regulation between krox and otx provides the drive for locking in
gatae expression (Fig. 10C). Here, we found that the cross-regulation
between the krox orthologue prdm1a and otx2 is lost in zebrafish
(Fig. 10B). The inputs fromOtx, Gata, and Prdm1a on otx2were absent
in zebrafish, which might explain why the otx2 influence on the
endoderm only lasted for a short time during early development. In
conclusion, we provide evidence for the existence of a pan-
deuterostome endoderm kernel, and we found that the relationships
among those evolutionarily conserved transcription factors occur
during early mesendoderm formation in zebrafish. However, GRNs
differ to some degree in the details of the hierarchy (Davidson, 2010),
and the dependence on Otx and Prdm1a for endoderm formation is
switched to Nodal-activated transcription factors in zebrafish. This is
the first direct evidence for evolutionarily conserved endoderm
specification across echinoderms and vertebrates.
Nodal activates transcription factors for endoderm specification

The relationship between the mesendoderm GRNs examined here
and Nodal is an important issue related to the findings of our previous
study. Nodal belongs to the transforming growth factor-beta (TGF-β)
superfamily (Zhang, 2004) and determines the formation of endo-
derm in vertebrates. The Nodal-related pathway is conserved among
human, Xenopus, and zebrafish in mesoderm differentiation, and it is
associated with vertebrate gastrulation and axial patterning (Fletcher
et al., 2006). Nodal signaling is important in determining the fate of
endoderm and mesoderm (Aoki et al., 2002). Activation of Nodal
signaling is sufficient to commit cells to an endodermal fate and
behavior in cell transplantation experiments (David and Rosa, 2001).
Signals transduced by Nodal lead to the expression of bon, which then
activates sox32 (David and Rosa, 2001; Dickmeis et al., 2001; Kikuchi
et al., 2001; Sakaguchi et al., 2001) and thus promotes the expression
of sox17 and initiation of the endoderm specification. Gata5 regulates
endoderm formation in cooperation with Bon (Kunwar et al., 2003).
Previous data show that Otx2 is a downstream transcription factor for
the beta-catenin, Fgf, and Nodal signaling pathway (Mathieu et al.,
2004; Poulain et al., 2006). In zebrafish embryos, beta-catenin
accumulates in the nuclei of the dorsal marginal zone, and zygotic
nodal transcripts are found at the blastoderm margin (Range et al.,
2007). This finding implies that Nodal, together with beta-catenin,
activates otx2 in the dorsal marginal zone, and then subsequently,
otx2 activates the mesendoderm specification genes.

In echinoderms, Nodal is a key regulator of dorsal–ventral polarity
(Duboc and Lepage, 2008; Duboc et al., 2004). In the early sea urchin
embryo, zygotic Nodal is expressed in the presumptive ectoderm
(Range et al., 2007), and the activated form of the downstream sox
family transcription factor-SpSoxB1 is expressed in the non-vegetal
region (Kenny et al., 1999). Recently, Nodal has been demonstrated to
be important for patterning of the endoderm and skeletogenic
mesoderm in sea urchin (Duboc et al., 2010). A whole genome
study in sea urchin revealed that SpSoxC is expressed by the
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Fig. 8. Functional analysis of gata5 and gata6 regulatorymodules. I. The GFP expression constructs, expression territories, and the GFP images of the gata5 regulatorymodule. (A)Map
and summarization of the results for the gata5 regulatory modules. (B) gata5-C-Bp shows GFP in the dorsal half the embryo. (C) gata5-C-Bp shows GFP in the mesendoderm and
scattered expression in the ectoderm. (D) gata5-B-Bp shows GFP in themesendoderm and scattered expression in the ectoderm. (E) gata5-Bp shows GFP in themesendoderm. II. GFP
constructs and results for gata6 and representative images of the expression pattern. (A) Map and summarization of the results for the gata6 regulatory modules. (B) gata6-B′A-Bp
shows GFP in themesendoderm and YSL. (C) gata6-BA-Bp shows GFP in themesendoderm. (D) gata6-A′-Bp shows no GFP expression in the embryo. (E) gata6-B-Bp shows GFP in the
YSL. (F) gata6-C-Bp shows GFP in the YSL. (G) gata6-D-Bp shows no GFP expression in the embryo.
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endoderm lineage. The earlier expression of SpSoxC appears in a ring
of veg1 cells, and it is seen later in the foregut after archenteron
ingression (Howard-Ashby et al., 2006). Nodal might play a role in
activation of SpSoxC expression; for example, Nodal could activate
sox17 and sox32 to initiate endoderm specification in zebrafish. The
role of Nodal and sox in echinoderms is more complicated than
previously recognized.
Evolutionarily conserved regulation of otx2, gata5, gata6, and prdm1a in
presumptive endoderm

Gata5 and Gata6 belong to the GATA family, members of which
share a zinc finger domain for binding the GATA motif. In zebrafish,
gata5 and gata6 are essential formesoderm formation (Heicklen-Klein
et al., 2005) and also for anterior hemangioblast specification and
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myelopoiesis (Peterkin et al., 2009). In vitro binding assay results
indicate that Gata proteins might activate gene expression and
endoderm specification in metazoan endoderm (Bossard and Zaret,
1998). In zebrafish, gata5 is important for regulation of the endoderm-
specific genes sox17 and foxa2 (Reiter et al., 2001). In medaka fish,
gata5 and gata6 are expressed in the early endoderm until the onset of
gut tube formation (Kobayashi et al., 2006). In Xenopus, Gata4/5/6 is
downstream of Nodal signaling and plays an important role in
endoderm formation (Afouda et al., 2005). In this report, we provide
evidence that gata5, together with gata6, is important for endoderm
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Fig. 10. Regulatory gene networks for mesendoderm development. (A) Overview of the GRNs in mesendoderm at 5 hpf. Dashed lines indicate the inputs were identified by
morpholino knockdown coupled with Q-PCR and in-situ hybridization to verify the effected regions were indeed the mesendoderm territory. The solid lines with blue diamond
(level 1) indicate the inputs were further verified by injection with RNA to the morphants to prove the epistasis or parallel relationship. The solid lines with orange diamond
(level 2) indicate the cis-regulatory module was identified and GFP reporter constructs were co-injected with morpholinos to prove the responsiveness. The solid lines with
green diamond (level 3) indicate the transcription factors' binding site was found in the cis-regulatory module, and a small region containing the transcription factors' binding
sites were further deleted and co-injected with morpholinos to prove the responsiveness. The interaction between sox32andsox17 was from previous work from our lab (Chan
et al., 2009a), and it was proved to the level 3 which the transcription factor binding site for Sox32 was identified. The low expression of otx2 activated gata5 and gata6, otx2
further activated other downstream genes including og9x, foxa2, foxa3, gata4 and gbx2. This stimulation was soon amplified by the autoregulatory lock-on system through
positive regulatory between gata5 and gata6. gata5 can also activate other endoderm specific transcription factors: sox32, gata6, irx3a and repressed sox4 and trh3. gata6 can
activate gata5, sox32, foxa2, foxa3, og9x and tbx16. As development progressed, the gene expression profile was transferred to another status. The evolutionarily conserved
mesendoderm kernels in (B) zebrafish and (C) sea urchin are compared.
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formation in zebrafish, and together they form a positive feedback
loop that stimulates the specification of endoderm.

In medaka fish, gata5 and gata6 are co-expressed with endoderm-
specific transcription factors including sox17, sox32 and foxa2 in the
early endoderm (Kobayashi et al., 2006). The roles of gata5 in the
zebrafish endoderm have been revealed by themutant line fau (Reiter
et al., 1999), but the roles of otx2 and gata6 in zebrafish endoderm
specification have hardly been addressed. Interestingly, our pertur-
bation analysis of otx2 and gata6 showed that all the genes activated
by otx2 (gata5, gata6, foxa2, foxa3 and sox17) and gata6 (sox32, og9x,
gata5, foxa2, foxa3 and tbx16) have been characterized as Nodal-
regulated genes in studies of the transcriptional response to Nodal
signaling (Bennett et al., 2007). This is the first evidence demonstrat-
ing that otx2 and gata6 play some role in regulating endoderm
specification that might be parallel to or downstream of Nodal
Fig. 9. The gata5 and gata6 regulatory regions contain functional Otx2 and Gata target sites. T
by blue bars. The red bars represent the extent (fold-change) to which gene expression wa
obtained from more than three sample batches, and the standard deviations are indicated a
with control MO or gata6 MO. (B) The Q-PCR results from gata5-Bp:GFP co-injected with c
control MO or gata5MO. (D) The Q-PCR results from gata6-BA-Bp:GFP co-injected with cont
bold, the deletion region is underlined, with three red boxes indicating presumptive Otx2 bi
PCR results from gata5-Bp:GFP or deletion mutant of Bp co-injected with control MO or gata
injected with control MO or otx2 MO are shown. For F, and G: The gene expression levels in
represent the extent (fold-change) to whichwild-type Bp driven GFP expression was down-r
green bars represent the extent to which GFP expression was down-regulated in mutants co
deletion mutant of gata5 Bp:GFP co-injected with gata6MOor otx2MO injected embryos com
in the mutants knockdown gata6 or otx2 compared to control MO indicated the importance o
module and the deletion region are underlined, with red boxes indicating presumptive Otx
signaling in zebrafish. From our results, all the genes downstream of
gata5, gata6, otx2 and prdm1a are highly related to Nodal signaling.

Our data are consistent with previous results showing that gata5
and gata6 are expressed in endoderm- and mesoderm-specific
lineages in zebrafish. Gata5 is expressed in the presumptive
mesendoderm and hypoblast at the onset of gastrulation around
6 hpf (Montero et al., 2005) and in endoderm- and mesoderm-
derived tissues at a later stage (Heicklen-Klein and Evans, 2004).
Gata6 is expressed in the YSL from the 50% epiboly to bud stage and
later in endoderm- and mesoderm-derived tissues (ZFIN Direct Data
Submission). Our data clearly demonstrate that gata6 is expressed in
mesendoderm at 5 hpf. The Gata family transcription factors are
highly conserved in evolution and gata4/5/6 are important in the
development of the myocardium (Peterkin et al., 2007). Gata factors
are critical for endoderm differentiation in mice (Arceci et al., 1993;
he gene expression levels in the control embryos were used as standards and are shown
s up- or down-regulated in morphants compared to control embryos. The results were
s lines extending from the mean. (A) The Q-PCR results from gata5-Bp:GFP co-injected
ontrol MO or otx2 MO. (C) The Q-PCR results from gata6-BA-Bp:GFP co-injected with
rol MO or otx2MO. (E) The nucleotide sequence of gata5-Bp. The exons are indicated in
nding sites and blue highlighting indicating presumptive Gata binding sites. (F) The Q-
6MO are shown. (G) The Q-PCR results from gata5-Bp:GFP or deletion mutant of Bp co-
the control embryos were used as standards and are shown by blue bars. The red bars
egulated in gata6MO or otx2MO injected embryos comparedwith control embryos. The
mpared with the wild-type Bp construct. The purple bars represent the extent to which
pared with control MO injected embryos. The lack of any further decrease of expression
f the deletion region for the Gata6 or Otx2 input (H) The nucleotide sequence of gata6-B
2 binding sites and blue highlighting indicating presumptive Gata binding sites.
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Soudais et al., 1995), flies (Rehorn et al., 1996), and worms (Zhu et al.,
1997), as shown by knockdown experiments. Those results indicate
that the importance of gata5/6 in the endoderm is conserved among
all animals from sea urchins to vertebrates. However, the interactions
among otx2, gata5 and gata6 in zebrafish and other organisms had not
been previously studied.

otx2 is known to be expressed in the blastoderm at the shield stage
(6 hpf) (Rhinn et al., 2005), in the anterior neural plate at the 75%
epiboly stage (8 hpf) (Hans and Westerfield, 2007), and in the
forebrain andmidbrain at the prim-5 stage (24 hpf) (Dee et al., 2008).
Our double in situ data indicate that at 5 hpf, otx2 is expressed in the
zebrafishmesendoderm and co-localizes with gata5 and gata6. During
early embryogenesis in other vertebrates, otx2 is expressed in the
anterior visceral endoderm in the mouse (Zakin et al., 2000) and in
the entire epiblast in the chick (Bally-Cuif et al., 1995). The
evolutionarily conserved regulatory element from the otx2 locus is
functional in both mouse and chick (Albazerchi et al., 2007). These
results imply that otx2 expression in the presumptive endoderm is
conserved among all animals from sea urchins to vertebrates.

Special wiring machineries regulate the timing of expression of
endoderm specification genes

The conserved otx2, prdm1a/krox, and gatae interaction sub-circuit
in the echinoderm endoderm kernel provide clues to the function of
those evolutionarily conserved transcription factors in early specifi-
cation of the zebrafish endoderm. Except for the intensive study of the
role of gata5 in endoderm specification (Reiter et al., 1999, 2001), the
roles of gata6, otx2 and prdm1a in endoderm formation in zebrafish
have received little attention. In this study, we not only demonstrate
that gata6, otx2 and prdm1a regulate the expression of different
subsets of endodermal target genes, but we also found that Otx2 binds
genomic elements upstream of gata5 and gata6 by ChIP-PCR.
Functional analysis with cis-mutation of the presumptive target site
of Otx and Gata or the trans-perturbation of Otx2 and Gata5 or Gata6
generated the same effects, and little or none additional decrease in
activity was observed when cis- and trans-perturbations were applied
together (Figs. 9F and G). This finding indicates that Otx2 and Gata5/6
contribute to the mesendoderm expression of gata5 through the basal
promoter. These results suggest a conserved set of factors that operate
in formation of the endoderm in zebrafish as well as sea urchin.

Materials and methods

Zebrafish

AB strain D. rerio fish were purchased from the Zebrafish
International Resource Center (ZIRC), Oregon. Fish were maintained
at 28 °C in our zebrafish facility with a 14-h light and 10-h dark cycle.

Morpholino oligonucleotide (MO), mRNA and DNA injections

MOs were injected at different dosages according to the titration
results: we injected different amounts of MOs and chose the dosage
that generated the greatest number of living embryos with the
required phenotype. Morpholinos were purchased from Gene Tools,
LLC (Philomath, OR), dissolved to 1 mM in sterilized ddH2O and stored
at −20 °C. For microinjection, they were prepared in 1× phosphate-
buffered saline (PBS) with 0.05% phenol red. They were injected into
embryos at the one-cell stage using a Nanoject α (Drummond
Scientific Co., Broomall, PA). After injection, the embryos were
incubated in egg water (60 μg sea salt/ml distilled water).

Zebrafish standard control MOs was used for all control exper-
iments; we injected 10 ng of control MO into embryos. TwoMOswere
used to knockdown otx2. Both MOs generated the same phenotype
when the same dose was microinjected (1.2 ng per embryo). The
otx2-MO1 targets the translation initiation site (underlined) and has
been used previously (Foucher et al., 2006). The otx2-MO2 targets to
−124 to −100 base pairs relative to the translation initiation site. To
knockdown gata5, 15 ng of gata5 MO was microinjected into each
embryo. The gata5-MO targeted to −30 to −6 base pairs relative to
the translation initiation site. To knockdown gata6, 5 ng of gata6-MO
was injected into each embryo. The gata6-MO targeted to the long-
form translation initiation site (underlined), and it has been shown to
knockdown both long-form and short-form Gata6 in zebrafish
(Peterkin et al., 2003). The sequences of the MO used in this study
are listed below. To knockdown prdm1a, 1.2 ng of prdm1a MO was
injected. This MO targets −33 to −9 base pairs relative to the
translation initiation site, and it has been evaluated for its effective-
ness and specificity of phenotype (Wilm and Solnica-Krezel, 2005).
The sequences of the MOs used in this study are listed below.

control MO: 5′-CCTCTTACCTCAGTTACAATTTATA-3′;
otx2-MO1: 5′-GTTGCTTGAGATACGACATCATGCT-3′,
otx2-MO2: 5′-TTGTTTGCGTCTTCAGCGGTGGAGG-3′,
gata5-MO: 5′-ATCCAGTGAATAAGCTAGATTTCGA-3′,
gata6-MO: 5′-AGCTGTTATCACCCAGGTCCATCCA −3′
prdm1a MO: 5′-TGTGTGATCTCTCCCCTGAGTGTGT-3′

mRNAs were synthesized using the T7 mMessage mMachine Kit
(Ambion, Austin, TX). The otx2 and gata5 cDNA templates were
synthesized using the following primers:

otx2-T7-forward: 5′-TAATACGACTCACTATAGGGAGAAAAAGA-
GACCGAAGCA-3′,
otx2-reverse: 5′-TGGCAGGTCTACAACGTTTATTT-3′,
gata5-T7-forward: 5′-TAATACGACTCACTATAGGGAGAAC-
CACTCGTGTACCA-3′
gata5-reverse: 5′-CTTTCCTAAGCACCGTCTGTCT-3′.

For overexpression and morpholino rescuing, 50 pg of otx2 mRNA
and 20 pg of gata5 mRNA were injected at the one-cell stage.

For promoter assays, the embryos were injected with the PCR-
amplified DNA fragment from the EGFP constructs with the specific
forward and reverse primers (EGFP-N1-r-poly(A) containing the SV40
poly(A) signal).

Formicroinjection, theMOs, mRNAs or DNAswere prepared in PBS
with 0.05% (w/v) phenol red. Embryos were injected at the one-cell
stage with a PV820 Pneumatic PicoPump (World Precision Instru-
ments, Inc., Sarasota, FL).

RNA extraction and Q-PCR

Fifty embryos of morphants or control embryos were collected at
different stages. RNAwas extracted using an RNeasyMini Kit (QIAGEN
Co., Valencia, CA). One microgram of RNA was used to generated the
complementary DNA by using MultiScribe™ Reverse Transcriptase
(Applied Biosystems, Foster City, CA), and Q-PCR was carried out
using SYBR Green (Applied Biosystems) with the ABI PRISM 7900
sequence detection system (Applied Biosystems). The primers for Q-
PCR are listed in Table 1. After normalization with 18S RNA, the
expression ratio of each gene between morphants and control
embryos was calculated. The data are presented as mean±standard
error. The Student's t-test was used to determine statistical signifi-
cance. For calculation of the absolute molecules of RNA, we use the
known DNA (eGFP PCR fragment which is 1225 bp) as our standard.
We diluted to 35.3 ng/μl first, and preformed serial dilution from
1.0×10−4 to 1.0×10−9, and used 3.8 μl for each Q-PCR reaction. After
Q-PCR reaction, we used “Molecules (Log 10)” as Y-axis and “average
Ct (cycle number at threshold)” as X-axis draw the standard curve.
Each Ct can be converted into molecules according to the standard
curve, and then converted into molecules per embryo by dividing



555W.-F. Tseng et al. / Developmental Biology 357 (2011) 541–557
with the actual embryo number.We estimate the 18Smolecules using
this method averaged from many batches. It was about 1.8×1010

molecules per embryo at early stage. For each gene, the relative fold to
18S was calculated first, and then converted into absolute molecules.
ng/μl
 μl
 ng
 Dilution
 Final
(ng)
Size
(bp)
Moles
 Molecules
35.3
 3.8
 134.14
 1.0E−04
 0.01341400
 1225
 1.65912E−17
 1.0E+07

35.3
 3.8
 134.14
 1.0E−05
 0.00134140
 1225
 1.65912E−18
 1.0E+06

35.3
 3.8
 134.14
 1.0E−06
 0.00013414
 1225
 1.65912E−19
 1.0E+05

35.3
 3.8
 134.14
 1.0E−07
 0.00001341
 1225
 1.65912E−20
 1.0E+04

35.3
 3.8
 134.14
 1.0E−08
 0.00000134
 1225
 1.65912E−21
 1.0E+03

35.3
 3.8
 134.14
 1.0E−09
 0.00000013
 1225
 1.65912E−22
 1.0E+02
Whole mount in situ hybridization

A cDNA fragment of each gene was cloned into the cloning vector
as the DNA template for synthesizing an antisense RNA probe. The
Sp6, T3, or T7 polymerase promoter sequence was added to the 3′ end
of the cDNA by insertion into the 5′ end of the reverse primer or by
PCR from cDNA constructs containing the T7 promoter. Digoxigenin
(DIG)-labeled antisense RNA probes were synthesized from the
purified PCR products according to the instructions in the MEGAscript
Kit (Ambion, Austin, TX) and DIG RNA labeling mix (Roche). Embryos
were fixed with 4% paraformaldehyde overnight at 4 °C and
dehydrated inmethanol at−20 °C.Wholemount in situ hybridization
was performed according to the protocol described by the Thisse Lab
(https://wiki.zfin.org/display/prot/Thisse+Lab+−+In+Situ+
Hybridization+Protocol+−+2010+update) with some modifica-
tions. In brief, the embryos were rehydrated gradually with PBST
(1× PBS, 0.1% Tween 20). After being prehybridized with HYB− (50%
formamide, 5× SSC, and 0.1% Tween 20), they were incubated at 70 °C
overnight in HYB+ (HYB− plus 50 μg/ml heparin, 500 μg/ml wheat
germ tRNA) containing 0.5 μg/μl of the DIG-labeled antisense RNA
probe. They were then washed with 75%, 50%, and 25% HYB−/2XSSC
for 15 min, 2× SSC for 15 min, and twice with 0.2× SSC for 30 min at
70 °C and transferred gradually to maleic acid buffer (100 mM maleic
acid, 150 mM NaCl, 0.1% Tween 20) and blocked in 1× blocking buffer
(1% Blocking Reagent [Roche] in maleic acid buffer) for at least 2 h.
They were then incubated in 1:10,000 anti-DIG-AP (Roche) in 1×
blocking buffer overnight at 4 °C. After six washes with PBST for
15 min and three washes with alkaline Tris buffer for 5 min, bound
antibody was detected using BCIP/NBT (Roche). After staining, the
labeled embryos were mounted in 90% glycerol. The images were
captured using an Olympus DP70 digital microscope camera and
processed with Helicon Focus software.
Double fluorescence in situ hybridization

The double fluorescence in situ hybridization was preformed based
on previous literature (Julich et al., 2005; Ma and Jiang, 2007). We
used the following reagents: Sheep Anti-DIG-POD, Fab fragments
(Roche catalog # 1-207-733), Anti-DNP-HRP (PerkinElmer NEL747B),
TSA™ Plus Cyanine 3 and Fluorescein system (PerkinElmer NEL753).
The gata6 riboprobe was labeled with digoxigenin (DIG), while the
otx2 or gata5 riboprobes were labeled with dinitrophenyl (DNP).
Images were captured using confocal microscopy (Leica TCS SP5).
Note: POD=HRP=horse radish peroxidase.

Two color in situ hybridization was performed according to the
protocol described in detail by G. Hauptmann on ZFIN (https://wiki.
zfin.org/display/prot/Two+Color+Whole-Mount+RNA+In+Situ+
Hybridization). Embryos at shield stage were fixed in 4% paraformal-
dehyde (PFA) at 4 °C for overnight. After washing in PBS and
dechorionation, the embryos were preserved in prehybridization
buffer. The DIG-labeled foxb1.2 riboprobe and fluorescein-labeled
sox32 riboprobe were hybridized to embryos after prehybridization.
The riboprobes were detected with anti-digoxigenin AP Fab Frag-
ments and anti-fluorescein AP Fab Fragments. BCIP/NBT (Roche,
Germany) was used for staining DIG-labeled foxb1.2 riboprobe, and
Fast Red Tablets (Roche, Germany) were used for staining fluorescein-
labeled sox32 riboprobe.

Embryo sectioning

After two color in situ hybridization, embryos were quickly fixed in
4% PFA at room temperature for 30 min. After PBS wash, embryos were
mounted in 1% low melting agarose, then transferred to 40% sucrose at
4 °C for overnight, and then embedded in FSC22™ Frozen section
compound (Surgipath, Canada) for cryosectioning. Twenty-micrometer
sections were taken and observed under an AX10 microscope coupled
with an Axio CamMRc CCD (Zeiss, Göttingen, Germany).

DNA constructs and site-directed mutagenesis for the promoter assay

The genomic DNA for gata5 was obtained from zebrafish genomic
DNA, and the DNA for gata6 was obtained from the gata6 BAC clone,
DKEY-85P6 (RZPD, German). The genomic sequences of gata5, gata6
and the cis-regulatory regions that are conserved between several
species were extracted and identified in the UCSC genome Browser
Database (http://genome.ucsc.edu/cgi-bin/hgGateway). To obtain the
genomic sequence for the gata5 and gata6 constructs, the genomic
DNA was amplified with two primers containing restriction enzyme
sites for ligation into the pEGFP-N1 vector (BD Bioscience, San Jose,
CA). The genomic DNA insert was amplified by PCR, digested with
restriction enzyme, gel-purified and inserted into the EGFP-N1 vector.
The primer sequences are given below with the restriction enzyme
cutting sites underlined.

XhoI-gata5-B-forward: 5′-AGATCTCGAGAATCTTCTTTTAAGGC-
CAAT-3′
HindIII-gata5-B-reverse: 5′-TTCGAAGCTTCAATTTCTGATAAAC-
CAAAC-3′
ApaI-gata5-Bp-forward: 5′-CCGCGGGCCCTACGTTCTCGCACAGA-
CAGC-3′
BamHI-gata5-Bp-reverse: 5′-CGGTGGATCCGATATATCCAGTGAA-
TAAGC-3′
XhoI-gata6 D-forward: 5′-CACTCTCGAGATTGATAGCAATGG-
TACTTGGC-3′
HindIII-gata6 D-reverse: 5′-TTTTAAGCTTGGCCGAGATACAAC-
TATTTG-3′
KpnI-gata6 C-forward: 5′-TATTGGTACCTCCACCGAATGACTGTCAG-
TATTA-3′

Unlabelled image
https://wiki.zfin.org/display/prot/Thisse+Lab+-+In+Situ+Hybridization+Protocol+-+2010+update
https://wiki.zfin.org/display/prot/Thisse+Lab+-+In+Situ+Hybridization+Protocol+-+2010+update
https://wiki.zfin.org/display/prot/Two+Color+Whole-Mount+RNA+In+Situ+Hybridization
https://wiki.zfin.org/display/prot/Two+Color+Whole-Mount+RNA+In+Situ+Hybridization
https://wiki.zfin.org/display/prot/Two+Color+Whole-Mount+RNA+In+Situ+Hybridization
http://genome.ucsc.edu/cgi-bin/hgGateway
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ApaI-gata6 C-reverse: 5′-TGCTGGGCCCCTTTACGCCTGGCA-
CAGCCT-3′
ApaI-gata6 B-forward: 5′-TTTTGGGCCCCAATAGTTAAATCTTAGA-
TAGG-3′
BamHI-gata6 B-reverse: 5′-TATGGGATCCGCTCATCAGGTTGCTTCA-
GAC-3′
BamHI-gata6 Bp-forward: 5′-TTTAGGATCCAATACGGTCCTCCTT-
CACGC-3′
AgeI-gata6 Bp-reverse: 5′-CACTACCGGTCAGTGTGTGGAAAATGAA-
GAGTG-3′
gata6 A-forward: 5′-AGGTTGTGTCCATAGTTTGCC-3′
gata6 A′-forward: 5′-GTCTGAAGCAACCTGATGAGC-3′
gata6 B′-forward: 5′-AGGCTGTGCCAGGCGTAAAG-3′

Site-directed mutagenesis was performed using the KOD FX
(Toyobo, Japan) DNA polymerase. A 50 ng sample of template DNA
was used in each reaction following temperature cycling (95 °C for
30 s, then 18 cycles of 95 °C for 30 s, 58 °C for 1 min, and 68 °C for
3 min, then 68 °C for 12 min), and the products were treated with
DpnI. The nicked vector DNA containing the mutations was then
transformed into XL10 competent cells. The oligonucleotides used to
generate the mutations are given below.

gata6-C-De2-2f: 5′-GTCTAATCACACGGACTTCGGCTTAGGCCT-3′
gata6-C-De2-2r: 5′-AGGCCTAAGCCGAAGTCCGTGTGATTAGAC-3′
gata5-Bp1415-De1-f: 5′-CCTTATCTGGTGAGAGATGATTTAATG-
GAT-3
gata5-Bp1415-De1-r: 5′-ATCCATTAAATCATCTCTCACCAGA-
TAAGG-3′

Establishment of GRN using a “BioTapestry” interactive network viewer

BioTapestry Software was used to build the GRN. The free software
can be obtained from http://www.biotapestry.org/. Our BioTapestry
model uses the framework described previously (Longabaugh et al.,
2005); it is an interactive tool for building, visualizing, and simulating
GRNs.

Embryo imaging of EGFP expression

Embryos injected with EGFP constructs were collected between
50% epiboly and shield stage for GFP visualization and photography
under a SZX10 fluorescence stereomicroscope coupled with DP71™
Cooled CCD camera (Olympus, Tokyo, Japan). Confocal laser scanning
microscopy was performed with an LSM 700 microscope (Zeiss,
Göttingen, Germany).

Chromatin immunoprecipitation

The antibody against Otx2 protein was purchased from ABCAM
(catalog number ab21990). It is a ChIP grade rabbit polyclonal
antibody against the human Otx2 C-terminal 250 residues, which are
highly conserved between species. For immunoprecipitation, about
500 zebrafish embryos at 5 hpf were used, and the EZ-Magna ChIP™ A
Chromatin Immunoprecipitation Kits (Millipore, catalog #17-409)
were used. First, we used sonication to shear the DNAwith a Bioruptor
(Diagenode Inc. USA NORTH AMERICA) set at medium with 30 s ON
and 30 s OFF for a total of 10 cycles, and ice was added every 5 min
during the sonication. The size of the DNA fragments was between
300 and 500 base pairs and was validated by gel electrophoresis.
Immunoprecipitation (IP) was performed using 5 μg (50 μl×0.1 μg/μl)
of Otx2 antibody (or IgG) bound to 40 μl of protein A beads in 500 μl of
dilution buffer at 4 °C, then the beads were added to 100 μl of
chromatin and 400 μl of dilution buffer for IP. The products were
reverse-crosslinked and purified using spin columns from a Millipore
kit, the DNA was eluted with 50 μl of elution buffer, and 30 cycles of
PCRwere performed to check for enrichment. The PCR primers used to
check the chromatin immunoprecipitation are listed in Table 2.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.06.040.
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