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Multiple roles for Gata5 in zebrafish endoderm formation
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SUMMARY

Previous studies have indicated thagata5 a zinc-finger We have also analyzed the relationship of Gata5 to
transcription factor gene, is required for the development other factors involved in endoderm formation. Using
of the zebrafish gut tube. Here, we show thatataSmutants ~ complementary mutant and overexpression analyses, we
also display defects in the development of other show that Gata5 regulates endoderm formation in
endodermal organs such as the liver, pancreas, thyroid and cooperation with the Mix-type transcription factor Bon,
thymus. gata5is expressed in the endodermal progenitors that Gata5 and Bon function downstream of Nodal
from late blastula stages, suggesting that it functions early signaling, and thatcasfunction is usually required for the
during endoderm development. We indeed find that during  activity of Gata5 in endoderm formation. Finally, we show
gastrulation stagesgata5mutants form fewer endodermal that fau/gata5 bon and cas exhibit dominant genetic
cells than their wild-type siblings. In addition, the interactions providing additional support that they
endodermal cells that form in gata5 mutants appear to  function in the same pathway. Together, these data
express lower than wild-type levels of endodermal genes demonstrate that Gata5 plays multiple roles in endoderm
such assox17and axial/foxA2. Conversely, overexpression development in zebrafish, and position Gata5 relative to
of gata5leads to expanded endodermal gene expression. other regulators of endoderm formation.

These data indicate that Gata5 is involved both in the

generation of endodermal cells at late blastula stages and

in the maintenance of endodermasox17expression during  Key words:faust bonnie and clydecasanova, sox17, one-eyed
gastrulation. pinhead Zebrafish

INTRODUCTION 1999; Yasuo and Lemaire, 1999). At the top of this pathway
are Nodal-related proteins, members of the FGmily of
Triploblastic organisms partition the developing blastodernsignaling molecules (reviewed by Schier and Shen, 2000). In
into three germ layers, the ectoderm, mesoderm and endoderrebrafish, two Nodal-related proteins, Cyclops and Squint, as
In zebrafish, the endoderm arises from the four most marginalell as Oep, a transmembrane protein essential for Nodal
blastomere tiers of the late blastula stage embryo (Warga as@jnaling, are required for the formation of both mesoderm and
Nusslein-Volhard, 1999). These blastomeres involute earlgndoderm (Feldman et al., 1998; Gritsman et al., 1999). Nodal
during gastrulation and occupy the deep hypoblast, directlgignaling has also been implicated in mouse Hedopus
overlying the vyolk syncytial layer (YSL) (Warga and endoderm formation (Conlon et al., 1994; Osada and Wright,
Kimmel, 1990). The endodermal cells are characteristically1999).
large and flat, distinct from the rounder mesodermal cells Nodal signaling induces the expression of zebrdfmimie
(Warga and Nusslein-Volhard, 1999). The endoderm is furtheand clyde(bor), a Mix-type homeobox gene (Alexander and
distinguished from the mesoderm by the expressi@ori?  Stainier, 1999; Kikuchi et al., 2000). Bon is essential for early
a high mobility group (HMG) domain transcription factor endoderm formation, as revealed by the reduced number of
gene, andoxA2axiallHNF3p (foxa2— Zebrafish Information sox17-andfoxA2expressing endodermal cellsbon mutants
Network), a winged helix/forkhead transcription factor gengKikuchi et al., 2000) Similarly, a Mix-type transcription
(Strahle et al., 1993; Alexander and Stainier, 1999; Warga arfdctor known as Mixer is required fofenopusendoderm
Nusslein-Volhard, 1999; Kaestner et al., 2000). formation and regulates the expression ofXke@opus Sox17
Our understanding of vertebrate endoderm development hgenes (Henry and Melton, 1998).
recently been advanced by the isolation and analysis of severalcasanova(cag, another zebrafish gene, is essential for
genes involved in endoderm formation (Hudson et al., 199%ndoderm formation and functions downstream of Nodal
Henry and Melton, 1998; Casey et al., 1999; Clements et akjgnaling and Bon, but upstream &fox17 and foxA2
1999). These genes have now been assembled into regulat@fexander et al., 1999; Alexander and Stainier, 1998ys,
pathways in zebrafish andenopus(Alexander and Stainier, the framework of a molecular pathway regulating zebrafish
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endoderm formation has begun to emerge: Nodal signalingnalyses and overexpression studies that Gata5 cooperates

induces the expression lbbn, Bon then functions througtes  with Bon downstream of Nodal signaling and upstreacesf

to promote the expression of downstream endodermal gengsregulate endoderm formation. These results identify Gatab

such asox17andfoxA2(Alexander and Stainier, 1999). as an essential regulator of early zebrafish endoderm
This molecular pathway is likely to be incomplete. Studiesdevelopment and define how Gata5 functions relative to

of invertebrate endoderm formation suggest the involvement afther factors known to participate in vertebrate endoderm

another class of transcriptional regulators, the Gata factors. Gdtamation.

factors are zinc-finger transcriptional activators that bind to the

consensus sequence (A/T)GATA(A/G). TBeosophila Gata

geneserpentis expressed in, and required for the developmemIATERIALS AND METHODS

of, the endoderm and the fat body, a mesodermal organ

functionally similar to the vertebrate liver (Abel et al., 1993;Zebrafish strains

Rehorn et al., 1996; Reuter, 1994). Similarly, thezebrafish were maintained and staged as described (Westerfield,

Caenorhabditis eleganGata geneeglt-2, is essential for the 1995). Allfau/gatasmutants depicted are of tfaim?363allele (Chen

formation of the embryonic gut (Fukushige et al., 1998)etal., 1996), except Fig. 3B, which depicte2°mutant (Reiter et

Another C. elegansGata geneend-1 is implicated in the ., 1999). Other mutant alleles used \iVbCE'*‘_“ZS(StaInIer et al,

specification of E, the endodermal progenitor (Zhu et al., 19974996) cas®>*(Chen et al., 1996), armp (Schier et al., 1996).

end-1is sufficient to induce endodermal fate, as ubiquitousynole-mount in situ hybridization and

expression drives normally non-endodermal blastomeres {gmunohistochemistry

produce gut tissue (Zhu et al., 1998). In additemd-1is @  \ye performed in situ hybridization as described (Alexander et al.,
potent activator o6ox1%r expression ifKenopusanimal caps  1998); embryos older than 28 hours postfertilization (hpf) were
(Shoichet et al., 2000), suggesting that Gata genes also playiatubated in 0.003% phenylthiourea to inhibit pigmentation.
important role in vertebrate endoderm formation. Gastrulation stage embryos were genotyped after in situ hybridization
Vertebrate genomes are known to contain six evolutionarilyo confirm their identity. Briefly, this entailed serial rehydration with
conserved Gata genes. Whijatal, gata2andgata3function PBS + 0.1% Tween, proteinase K digestion at 55° C for 10 hours, and
predominantly in hematopoietic development (reviewed by’CR genotyping. Theefs deletion was detected using primets 5
Orkin and Zon, 1997)gata4 gata5andgata6 are expressed GTGAGGGGTCAGAATGTGTG-3 and S-TCAGTCCAACGAA-

; P - GGTAAC-3. bor™25 mutants were identified using aMsd
in extra-embryonic tissues, heart and endoderm (rewewer striction fragment length polymorphism (Kikuchi et al., 2000).

by Che}rron and Nemer, 1999). .Studies of endodermal 9€NGdas6 mutants were identified using a tightly linked simple sequence
regulation have suggested the involvement of Gata factorgspeat polymorphism.

transfection of non-endodermal cells with Gata genes induces|mmunochistochemistry using anti-human insulin (Sigma) was
the transcription of endodermal genes suchfaisp, gastric  performed using a previously described protocol (Alexander et al.,
H*/K*-ATPaseandHnf4 (Gao et al., 1998; Maeda et al., 1996; 1998).

Morrisey et al., 1998). Also, overexpressionXehopus gata4 L

andgata5 but notgatag has been shown to efficiently activate MRNA injection N _

expression 0Box1 % andHNF18in animal caps (Weber et al., Full-length, cappedjata§ bon (originally calledmixe, gfp and 5
2000). Direct regulation of endodermal genes by Gata factogflact03|dasmessages were synt.hes.l_zed from prewously described
has been suggested by a study demonstrating occupation OftB%h plates (Alexander et al., 1999; Reiter et al., 1999) using the SP6

lbumi Gat tif i b . dod | cel essage Machine system (Ambion). Embryos were injected at the
albumin gene ata molif In mouse embryonic endodermal Celig,e 1o four-cell stage with 60 pg gata5 100 pg obon mRNA, or

(Bossard and Zaret, 1998). both. Control embryos were injected with equivalent amounggpof
Gene inactivation studies in mouse have revealed essentfakNA. Somegata5andgfp injected embryos were co-injected with
roles for Gata4 in endoderm-dependent embryonic 150 pg oflacZ mRNA. B-galactosidase staining was performed as

movements, forGata5 in the development of the female described (Takke et al., 1999).
genitourinary tract, and foGata6 in the development of
the extra-embryonic visceral endoderm (Kuo et al., 1997,
Molkentin et al., 1997; Morrisey et al., 1998; Koutsourakis eRESULTS
al., 1999; Molkentin et al., 2000). However, genetic evidence . . )
that Gata factors are involved in definitive endodermgata5 is required for the development of the liver,
development in vertebrates has been elusive. pancreas, thyroid and thymus

Recently, we have shown that the zebrafisbst (fau) We have previously shown th&u/gata5 mutants display
locus encodes Gata5 (Reiter et al., 1988)/gatabmutants  defects in the morphogenesis of the gut and pharyngeal
display prominent defects in myocardial differentiation andoouches that range from lack of gut looping to severe reduction
gut morphogenesis (Reiter et al., 1999). Here, we show that the amount of gut tissue (Reiter et al., 1999). These
zebrafishgatabis required for the development of endoderm-morphogenetic defects led us to examine the differentiation of
derived organs such as the liver, pancreas, thyroid amather endodermal organs in mildly affected mutants (Fig. 1A).
thymus. Using both loss- and gain-of-function experimentsThe embryonic liver expresses genes suclyaad gatag
we further show that Gata5 plays several roles in endodertmfl3 and hhex. The expression of each of these genes is
formation during the late blastula and gastrula stages. Firsdramatically diminished irfau/gata5 mutants (Fig. 1A and
Gata5 regulates the amount of endoderm formed. Secondata not included). Similarly, pancreatic expressiompaxl,
Gatab promotes the expressiorsokl7andfoxA2within the isletland insulin is also diminished fau/gatabmutants (Fig.
endoderm. We also show through a combination of mutaritB and data not included).
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Fig. 1. Differentiation of endoderm-derived organs requires Gata5.
Expression of (AfoxAl(foxal— Zebrafish Information Network),

(B) gata4,(C) insulin, (D)nkx2.1and (E)raglin wild-type embryos

(left) andfau/gatabmutant siblings (right) at (A,B,D) 44 hpf, (C) 72

hpf and (E) 5.5 days postfertilization. All views are dorsal with
anterior towards the top, except (D), which shows an anterior view.
(A) foxAlis expressed in the floorplate and gut tube. The anterior gut
tissue (arrow) of théau/gatabmutant has failed to migrate toward

the embryonic midline and the posterior gut (arrowhead) has failed to
loop. (B)gatadis expressed in the wild-type liver (arrow), but in few
cells infawgata5mutants (arrowhead). (C) Similarly, production of

! insulin by the pancreas is profoundly reducethinfgataSmutants.

‘ (D) The thyroid (arrow), a derivative of the pharyngeal endoderm,
wt fau/gatas does not form or does not expreés2.1in fau/gatasmutants.
B ; gara4 nkx2.1is also expressed dorsally in the ventral forebrain
-~ .. (arrowhead). (Ejagl expression, which identifies thymocytes in the
- -

bilateral thymic primordia (arrow), is absentfé&w/gataSmutants.

1 3

!' ] .- gata5 and bon are expressed in the endoderm

before sox17, foxA2 or gata4

In zebrafish,gata5 is first expressed at the dome stage (late

blastula) in the most marginal cells (Fig. 2A, arrowhead), a
wt fau/gatas population that gives rise to the endoderm and some mesoderm
- (Reiter et al., 1999; Rodaway et al., 1999; Warga and Nusslein-
[nsulin \Volhard, 1999)gata5is also expressed in the YSL (Fig. 2A,
arrow), an extra-embryonic tissue underlying the blastoderm.
gatab expression is maintained in the endoderm throughout
gastrulation (Fig. 2C,G,K). Evidence that the large, flat
gataSexpressing cells are endoderm comes from the similar
morphology and distribution of these cells and ftheA2- and
sox17expressing endodermal cells (Fig. 2K,M,N). Furthermore,
thesegata5expressing cells also exprefexA3fkd2 (foxa3 —
Zebrafish Information Network), another endodermal marker
(Odenthal and Nusslein-Volhard, 1998; Rodaway et al., 1999),

Jau/gatas

Wt Jau/gatas and are absent ias mutants (Alexander et al., 1999).
ragl Endodermal gata5 expression persists during early
somitogenesis stages but diminishes from the 5- to 10-somite
© stages. However, endodermal expressiongata5 is again

evident at four days of development in the epithelium of the gut
tube (Rodaway et al., 1999).
|- Comparison of gata5 expression with that of other
endodermal genes reveals significant differences. Expression of
bonandgata5initiates at around the same time during blastula
wt Jaulgatas stages in the marginal domain of the embryo (Fig. 2A,B).
However,gata5expression is more marginally restricted than is
bon expression (Fig. 2A,B, and Alexander et al., 1999). In
addition,gata5expression persists after early gastrulation, while
In addition, we found thatau/gata5mutants also exhibit bonexpression does not (Alexander et al., 1999).
defects in the differentiation of derivatives of the pharyngeal Endodermal cells do not expressx17andfoxA2until they
endoderm, which include the thyroid and the stroma of thbave involuted, approximately 80 minutes after they have begun
thymus (Kimmel et al., 1995). Ifiau/gata5 mutants, the to expresgata5andbon (Alexander and Stainier, 1999) (Fig.
thyroid primordium fails to expresskx2.1(Lazzaro et al.,, 2E,FlJ). During early gastrula stagemta5 and bon are
1991; Fig. 1D, arrow). Thymus development fau/gatas  expressed throughout the germ ring (Fig. 2C,D,G,H). In contrast,
mutants is also abnormal as ascertained by the absenagg-of ~ at this stagéoxA2andsox17are expressed only in scattered cells
expressing thymocytes (Willett et al., 1997; Fig. 1E, arrow)of the germ ring (Fig. 2E,F,1,J). Comparison of the expression
The thymus develops normally in other zebrafish cardiapatterns ofoxA2andsox17avith those ofjata5andbonsuggests
mutants such aslent heart{data not included), suggesting that that the endoderm originates from a subset ofgtita5 and
the absence of thymocytes fa/gatasmutants is not due to bonexpressing marginal cells. Fate-mapping studies have
the lack of circulation, but reflects a more specific defect in thdemonstrated that, in addition to the endoderm, marginal cells
development of the thymic stroma. Together these data indicadso give rise to the prechordal plate and myocardium (Kimmel
that the differentiation of endodermal cells is affected iret al., 1990; Stainier et al., 1993), indicating that progenitors of
fauwgata5mutants. these tissues likely also expregga5before they involute.
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Fig. 2. Comparison of the expression of
gatah bon, foxA2 sox17 foxA3, gatad
andgata6in wild-type endoderm. Lateral
views of (A)gataband (B)bon

expression at dome stage (4.3 hg§tas

is expressed in the marginal blastomeres
(arrowhead) and YSL (arrowhonis
expressed more broadly in the marginal
domain. Dorsal (C-F) and animal pole
(G-J) views of (C,Gpatas (D,H) bon,

(E,l) foxA2and (F,Jsox17expression at
late shield stage (6 hpfjata5andbon

are expressed in more germ ring
blastomeres than afexA2andsox17 In
addition to expression in the endoderm,
foxA2is expressed in the axial mesoderm
andsox17is expressed in the forerunner
cells. Dorsal views of (Kyata5 (L) bon,
(M) foxA2and (N)sox17expression at
early bud stage (9.5 hpfonis not
expressed after early gastrulatigatag
foxA2andsox17are expressed in the
endoderm, a discontinuous layer of large,
flat cells closely apposed to the
underlying YSL. (O) Lateral view of
gata6expression in the YSL at late shield
stage (6 hpf)gatadis not expressed in the O
embryo proper before segmentation

stages. Dorsal views of (R)xA3

(Q) gatadand (R)gata6expression in the
posterior endoderm at the 12-somite stage
(15 hpf).foxA3is expressed throughout

the posterior endoderm, while endodermal
expression ofjata4andgata6is more

restricted. g ata6

i
- ¥ f ‘
~ns0x]7

In contrast taatag zebrafistgatadis not expressed during and differentiation of endoderm-derived organs, but also for
gastrulationgata6is expressed during early gastrulation in theearly endoderm development. Analysisfafi/gataSmutants
most marginal tier of blastomeres (A. Rodaway, personakeveals two striking defects in teex17andfoxA2expression
communication), but during later gastrulation is expressed onlyatterns during gastrulation. Firéau/gataSmutants display
in the YSL (Fig. 20 and data not included). Only duringa reduction in the number @ox17-and foxA2expressing
somitogenesis stages data4andgata6begin to be strongly endodermal cells. The number of endodermal cells in
expressed in the endoderm. Interestingly, comparisgata#  fau/gataSmutants is reduced by approximately 40% at bud
and gata6 expression with that ofoxA3 a marker of the stage (Fig. 3A). Second, the endodermal cells that do form in
posterior endoderm, reveals tigata4andgata6are expressed fau/gatab mutants express variably reduced levels of both
in a subset of the posterior endoderm (Fig. 2P,Q,R). Thereforepx17 and foxA2 (Fig. 3B). In contrast to the endodermal
gatabappears to be the first zebrafigttagene to be expressed defects, expression a&fox17in the forerunner cells and of
and the only zebrafish Gata gene to be expressed throughdoxA2in the axial mesoderm appear unaffectedawgatab

the entire endoderm. mutants. Mutants of botfau alleles {au™m236a and faus29
exhibit very similar endodermal phenotypes. In summary,

gatab regulates early endoderm formation and these data show thgataSis required both for the generation

differentiation during gastrulation of a normal number of endodermal cells as well as for the

The early expression pattern géta5 led us to investigate expression of wild-type levels sbx17andfoxA2within these
whethergata5is required not only for the late morphogenesiscells.
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A bon
e R m———— e

wt Jau/gatas

Fig. 3. Gata5 is required for early endoderm development. Dorsal
views of (A)sox17and (B)foxA2expression in wild-type embryos
andfau/gatabmutant siblings at early bud stage (9.5 hpf). The
identity of mutants was confirmed by genotyping (see Materials and
Methods) fau/gatabmutants form fewer endodermal cells than their
wild-type siblings. In additiorfau/gatabmutants expressox17and
foxA2at lower levels in the endoderm.

Gata5 and Bon function in parallel in endoderm
formation

Becausegata5 and bon are co-expressed in the marginal
domain, we tested for regulatory relationships between Bo
and Gata5 by examining the expression of the two genes in tl
respective mutantdon is expressed normally ifau/gatab
mutants (Fig. 4A), and similarlgata5is expressed normally
during late blastula stages bon mutants (Fig. 4B). These
results indicate that Bon and Gata5 are not required for eaélig. 4.gata5andbonfunction in parallel in endoderm formation.
other’s expression. Dorsal views of (Ajoon (B) gata5and (C)sox17expression at
Embryos mutant for botfau/gata5and bon exhibit more  (A.B) 50% epiboly (5.3 hpf) and (C) 90% epiboly (9 hpf). Gn
profound endodermal defects than eitti@u/gata5or bon ~ €XPression is indistinguishablefau/gataSmutants and their wild-
single mutants (Fig. 4Chonmutants contain, on average, 45 type siblings. (B) Similarlygata5expression is indistinguishable in

o . bonmutants and their wild-type siblings at this stage. (C) While
sox17positive endodermal cells13) and 3¥oxA2positive  oqodermal expression sbx17is reduced ifau/gatas(top right)

endodermal cellsne7) at 90% epiboly, whiléau/gatas;bon  andbonmutants (bottom left), it is nearly absenfam/gatas;bon
double mutant siblings contain an average @3l 7positive  double mutants (bottom right).

endodermal cellsnE6) and SfoxA2positive endodermal cells

(n=7). Occasionallyfau/gata5;bondouble mutants lack all

endodermal gene expression (2/13). Together, these resutlistribution of injected mRNA within the embryo. The parallel
indicate that Gata5 and Bon function in parallel during earlyistribution of B-galactosidase staining and expandectl7

bon fau/gata5:bon

endoderm formation. and foxA2 expression suggests that Gata5 autonomously
) induces the expression of these endodermal genes (Fig. 5B,C).

gatab overexpression expands endodermal gene Interestingly, while the number of endodermal cells in the

expression normal position directly overlying the YSL was increased,

fau/gataSmutants exhibit defects in endoderm formation. Insox17 and foxA2expressing cells were also observed more
order to analyze the role ghta5in this process further, we superficially ingatasoverexpressing embryos (Fig. 5D; arrow,
investigated the effects @fata5 overexpression. Injection of and data not included). Similar superficial expressicsogil7

60 pg of gata5 mRNA into zebrafish embryos at the one or foxA2was never observed in contgfi-injected embryos.

to four-cell stage led to an increased number of cell®espite the fact that they do not lie in the deep hypoblast, many
expressingox17(75/148 embryos showed an increase in foulof these ectopicox1? and foxA2expressing cells seen in
independent experiments) afekA2 (25/66 embryos showed gata5overexpressing embryos appear to display the large, flat
an increase in two independent experiments) (Fig. 5A-C). Canorphology characteristic of endoderm. In order to start
injection oflacZ mRNA with gata5allowed us to detect the addressing the origin of the additionsbx17? and foxA2
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A soxl7 Table 1. Overexpression ofjata5increases endodermal
gene expression in endoderm mutants

Average number asox17expressing cells

Injected mRNA wt oep bon cas
ofp 500-600 (=5) 7.3 =15) 21.5(=6) 0 (=12)
gata5 >850 =10) 19.6(=9) 62.50=4) 0.5 f=41)

Embryos were injected with 60 pg @fip or gataSmRNA at the one to four
cell stage and examined feox17expression at 90% epiboly (9 hpf). After in
situ hybridization, embryos were genotyped to unambiguously identify
mutants.

downregulate myod expression cell-autonomously. Further
studies using germ layer- or tissue-specific promoters will
allow us to address whethgata5expression in these cells is
sufficient to convert them to endoderm.

At 36 hpf, embryos injected with 60 pg gata5 mRNA
displayed variable defects in head development (e.g. small
eyes, dysmorphic brain) and tail morphogenesis (e.g. kinked
tails, dysmorphic somites) as well as ectopic myocardium
(Reiter et al., 1999).

gata5 overexpression induces endodermal gene
expression in  oep and bon mutants, but is less
effective in cas mutants

Nodal signaling is required both for endoderm formation and
for gata5expression (Feldman et al., 1998; Rodaway et al.,
1999). Oep, an EGF-CFC (epidermal growth factor-cripto,
FRL-1, cryptic) family member essential for Nodal signaling,
is also required for endoderm formation ajada5expression
(Schier et al., 1997; Gritsman et al., 1999; data not included).
To test whether Gata5 can promote endoderm formation in
embryos in which Nodal signaling is reduced, we injected

> e mRNA encoding Gata5 into embryos lacking zygotically
g@inj. gatas inj. expressewep(Zoepmutants). Forced expressiongstasin
these mutants led to an increase in the numbesorl?
Fig. 5.gataboverexpression expands the expressiosoafl 7and expressing endodermal cells (Fig. 6A, Table 1). This 2.7-fold
foxA2 At the two-cell stage, one blagtomere was injected with eithelincrease, although modest, is comparable with that seen in
60 pg ofgfp or gataSmMRNA. Dorsal views of (A,Bpox17and (C) boninjectedZoepmutants (3.7-fold, Alexander and Stainier,

foxA2expression at 90% epik_)oly (9 hpf). (A) In_jectiongﬁp mMRNA 1999).
has no effect osox17expression. Overexpressiong#tabappears Overexpression ofjata5 in bon mutants also led to an

to increase the number edx17expressing cells. (B,C) Embryos . in th b bxX17 : dod | cell
were co-injected with 150 pg cZ mRNA and stained fds- Increase in theé number §bx1 Fexpressing endodermal Cells

galactosidase activity (light blue) before in situ hybridization (dark (Fig- 6B, Table 1). This 2.9-fold increase is the same as
blue). Overexpression gatasexpands the expression of betix17 ~ that seen irbonrinjectedbon mutants (Kikuchi et al., 2000).
andfoxA2 Regions of increasesbx17andfoxA2expression always ~ However, we observed qualitative differences betwgsn5
overlapped witt-galactosidase stainingX100). (D) Optical and bonrinjected bon mutants:gatab overexpression irbon
sagittal section aox17expression igfp- andgata5overexpressing  mutants usually led to a patchsufx17expressing endodermal
embryos at 75% epiboly (8 hpf). Dorsal is towards the right. While cells that did not exhibit the regularly spaced distribution seen
all thesox17expressing cells at the dorsal margin of the control in wild-type or borrinjected bon mutant embryos (Fig. 6B;
embryo directly overlie the YSL, maspx17expressing cells inthe  kikychi et al. 2000). Co-injections gatasandboninto bon
gata5overexpressing embryo are superficial to the deep layer of themutants led ’to a greater increase in the numbesomf?
hypoblast (arrow). : - e .
expressing endodermal cells which was difficult to quantitate,

owing to the piling up of the cells (Fig. 6B).

gata5 overexpression ias mutants did not restorgox17
expressing endodermal cells, we examined the expressi@xpression, suggesting that Gata5 requiasso activatesox17
pattern ofotx2 and myoD (myod — Zebrafish Information expression (Fig. 6C, right upper panel). However, in 6 of 41
Network) ingata5injected embryos. We found no decrease ingata5-overexpressingcas mutants, a very small number of
the extent ofotx2 expression but a pronounced reduction insox17expressing cells were noted (Fig. 6C lower panels, Table
myod expression (data not included), suggesting that th&). These latter data indicate that Gata5 functions differently
endoderm was expanded at the expense of the mesodefnom other potent endoderm inducers such as Bon and the
Alternatively, or in addition, gata5 could function to constitutively active type | TQktype receptor Taram-a*
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A Fig. 6.gata5andboninduction ofsox17expression irZzoep bonand
casmutants. Embryos were injected at the one to four-cell stage and
examined fosox17expression at 90% epiboly (9 hpdfp injection
did not affectsox17expression. Overexpressiong#tasincreased
-4 % the number oox17expressing cells in (AJoepmutants and (B)
bonmutants. (B) Comparison ebx17expression igata5injected
’ (top right),boninjected (bottom left) andata5bon co-injectedbon
; mutants (bottom rightgata5overexpression usually led to a piling
up of the endodermal cells, rather than the regularly spaced
gfp—>=Zoep gata5—®=Zoep distribution seen in wild-type arsbninjectedbonmutant embryos.
B Co-injected embryos showed a greater number of endodermal cells
than single injected ones, although this increase was difficult to
guantitate because of the pronounced piling up of the cells. (C) In
casmutantsgata5overexpression usually did not induce aox17
expression (top right panel). However, in six of 41 cas®esl 7

I“'

A expression was observedgata5overexpressingasmutants
~ rd : (bottom panels).
- b gL bon are noted among the progeny twdn and cas heterozygote

intercrosses. However, not all genes involved in endoderm
formation exhibit dominant genetic interactions: the progeny
of oepheterozygotes anfhu/gatag bonor casheterozygotes

do not display defects in heart morphogenesis (Table 2).

DISCUSSION

bon-w-bon  gatas,bon-»-bon Gatas is required for the development of endoderm-
C derived organs

Our analysis ofau/gatabmutants shows that Gata5 is essential
for the development of the liver, pancreas, thyroid and thymus.
These defects in endodermal organ development are observed
even infau/gata5 mutants with a near normal amount of
endodermal tissue. These data suggest that the defects in
endodermal organ development do not reflect an absence of
endoderm, but true defects in organ-specific endodermal
o 15— differentiation.
= & L Differentiation defects iffiau/gatabmutants seem likely to
be autonomous, agata5 is expressed in the endoderm.
However, it is also possible that some endodermal defects in
fau/gata5mutants are non-autonomous. For example, tissue
recombination experiments in mouse and chick have
demonstrated that the precardiac mesoderm can induce the
. endoderm to differentiate as liver (Gualdi et al., 1996;
LeDouarin, 1975). We have previously shown tfzat/gata5
%ms mutants display severe defects in the differentiation of the
precardiac mesoderm (Reiter et al., 1999). It is therefore

-
L]
S

gatas—wcas

(Renucci et al., 1996), which never inducsk17expression
in casmutants (Alexander and Stainier, 1999). Table 2. Dominant genetic interactions betweefau/gatas
bon and casmutations

bon cas oep

fau/gata5 interacts genetically with  bon and cas

Becausefau/gata5 and bon appear to play similar roles in
. . fau/gatab 6.4% (36/557, nine  18% (18/101, two 0% (0/200+)
endoderm formation, we wanted to examine whether the with cardia bifida)  with cardia bifida)

interact genetically. Mutations ifau/gata5 bon and cas  pon 3.2% (3/96) 0% (0/200+)
are completely recessive: heterozygous embryos aicas 0% (0/200+)

indistinguishable from wild-type siblings. However, when o ) )
fau/gata5 heterozygotes are crossed to eittmn or cas Table shows the percentage of progeny exhibiting cardlac_ de_fects Wlth
heterozygotes, some of the progeny exhibit morphOIOGiCpump bioog at 36 hot and 72 hpt. The number of embryos exibiting carcia
defects that are most easily scored by examining their healbifida is also noted. Each total is the sum of the observations from at least two
(Table 2)_ These cardiac defects range in severity from dilateclutches. Similar cardiac defects were never observed among the progeny of
hearts that fail to pump blood to cardia bifida. Similar defectWild-type fish 6>500).
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Fig. 7.A model of zebrafish Cyc and foxA2 is unaffected. This aspect of the phenotype is
endoderm formation, Sqt Oep qualitatively different from the endoderm defect bbn

elaborated upon that of
Alexander and Stainier
(1999). The Nodal-related
proteins Cyc and Sqt act
through TGB-type
receptors. Oep is also
essential for Nodal signalin

/

TGFp-type Receptors

mutants. Whildbonmutants also form fewer endodermal cells,
those that do form express wild-type levelsa@t17andfoxA2

(for examples, see Fig. 4C and Kikuchi et al., 2000)g&ta5
expression is maintained in the endoderm throughout
gastrulation, we hypothesize thgata5 acts autonomously
within the endoderm to promote the expression of downstream

and is thought to act Bon Gatas X? endodermal genes such ssx17and foxAZ To summarize _
upstream of TGB-type these data, we propose that Gata5 functions early to determine
receptors (Gritsman et al., endodermal cell fate and later to maintain endodesoel 7
1999). Nodal signaling andfoxA2expression.

induces the expression of Cas? Cas? In wild-type embryos, sox17 and foxA2expressing
bonandgatas Other Nodal- endodermal cells are always closely apposed to the underlying
and Oep-dependent factor l YSL. However, ingata5overexpressing embryospx17 and
;‘Tgée;:?é%%irr‘:&efgy X, ma Sox17 v foxA2expressing cells are also observed superficial to the deep
endoderm formation. Bon FoxA?2 — hypoblast. These data imply thgdtab overexpression e|ther.
and Gata5 cooperatively (Endoderm) prevents endodermal cells from assuming their proper position

regulate the expression of

within the hypoblast, or induces ectopic endodermal gene

sox17andfoxA2,but do not regulate each other’s expression. expression. These data are reminiscent of the ectopic
Although Cas is required feox17expression and appears to expression of myocardial genes gatasinjected embryos
function downstream of, or in parallel to, Bon and Gata5, it is not ye(Reiter et al., 1999), and of the ectopic expression of
clear how it interacts with other members of the pathway. Here, we endothelial and blood geneshhexinjected embryos (Liao et
have placed it at two possible positionasmay encode an obligate  g|,, 2000). In these cases, various lines of evidence indicated
downstream effector of Bon and Gatas, ordasgene productmay  that only part of the myocardial, endothelial or blood program
antagonize a repressorfokA2andsox17expression represented a5 activated in these ectodermal cells. In addition, cell
{)oy‘;({,. casmay also represent all or part of the functions ascribed transplantation experiments performed by Ho and Kimmel
' (1993) predict that if thessox17expressing cells were true
endodermal cells, they would migrate and incorporate into the
possible that the liver differentiation defects observed irendodermal layer. Thus, it is most likely that, in thesel 7
fau/gataSmutants are partly due to the loss of inductive signalexpressing cells that lie outside the deep hypoblast, only part
from the anterior lateral plate mesoderm. In addition, thef the endodermal program has been activated. This
occurrence of defects in pharyngeal endoderm differentiatiomterpretation is in agreement with the work of Weber et al.
in fau/gatab mutants and the proximity of the developing (2000) who found that while Gata5 was sufficient to activate
pharyngeal endoderm to the anterior lateral plate mesoderemdodermal gene expression in prospective ectoderm, the
lead us to hypothesize that pharyngeal endoderroonversion to endoderm was incomplete as the majority of
differentiation may also be regulated by signals from thénjected cells did not contribute to the endodermal cell mass.
anterior lateral plate mesoderm.
Gatab functions downstream of Oep
Gatas is required for the formation and early Rodaway et al. (1999) have previously shown that the Nodal-
differentiation of the endoderm related proteins Cyc and Sqt are essential for the initiation of
Analysis of both loss- and gain-of-function experimentsembryonicgataSexpression. We have found that the EGF-CFC
reveals that Gata5 plays several roles during early endodenpnotein Oep, which is essential for Nodal signaling, is also
development. First, Gata5 regulates the number of endodernegdsential for the initiation of embryongata5 expression (J.
cells that form during gastrulation. As indicateddmx17and  Alexander and D. Y. R. S., unpublished observations). The
foxA2 expression, gatab5 mutants produce 40% fewer observation thagata5overexpression can induce endodermal
endodermal cells by bud stage than do their wild-type siblinggiene expression iZoep mutants indicates that Gata5 can
Conversely, overexpression gata5increases the number of promote endoderm formation in embryos where Nodal
endodermal cells formedgata5 is expressed during late signaling is reduced. Together, these data suggest that Gata5
blastula stages, before blastomere fate has been restricted tdo@s not require Nodal signaling to activate expression of
single germ layer. Therefore, we propose that Gata5 functiors®x17 and that Gata5 acts downstream of Oep and Nodal
during late blastula stages to help define the number aignaling. Althouglgata5overexpression can nearly triple the
blastomeres that will become endoderm. Alternatively, GataBumber of endodermal cells presentZoep mutants,gatas
could affect the proliferation or survival of endoderm duringoverexpression does not restore a wild-type numbeoxit?
gastrulation. In either case, the sensitivity of the endoderm texpressing cells, even at higher doses (data not inclusta).
the level ofgata5expression indicates that Gata5 is an earlynuch likegata§ is initially expressed normally in the germ
and critical regulator of endoderm formation. ring of Zoep mutants, but then quickly diminishes during
Additionally, we have shown that Gata5 promotes thegastrulation (Alexander and Stainier, 1999), indicating that
expression ofsox17 and foxA2 within the endoderm, as Bon function is reduced irZoep mutants. However, co-
expression ofox17andfoxA2is reduced irfau/gatabmutant  injection ofgata5andbondid not restore a wild-type number
endodermal cells, while non-endodermal expressiosprl7  of endodermal cells iZoepembryos (Y. K. and D. VY. R. S,
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unpublished observations), suggesting that one or more othiemctions to maintainsox17 expression in gastrulating
Oep-dependent factors (denoted X in Fig. 7) promotendodermal cells. While this second role of Gata5 in
endoderm development together with Gata5 and Bon. Sevemalaintainingsox17expression may well be direct, the role of
paired-type homeobox transcription factors other than BoGata5 and Bon in initiatingox17expression may occur via
have been implicated in endoderm formation Xenopus cas (see below). Analysis of theas and sox17 promoters
(Rosa, 1989; Ecochard et al., 1998; Tada et al., 1998; Caseysébuld allow further investigation of these questions, as well
al., 1999). It is possible that another zebrafish Mix or Bixas the question of additive versus synergistic activities of Gata5
homolog also functions in endoderm formation downstream odnd Bon on these promoters.

Nodal signaling. Alternatively, the presence of a Smad- gataSandbonare also expressed together in marginal cells
interaction domain (Germain et al., 2000) in Bon indicates thahat become mesoderm, indicating that coexpression of these
X could represent a nuclear Smad that transduces the Nodgnes is not sufficient to induce endodermal fate. It remains

signal. unclear how the embryo segregates marginal blastomeres into
mesoderm and endoderm. Resolution of this problem will

Bon and Gata5 cooperatively regulate endoderm require further study of the complex molecular and cellular

formation interactions in the zebrafish germ ring. In additigata5 is

Zebrafishbonandgata5show striking similarities: both genes also expressed in the myocardial lineage before and during

encode transcription factors induced in the margin of latgastrulation andgata5 overexpression can lead to ectopic

blastula stage embryos by Nodal signaling; mutations in eithenyocardial gene expression (Reiter et al., 1999). How a single

gene limit endoderm formation; and overexpression of eitheranscription factor, Gata5, can play such critical roles in two

gene can increase endoderm formation (this paper; Alexanddistinct lineages is a fascinating question that warrants further

et al.,, 1999; Alexander and Stainier, 1999; Kikuchi et al.study.

2000). These similarities raise the possibility that Bon and

Gata5 act linearly within a pathway regulating endodernf>ata5 acts upstream of cas

formation. However, our results show that expressiohoof  Overexpression afata5increases the number of endodermal

does not depend upon Gata5 activity and, conversely, eartells in wild-type embryos as well asZoepandbonmutants.

expression ofjata5does not depend upon Bon activity. Theln contrast, overexpression ghta5in cas mutants usually

absence of transcriptional regulation between these two gedees not induce expression six17 placing the function of

products argues that the endoderm formation pathwathecasgene product between Gata5 auk17

bifurcates, such that Nodal signaling induces lgzta5and bon and taram-a* overexpression cannot increase

bon independently (Fig. 7). Consistent with this hypothesisendodermal gene expressiondas mutants (Alexander and

overexpression ofjata5in bon mutants is able to expand Stainier, 1999). Gata5 function is distinct from the functions

endoderm formation, indicating that Bon is not essential foof Bon and Taram-a* in that overexpressiongata5in cas

Gata5b activity. mutants can occasionally induce the expressiocsori7in a
Analysis offau/gata5;bordouble mutants reveals that Gata5small number of cells. Therefore, in rare instances Gata5 can

and Bon play unique, non-overlapping roles. Althoughbypass the endodermal requirement foes As gatab

embryos mutant for eithgata5or bonform fewer endodermal continues to be expressed in endodermal cells after their

cells than wild-type siblings, double mutants form very littleinduction, the process in whicbas presumably functions,

or no endoderm. Thus, most of the endoderm that does for@ata5 also likely acts downstream of, or in parallel to, Cas to

in eitherfau/gata5or bonsingle mutants is due to the activity regulatesox17expression.

of the other factor, suggesting that Bon and Gata5 act in similar Although these results show that Gata5 usually reqoass

but distinct ways to promote endoderm formation. The veryo promote endoderm formation, they do not indicate the

small amount of endoderm that does formfan/gata5;bon  mechanism by whichgata5andcasinteract.cascould encode

double mutants may reflect residual activity of the mutanan essential transactivator £dx17andfoxA2through which

Gata5 and/or Bon proteins, or may be due to an addition@loth Gata5 and Bon function in a linear pathway. Alternatively,

Nodal-dependent factor that promotes endoderm developme@ts could regulatesox17 expression in combination with

in parallel to Gata5 and Bon (i.e., X in Fig. 7). Gata5 and Bon, and be essential for this process.
While bothgata5andbonwhen overexpressed restore someBiochemically, this scenario would position Cas parallel to

endoderm inbon mutants, their respective activities appearGata5 and Bon. A third possibility is that Cas antagonizes a

different.gata5injectedbonmutants usually contained a patch repressor o$ox17andfoxA2expression (i.e., Y in Fig. 7). This

of sox17expressing endodermal cells that did not exhibit thdatter hypothesis predicts that in the absenaaséctivity, the

regularly spaced distribution seen in wild-typeborrinjected  repressor Y prevents Gata5 and Bon from promoting

bon mutant embryos (Fig. 6B). In addition, injections into endodermal gene expression, except in cases of profiata8

wild-type embryos ofgatag but notbon mRNA led to an overexpression. The isolation caswill help to discriminate

increased density afox17expressing endodermal cells (Fig. between these models.

5A,B). While bonis expressed transiently around the onset of o )

gastrulationgata5expression is maintained in the endoderm.Dominant genetic interactions between  fau/gata5,

Finally, while endodermal cells ibon mutants express wild- bon and cas

type levels ofsox17 those infau/gata5mutants express a The fau/gata5 bonandcasmutations show dominant genetic

reduced level. All these data are consistent with a model whenateractions with each other significant enough to perturb

both Bon and Gata5 function to regulate the number ofievelopment conspicuously, although less severely than the

endodermal cells that form. However, Gata5, but not Bon, aldsomozygous mutations. One quarter of the progeny of
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