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The POU Domain Protein Spg (Pou2/Oct4)
Is Essential for Endoderm Formation
in Cooperation with the HMG Domain Protein Casanova

summary). The innermost germlayer in vertebrates, the
endoderm, later gives rise to internal organs such as
the liver, pancreas, spleen, and intestinal lining. Fate
mapping experiments in zebrafish embryos showed that
endoderm and mesoderm derive from a common, pri-
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mesodermal and endodermal cells are indistinguishableD-01309 Dresden
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Endoderm development can be subdivided into two
major steps. First, a mesendodermal precursor pool isSummary
formed at blastula stages in response to signals from
the extraembryonic yolk syncytial layer (YSL) (RodawayThe gastrulating vertebrate embryo develops three
et al., 1999; Chen and Kimelman, 2000; Stainier, 2002),germlayers: ectoderm, mesoderm, and endoderm. Ze-
requiring Nodal and other secreted signaling proteinsbrafish endoderm differentiation starts with the activa-
of the TGF-� superfamily (Feldman et al., 1998; Wata-tion of sox17 by casanova (cas). We report that spg
nabe and Whitman, 1999; Rodaway et al., 1999;(pou2/Oct4) is essential for endoderm formation. Em-
Gritsman et al., 1999; Chen and Schier, 2001; Davidbryos devoid of maternal and zygotic spg function
and Rosa, 2001). In response, prospective endodermal(MZspg) lack endodermal precursors. Cell trans-
transcription factors like cas, bon, gata5/fau, mezzo,plantations show that spg acts in early endodermal
and the mesodermal transcription factor ntl are ex-precursors, and cas mRNA-injection into MZspg em-
pressed at the blastoderm margin (Kikuchi et al., 2000,bryos does not restore endoderm development. spg
2001; Dickmeis et al., 2001; Reiter et al., 2001; Aoki etand cas together are both necessary and sufficient to
al., 2002; Poulain and Lepage, 2002; reviewed by Wargaactivate endoderm development, and stimulate ex-
and Stainier, 2002; Stainier, 2002; Tam et al., 2003). Thepression of a sox17 promoter-luciferase reporter. En-
second phase of early endoderm development startsdoderm and mesoderm derive from a common origin,
with gastrulation, when bipotential precursors segre-mesendoderm. We propose that Spg and Cas commit
gate into endodermal and mesodermal precursor cells.mesendodermal precursors to an endodermal fate.
Fgf and Nodal signaling may be involved in distinguish-The joint control of endoderm formation by spg and
ing endoderm from mesoderm (Rodaway et al., 1999).

cas suggests that the endodermal germlayer may be
Nodal-responsive genes are initially coexpressed by

a tissue unit with distinct genetic control, thus adding marginal mesendodermal precursor cells, and expres-
genetic support to the germlayer concept in meta- sion is subsequently restricted to either mesodermal or
zoan development. endodermal precursors during gastrulation (Warga and

Stainier, 2002; reviewed by Rodaway et al., 2001). Inter-
Introduction estingly, cas expression is confined to a subset of blas-

tomeres within the mesendoderm already at 40% epib-
In bilateral animals, blastula cells segregate into the oly, and may delineate endodermal precursors before
three germlayers, ectoderm, mesoderm, and endoderm, the onset of gastrulation. cas encodes the HMG-domain
during gastrulation (Pander, 1817; von Baer, 1828). Al- transcription factor Casanova (Cas), which is required
though germlayers provide a useful framework for ani- to activate the endodermal differentiation markers sox17
mal development in view of the organs they generate, and foxA2 and to repress mesodermal fate (Alexander
their significance as functional units of developing tissue and Stainier, 1999; Kikuchi et al., 2001; Aoki et al., 2002;
is unclear, and genetic evidence for their importance is Dickmeis et al., 2001).
scarce. The germlayer concept was also much debated The pou2 gene encodes a POU domain transcription
among classical authors for more than 100 years, with- factor and is mutated in spiel-ohne-grenzen (spg) mu-
out apparent resolution (see Oppenheimer, 1940, for a tant zebrafish embryos (Schier et al., 1996; Belting et

al., 2001; Burgess et al., 2002; Reim and Brand, 2002).
Transcripts of spg(pou2) are found both in the oocyte*Correspondence: brand@mpi-cbg.de
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disruptions of mesoderm and endoderm development
(Reim and Brand, 2002), suggesting that spg(pou2) may
have additional functions that are masked by maternally
provided mRNA or protein. We therefore removed both
the maternal and the zygotic function of spg(pou2). In
such maternal-zygotic (MZ) spg mutant embryos, we
find that spg(pou2) is essential for formation of the endo-
derm. The earliest endoderm-specific expression of
sox17, foxA2, and other endoderm-specific markers is
not activated in MZspg mutants, although mesendoder-
mal precursors are present, as judged from normal ex-
pression of cas and other markers at blastula stages.
Transplantation studies show that MZspg mutant cells
can develop into mesoderm, but not into endoderm.
Importantly, spg(pou2) is absolutely required to enable
Cas to activate sox17 in endogenous and ectopic do-
mains. Furthermore, sox17 promoter-luciferase reporter
constructs are activated upon cas and pou2 mRNA coin-
jection. We suggest that Pou2 and Cas together control
the initiation of endodermal germlayer development
downstream of Nodal signaling.

Results and Discussion

Removing Maternal and Zygotic spg Function
spg(pou2) mRNA is present ubiquitously in the unfertil-
ized oocyte and early zygote (Takeda et al., 1994; Haupt-
mann and Gerster, 1995; Figure 1B). Zygotic expression
is required for early neural development, allowing Fgf8-
dependent activation of gene expression during devel-
opment of the midbrain-hindbrain organizer (Reim and
Brand, 2002, and references therein). We generated em-
bryos lacking spg(pou2) function maternally and zygoti-
cally (MZspg; Figure1A). Injection of spg(pou2) mRNA
into homozygous mutant embryos for a likely null allele
(spghi349, Burgess et al., 2002) at the 1-cell stage rescues
the development of these embryos, and allowed us to
generate fertile homozygous spg mutant adults (Figure
1A). Intercrosses of homozygous mutant females and
males generate MZspg mutant embryos which lack ma-
ternal and zygotic spg(pou2) transcripts (Figure 1C). The
phenotype of MZspg mutant embryos is constant re-
garding expressivity and penetrance in every egg clutch
examined. MZspg embryos were phenotypically res-

Figure 1. Eliminating Maternal and Zygotic spg Function and Endo- cued by spg(pou2) mRNA injection at the 1-cell stage
derm Formation and were raised and kept up to 7 dpf (data not shown).
(A) Homozygous spg mutants were rescued by spg(pou2) mRNA
injection at the 1-cell stage. Viable homozygous adult females were

Endoderm Does Not Form in MZspg Embryoscrossed with homozygous males or wild-type males to produce
The most prominent defect we observe in MZspg mu-MZspg or Mspg embryos, respectively.
tants is absence of endoderm (Figure 2). We examined(B) spg(pou2) is maternally supplied to the zygote (C) MZspg em-

bryos never initiate spg(pou2) expression. the earliest mesendoderm markers, the transcription
(D and E) Initial steps in endoderm development. (D) Animal pole factors cas, mez, ntl, bon, and fau(gata5) by whole-
view. Mesendodermal precursors (light blue) and endodermal pre- mount in situ hybridization of MZspg embryos at the
cursors (dark blue) are located at the margin before and after the

onset of endoderm formation. These genes are activatedonset of gastrulation, respectively. (E) Endodermal precursor cells
in the blastoderm in direct response to Nodal signaling(dark blue) involute and move toward the anterior, animal pole; modi-
(Reiter et al., 1999, 2001; Alexander and Stainier, 1999;fied from Kimmel et al. (1995).
Kikuchi et al., 2000; Poulain and Lepage, 2002; reviewed
by Warga and Stainier, 2002). Due to sustained Nodal
signaling, mesendodermal marker expression expandsand the early zygotic embryo (Takeda et al., 1994; Haupt-

mann and Gerster, 1995; Howley and Ho, 2000). Zygotic circumferentially in the marginal-most tiers of germ-
ring cells (Figure 1D). In MZspg mutants, expression ofexpression is required for early neural development, in

particular establishment of the midbrain-hindbrain orga- bon(mix), mez, fau(gata5), cas, and ntl is initiated (Fig-
ures 2A–2H, and data not shown), indicating that MZspgnizer, but zygotic spg mutant embryos also have minor
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Figure 2. Endoderm Differentiation Is
Blocked in MZspg Mutants

(A–H) Expression of bon(mix), mez, fau(gata5),
and cas in endodermal precursor cells at the
embryonic margin is normal in late blastula
stage MZspg embryos. Animal pole views.
(I–T) Expression of markers for endodermal
differentiation is abolished in MZspg mu-
tants. (I and J) Endodermal sox17 expression
is not initiated in MZspg embryos, and is re-
duced in forerunner cells (arrow). (K–T) Lat-
eral views of gastrulating embryos, geno-
types, and markers as indicated. (K and L)
Endodermal sox17 expression is not de-
tected at 60% epiboly. (M and N) sox17 ex-
pression in the endodermal germlayer at the
end of gastrulation is missing in MZspg em-
bryos. Similarly, endodermal foxA2 (O and P),
fau(gata5) (S and T), and cas (Q and R) ex-
pression are missing in MZspg embryos.
foxA2 expression in the axial mesoderm (ar-
rowheads) is present in MZspg embryos. cas
is weakly expressed in the YSL and forerun-
ner cells (arrow) and is enhanced in MZspg.
(U and V) foxA1 is expressed in the prospec-
tive gut (arrow), hypochord, and ventral floor-
plate at late somitogenesis; expression is
retained in malformed MZspg embryos prob-
ably in hypochord and/or floorplate.
(W and X) gsc is normally expressed in the
dorsal shield, but expands to ventral levels
in MZspg. Animal views, shield stage.
(Y and Z) gsc staining in involuted mesoderm
at 80% epiboly is similarly expressed in
MZspg, though epiboly is delayed (arrows;
lateral views).

embryos form a pool of mesendodermal precursor cells MZspg embryos, endodermal expression of sox17 and
foxA2 is abolished (Figures 2L, 2N, and 2P). Moreover,in response to Nodal signaling.

In the gastrulating embryo, the earliest endodermal none of the endodermal precursor markers like cas, fau
(gata5), bon, or mez is maintained in gastrulating MZspgdifferentiation markers sox17 and foxA2 are expressed

in a characteristic punctate pattern, which reflects the mutants (Figures 2R and 2T; and data not shown). Fore-
runner cells are a noninvoluting cell type that may bedistribution of endodermal precursor cells (Figures 2K,

2M, and 2O; Strähle et al., 1993; Odenthal and Nüsslein- related to enveloping layer (EVL) and mesoderm, but
not endoderm (Cooper and D’Amico, 1996; Warga andVolhard, 1998; Alexander and Stainier, 1999). In these

cells, expression of cas, bon, and fau(gata5) is main- Stainier, 2002). In MZspg mutants, forerunner cells were
strongly reduced in number and were sometimes lackingtained (Figures 2Q and 2S; and data not shown). In
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completely (arrow in Figures 2I–2M, 2Q, and 2R). Expres- in MZspg host embryos. Wild-type donor cells were
transplanted from the dorso-lateral, marginal-most re-sion of foxA2 within dorsal axial mesodermal cells was

normal, although the shape of this domain was altered gion of the embryo into the same position in MZspg
host embryos at late blastula stages (Figure 3A). Thisby the disturbed morphology of MZspg mutant embryos

(arrowheads in Figures 2O and 2P). MZspg mutants are region contains 51%–80% endodermal precursor cells,
which will contribute to endodermal derivatives like thealso abnormally dorsalized and delayed during epiboly,

but not generally disrupted in involution, as seen in em- gut (Warga and Nüsslein-Volhard, 1999). Host embryos
were then fixed at the end of gastrulation and analyzedbryos stained for gsc, a marker for dorsal mesoderm

(Figures 2W–2Z; G.R. and M.B., unpublished data). Be- for sox17 expression to assay for endodermal differenti-
ation.cause severely dorsalized mutants nevertheless form

endoderm (Warga and Stainier, 2002), these phenotypes sox17 expression was exclusively observed if trans-
planted wild-type cells were located within the hypo-probably reflect independent functions of spg (pou2).

Lack of endodermal marker gene expression in MZspg blast. Because only transplanted cells express sox17,
spg(pou2) acts in a strictly cell-autonomous way (Fig-embryos could reflect a defect of the prospective mes-

endoderm to undergo proper endodermal differentia- ures 3D and 3D�; 18 embryos, with n � 150 cells in total).
sox17-positive cells were found in close apposition totion. Alternatively, migration of endodermal precursor

cells within the hypoblast layer could be disrupted, the yolk cell of MZspg embryos and displayed the mor-
phology and spacing characteristic of endodermal cellscausing failure to differentiate. Endodermal precursor

cells become first morphologically visible at the shield in the wild-type embryo (compare with Figure 2M for
wild-type expression pattern of sox17). Transplantedstage. In the wild-type, sox17 is activated in emerging

endodermal precursors coincident with their recruit- wild-type cells located in the mesoderm were character-
istically smaller and roundish, and did not express sox17ment into the hypoblast (Figure 2I; Alexander and

Stainier, 1999). Importantly, expression of sox17 was (Figure 3D�, arrow). Wild-type cells located in the ecto-
derm of MZspg embryos never activated sox17 expres-not activated in involuting cells of MZspg embryos at

the onset of gastrulation (Figure 2J). The same was ob- sion in the underlying hypoblast (Figure 3E; 22 embryos,
with n � 100 cells in total). spg(pou2) is therefore re-served for foxA2 (data not shown). Because of the abnor-

mal morphology of MZspg embryos at later stages, quired in a strictly cell-autonomous manner at the transi-
tion from mesendodermal precursor cells to endodermalassaying gut formation in MZspg at pharyngula stages

is difficult. foxA1 is a marker of gut differentiation at precursors. Moreover, MZspg embryos provide a per-
missive environment, since wild-type cells can still ex-somitogenesis stages and is expressed in the wild-type

gut primordium (Figure 2U, arrow) and in the overlying, press sox17 in MZspg embryos. Conversely, wild-type
cells appear unable to stimulate sox17 expression inmesodermally derived hypochord and floor plate (Figure

2U; Odenthal and Nüsslein-Volhard, 1998). In MZspg MZspg mutant host cells. The cell-autonomous function
of pou2 is in good agreement with the cell-autonomousmutants, foxA1 expression strongly resembled expres-

sion of the notochord marker ntl, suggesting that the requirement observed for Cas in endoderm develop-
ment (Dickmeis et al., 2001; David and Rosa, 2001; Alex-remaining foxA1 expression we observe is in notochord

(Figure 2V). MZspg embryos therefore appear to lack a ander and Stainier, 1999).
gut primordium. Together, these findings suggest that
MZspg embryos lack differentiating endodermal precur- Temporal Requirement in
sor cells from gastrulation onward. Because gene ex- Endodermal Development
pression of cas, bon, mez, and fau(gata5) is initiated spg(pou2) mRNA is both maternally and zygotically ex-
normally at the margin of MZspg mutants at blastula pressed. Like in MZspg mutants, expression of maternal
stages, a mesendodermal precursor pool seems to form spg(pou2) message is not detected in Mspg embryos
properly in MZspg embryos. However, the transition (Figure 4K) until the late blastula stage (Figure 4M). Zy-
from the mesendodermal precursor cell to the endoder- gotic spg(pou2) expression therefore does not depend
mal precursor cell appears to fail in MZspg embryos. on its own maternal gene product. Conversely, in Zspghi349

mutant embryos, spg(pou2) mRNA levels decrease be-
tween 30% epiboly (Figure 4O) and mid-gastrula stageCell-Autonomous Requirement

for Endoderm Differentiation (Figure 4Q). Theoretically, either maternal or zygotic
spg(pou2) might be most important for endoderm dif-Next, we determined whether the requirement of

spg(pou2) is spatio-temporally restricted. spg(pou2) is ferentiation. We therefore compared endoderm devel-
opment in wild-type or MZspg embryos with that ofstrongly and ubiquitously expressed at blastula stages,

including endodermal precursor cells. At the onset of embryos lacking zygotic (Zspg) or maternal (Mspg) func-
tion alone.gastrulation, pou2 transcripts quickly recede to the epi-

blast (Figures 3B and 3C; Takeda et al., 1994; Haupt- Zspg embryos showed a reduced number and inten-
sity of sox17 expressing cells (Figure 4B). Similarly,mann and Gerster, 1995). spg(pou2) might then be

needed in endodermal precursor cells themselves. Alter- Mspg embryos showed a variably reduced or lost sox17
expression (Figures 4C and 4D); MZspg embryos com-natively, spg(pou2) might control a hypothetical, epi-

blast-derived signal that supports endoderm develop- pletely lacked sox17 expression (Figure 2N). Therefore,
both zygotic and maternal spg(pou2) function contributement in the underlying hypoblast. We therefore asked

if transplanted wild-type cells are required in the epiblast to sox17 activation. Zspg and “mild” Mspg embryos at
the 20 somite stage express foxA1 comparable to theor in the hypoblast to restore endoderm development
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Figure 3. Autonomous Requirement for spg in Endoderm Differentiation

(A) Transplantation strategy. (B) Ubiquitous expression of spg(pou2) in a wild-type blastula. (C) Restricted expression in dorsal epiblast;
arrowheads indicate the border between ectoderm and mesendoderm. Transversal section at 60%–70% epiboly (D and D�). Transplanted
wild-type cells located in the mesendodermal primordium of MZspg embryos can express sox17 (blue staining). (D�) The same embryo as in
(D), after detecting transplanted cells by immunochemistry (brown staining). All sox17-expressing cells are wild-type (overlay of the brown
and blue staining results in purple staining). Cells that are solely brown have a small, mesodermal morphology. (E) Wild-type cells (brown
staining) located in the ectoderm of MZspg embryos do not express sox17.

wild-type and can form a gut (Figures 4E–4G). The gut receptor Taram A (Peyrieras et al., 1998). tar* misexpres-
sion directs the fate of early blastomeres predominantlyis apparently functional since the larvae take up food,

transport, and excrete (data not shown). Other endo- toward endoderm when misexpressed, as seen by pre-
mature and ectopic sox17 expression already at blastuladerm mutants like fau(gata5), bon, or Zoep also display

partially reduced sox17 expression similarly to Zspg and stages (Figure 5A, upper left inset; Peyrieras et al., 1998).
Nodal signaling is intact in MZspg embryos, as judgedmild Mspg mutants, express foxA1 at somitogenesis

stages, and form a gut (Reiter et al., 2001; Kikuchi et from marker expression of mesendodermal precursor
cells (Figures 2A–2H) and our transplantation experi-al., 2001). Moreover, foxA2 expression also remained in

these mutants. Apparently, reduced expression levels ments (Figure 3). Accordingly, ligand-independent, con-
stitutive Nodal signaling by Tar* injection caused strongof a combination of endodermal markers suffices for

endoderm formation. Mspg embryos displaying a strong ectopic activation of mez, an immediate target of Nodal
signaling (Poulain and Lepage, 2002), in MZspg embryosmutant phenotype do not form a gut primordium, as

seen by loss of foxA1 expression (Figure 4H). However, at the sphere stage (Figure 5A, lower left inset). However,
the ability to activate sox17 following tar* mRNA injec-in dorsal views, faint and laterally spreading expression

of foxA1 is visible close to the surface of the yolk, which tion was completely suppressed in MZspg embryos (Fig-
ure 5A). Therefore, Nodal signaling cannot bypass themight reflect residual and dorsalized endoderm forma-

tion in these embryos (Figure 4I). Expression in nonendo- requirement for spg(pou2) even when constitutively acti-
vated. spg(pou2) is expressed normally in Nodal path-dermal foxA1 domains is present, although morphologi-

cally altered in these embryos, probably indirectly due way mutants like oep, sqt, or cyc (data not shown), and
Nodal pathway components and the Nodal-dependentto their strongly dorsalized morphology (Figure 4H; G.R.

and M.B., unpublished data). targets ntl and endodermal precursor markers are nor-
mally expressed in MZspg embryos (Figure 2, and dataIn summary, maternal and zygotic spg(pou2) expres-

sion overlap in time and are both necessary for proper not shown). Therefore, spg(pou2) acts in parallel to the
Nodal signaling pathway.endoderm formation. The dual requirement might be a

safe-guarding mechanism to ensure proper endoderm
formation. Joint Requirement for Spg and Cas

cas encodes an HMG domain protein of the Sox-tran-
scription factor superfamily and is necessary for endo-spg(pou2) Requirement for Ectopic Nodal Activity

To address the genetic level at which spg(pou2) might derm differentiation (Kikuchi et al., 2001; Dickmeis et
al., 2001). cas was so far the only mutation that blocksact, we investigated the relationship between spg(pou2)

and Nodal signaling, which is essential for endoderm endoderm formation (Alexander and Stainier, 1999). cas
mutants do not activate any known marker indicative forand mesoderm formation. MZoep mutant embryos lack-

ing the Nodal-cofactor EGF-CFC are unable to process endodermal precursor development during gastrulation
and, consequently, lack all endoderm. As in MZspg em-Nodal signals, and hence lack all endoderm and most

mesoderm (Schier et al., 1997; Gritsman et al., 1999). bryos, however, gene expression in endodermal precur-
sor cells is not affected in cas mutant embryos. Thus,MZoep mutants can be rescued by injecting tar* mRNA,

encoding a constitutively active variant of the Nodal the phenotype of cas and MZspg mutants is very similar.
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Figure 4. Endoderm Development with Maternal or Zygotic spg Function

(A–D) Expression of sox17 at the tailbud stage, dorsal views. In contrast to the wild-type (A), intensity and number of sox17 expressing cells
are strongly reduced in zygotic (B) and mild maternal (D) spg embryos, and nearly abolished in strong maternal (D) spg mutant embryos.
(E–I) Expression of foxA1 at the 20-somite stage. (E–H) Lateral views. foxA1 is expressed in the entire prospective gut region (red arrow), the
hypochord (white arrow), and floor plate (black arrow) of the wild-type, and expression is reduced in Zspg and Mspg embryos. Endodermal
expression cannot be detected in a lateral view. (I) In a dorsal view (anterior to the top), endodermal foxA1 expression is faintly detected
close to the yolk (lateral expansion is marked by arrows and black dotted lines; white dotted lines mark the normal extent).
(J–Q) spg(pou2) is ubiquitously expressed in the wild-type blastula, but absent in Mspg embryos, which commence transcription at late
blastula stage (M). Conversely, Zspg mutants show normal expression of spg(pou2) until late blastula stages (O), which is downregulated
from late blastula stages onward (Q).

Unlike other genes necessary for endoderm formation, parallel to cas to elicit endoderm formation. In order
to test this notion, we injected cas mRNA into MZspglike gata5 or bon, cas expression is sufficient to restore

sox17 expression in embryos lacking Nodal signaling mutants, and spg(pou2) mRNA into cas mutants, and
examined the embryos for sox17 expression. Injection(MZoep embryos; Kikuchi et al., 2001; Aoki et al., 2002),

suggesting that Cas is a key activator of sox17 expres- of cas mRNA elicited strong ectopic sox17 expression
in the wild-type (Figure 5B; Kikuchi et al., 2001; Aoki etsion. Moreover, tar* mRNA misexpression fails to acti-

vate sox17 in cas mutants (Alexander and Stainier, 1999), al., 2002), but not in MZspg embryos (Figure 5D). Injec-
tion of spg(pou2) mRNA could not restore sox17 expres-like we observed in MZspg mutant embryos (Figure 5A).

The striking similarity between the phenotype of cas sion in cas mutant embryos (Figure 5E), consistent with
the observation that cas embryos have normal spg(pou2)and MZspg mutant embryos prompted us to investigate

their relationship further. ISH analysis revealed that cas expression (data not shown). Importantly, when spg(pou2)
mRNA was coinjected with cas mRNA either into cas�/�expression is initiated normally in MZspg mutants (Fig-

ures 2G and 2H), and spg(pou2) is expressed normally or MZspg mutants, expression of sox17 was restored
and ectopically activated (Figures 5F and 5G; comparein cas mutants (data not shown). Moreover, tar* mRNA

misexpression could activate cas in MZspg mutant em- with Figure 5B). Due to the high level of activation, the
endogenous punctate expression pattern of sox17 isbryos at ectopic locations, similar to the ectopic activa-

tion of mez (data not shown, and Figure 5A, lower left obscured, comparable to what is observed after cas
mRNA injection into the wild-type (Figure 5B). Further-inset). This fits with the notion that cas is a direct down-

stream target of Nodal signaling (Dickmeis et al., 2001; more, the ability of cas to restore sox17 expression after
injection into MZoep embryos is totally abolished uponAoki et al., 2002; Poulain and Lepage, 2002).

These findings suggest that spg(pou2) might act in coinjection of a function-blocking morpholino against
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Figure 5. Synergistic Activation of Endoderm Differentiation by cas and spg Downstream of Ndl Signaling

(A) The constitutively active Ndl receptor TarA* normally elicits ectopic sox17 expression (upper left inset), but cannot bypass the requirement
for spg in MZspg embryos. The mesendodermal marker mez is still activated in MZspg embryos (lower left inset).
(B–G) After cas mRNA injection, sox17 is activated ectopically in wild-type (B), but not in MZspg embryos at 70%–80% of epiboly (D). spg
mRNA injection does not activate sox17 ectopically either in wild-type embryos (C) or in cas�/� mutant (E) embryos. (F and G) Importantly,
coinjection of cas and spg mRNA activates sox17 expression in either cas�/� (F) or MZspg mutants (G).
(H) spg and cas coactivate expression of a sox17 promoter-luciferase reporter gene. sox17 promoter region and luciferase reporter constructs.
The transcription initiation site was determined by primer extension analysis (data not shown).
(I) Luciferase activity of reporter constructs coinjected with synthetic mRNAs into wild-type (wt) or MZspg embryos at 1-cell stage. Activities
are indicated as fold-induction relative to embryos injected with the reporter alone.

spg(pou2) (data not shown). Taken together, these re- to the ubiquitous presence of spg(pou2)—whereas mis-
expression of spg(pou2) mRNA is not sufficient to triggersults show that spg(pou2) and Cas act together to acti-

vate sox17 expression. endoderm formation (Figure 5C). Finally, because cas
and spg(pou2) transcripts are coexpressed from sphere-The mRNA injection experiments support the notion

that Cas is the main instructive signal for sox17 activa- stage onward without eliciting endoderm formation, we
suggest that an additional, as yet unknown mechanismtion, but show in addition that this instruction strictly

requires spg(pou2) as a permissive factor, reminiscent may normally prevent precocious endoderm formation
and activation of sox17.of its permissive role in neuroectodermal development

(Reim and Brand, 2002; Burgess et al., 2002). This notion
is supported by several findings: (1) Whereas spg(pou2) Synergistic Activation of the sox17 Promoter

by Spg and Casis ubiquitously expressed up to gastrulation, cas expres-
sion is spatially limited to the blastoderm margin due to The spg(pou2) or cas mRNA injection alone into cas or

MZspg mutant embryos could not rescue sox17 expres-its activation by the Nodal pathway. (2) Cas can ectopi-
cally elicit endoderm differentiation and transfating of sion, suggesting that Pou2 and Cas function synergisti-

cally to induce sox17 expression (Figures 5D and 5E).mesoderm into endoderm when misexpressed (Kikuchi
et al., 2001; Dickmeis et al., 2001)—which we attribute To test this notion in a different and more quantitative
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assay, we isolated the sox17 promoter region and per- observation that pou2 expression is shut down at the
formed luciferase reporter assays in early gastrula wild- beginning of gastrulation, and Pou2/Cas might be used
type and MZspg embryos. A fusion construct of the initially to prime sox17 expression.
luciferase reporter DNA (sox17 5�-3027Luc) was injected
with cas and/or spg(pou2) mRNA(s) into wild-type em- MZspg Mutant Cells Develop into Mesoderm
bryos at the 1-cell stage. The luciferase activity was Our previous results demonstrate that both in cas and
induced 2- to 16-fold by coinjection with cas and MZspg mutant embryos, mesendodermal precursors
spg(pou2) mRNAs as compared to injections with either cannot undergo endodermal differentiation. What hap-
cas or spg(pou2) mRNA alone (Figure 5I). Although we pens to endodermal precursor cells of MZspg embryos
observed induction of luciferase activity in wild-type at late blastula stages in which endodermal differentia-
embryos, the interpretation is complicated by the pres- tion is intercepted? To address this question, we per-
ence of endogenous Pou2 protein in these embryos. In formed transplantation experiments to investigate the
a more rigorous test in MZspg embryos, injections of fate of these precursor cells. Cells located in the dorso-
either spg(pou2) or cas mRNA could not significantly lateral margin of wild-type embryos later predominately
enhance the luciferase activity of the sox17 5�-3027Luc colonize endoderm-, and only rarely mesoderm-derived
reporter DNA (Figure 5I). On the other hand, coinjection tissues (Warga and Nüsslein-Volhard, 1999). Labeling of
of both spg(pou2) and cas mRNAs with sox17 5�- transplanted cells into this area with rhodamine-dex-
3027Luc reporter DNA strongly enhanced luciferase ac- trane allowed us to track them in the living embryo,
tivity approximately 16-fold, suggesting that Pou2 and which we examined at pharyngula stages. Wild-type
Cas cooperate during induction of sox17 (Figure 5I). cells transplanted into the dorso-lateral mesendodermal
Maximal induction of luciferase activity after coinjection primordium predominantly colonized the gut, and with
into MZspg embryos was lower than after coinjection lower frequency mesodermal derivatives (Figures 6A
into wild-type (Figure 5I, sox17 5�-3027Luc), which we and 6A�, and data not shown; n � 15 embryos). In con-
attribute to the additional presence of endogenous Pou2 trast, MZspg mutant cells were unable to populate endo-
and Cas in the wild-type embryos. In summary, our lucif- dermal derivatives. Instead, MZspg cells contributed to
erase reporter assay supports the notion that Pou2 and mesodermal tissue like the hypochord or the notochord
Cas act together to activate sox17 expression. (Figures 6B and 6C; n � 30 embryos). We have not

In various systems, Sox factors have been reported observed cell death of MZspg cells transplanted into
to bind to adjacent or overlapping elements with Pou wild-type embryos, supporting the notion that bipoten-
domain transcription factors to specifically activate or tial mesendodermal precursor cells exist also in MZspg
repress transcription of target genes, respectively (re- mutant embryos. MZspg cells of unknown type did pop-
viewed in Ryan and Rosenfeld, 1997; Wilson and Koop- ulate the branchial arches (data not shown), a tissue
man, 2002). As an example, DNA binding studies and containing both mesodermal and endodermal cell types.
crystal structure determination could show functional Indeed, anterior, i.e., respiratory tract endoderm, and
cooperativity between murine Oct4 and Sox2 on the posterior, digestive tract endoderm, may be differently
Fgf4 enhancer (Ambrosetti et al., 2000; Remenyi et al.,

regulated and may not initially depend on cas (Piotrow-
2003). Therefore, one explanation for the observed coo-

ski and Nüsslein-Volhard, 2000; Kanai-Azuma et al.,
perativity between Cas and Pou2 could be that both

2002; Warga and Stainier, 2002).
factors bind to the sox17 promoter directly. In an attempt

We propose a model in which spg(pou2), togetherto gain more evidence in favor of or against this hypothe-
with Cas, is required for triggering the decision of mes-sis, we investigated the sequence of our sox17 promoter
endodermal precursors to develop into endoderm (Fig-more closely. Deletion analysis showed that luciferase
ure 6). Wild-type mesendodermal precursor cells haveinduction was abolished in deletion mutant construct
both Cas and Pou2. We suggest that the lack ofsox17 5�-1809Luc, suggesting that a Pou2/Cas-synergy-
spg(pou2) biases development of mesendodermal pre-dependent 700 bp promoter region from –2502 to –1809
cursors toward a mesodermal fate. This model can ac-is critical for synergy between Pou2 and Cas (Figure 5I).
count for the depletion of the endodermal precursorWithin this 700 bp element, Pou2/Cas synergy-depen-
population in MZspg mutants early in development,dent activation could be furthermore confined to about
when wild-type precursor cells normally change their100 bp by luciferase assay, which harbored two putative
state of differentiation. The model also predicts thatbinding sites for HMG domain containing factors adja-
cells normally destined to form endoderm instead formcent to each other. When we mutated these two putative
mesoderm in MZspg mutants. Since the number of en-binding sites, respectively, we found that Pou2/Cas-
dodermal precursors is very small relative to that ofdependent luciferase activation mediated by the 100
mesodermal precursors (Warga and Nüsslein-Volhard,bp promoter element was abolished (unpublished data).
1999), it would be difficult to observe an appreciableThis suggests an indirect synergistic regulation of the
increase of mesoderm at the expense of endoderm in100 bp sox17 promoter element by Pou2/Cas. The exact
MZspg embryos; however, this notion is supported bymolecular mechanism of sox17 activation remains to
our observation that transplanted MZspg cells formbe determined. Our findings are compatible with the
mesoderm instead of endoderm even when placed intopossibility of a direct activation of sox17 by Pou2 and
the endodermal primordium of wild-type embryos (Fig-Cas serving a remote, “early” sox17 enhancer element,
ures 6B and 6C).which has not been subject to our examination. As soon

Cas not only stimulates endoderm formation, but alsoas Sox17 protein is expressed, Sox17 itself could take
represses mesodermal markers like ntl when overex-over to maintain its own expression, involving a “late”

promoter. This model would be in accordance with the pressed (Aoki et al., 2002). Accordingly, overexpression
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the blastula to the gastrula to become endodermal pre-
cursor cells. This raises the possibility that cas and
spg(pou2) might also cooperate to repress mesoderm
differentiation. To test this notion, we injected MZspg
embryos with cas mRNA and assayed for ntl expression.
Interestingly, ntl expression was repressed by cas in
absence of functional spg(pou2) (data not shown).
Therefore, repression of the pan-mesodermal marker ntl
was not sufficient to allow endoderm differentiation. We
speculate that Cas cooperates in this case with another,
as yet unknown POU family member.

A Conserved Role for Spg (Oct4)
in Endoderm Formation?
A gene with a cas-like function has not yet been de-
scribed in chick or mammals, raising the question
whether a Cas/Spg-type of mechanism could operate
in endoderm formation also in these species. We have
previously suggested that spg(pou2) is the likely or-
tholog of the murine Oct4 gene on the basis of chromo-
somal synteny and phylogenetic sequence comparisons
(Burgess et al., 2002), and have shown that murine Oct4
can replace the missing function during neural pat-
terning of spg(pou2) mutant embryos (Reim and Brand,
2002). Mammalian Oct4 is well known for its function in
stem- and germ-cell development (reviewed in Pesce
and Schöler, 2000, 2001). Zebrafish use a different mode
of germ cell determination than mice (Johnson et al.,
2003), suggesting that the germ cell function of the an-
cestral Oct4 gene may have been lost in the teleost
lineage, and indeed we found that expression of the
germ cell marker vasa occurs normally in MZspg em-
bryos (data not shown). Oct4 requirement in preimplan-
tation development has so far precluded an analysis of
a possible function during definitive endoderm develop-
ment. Evidence in mice, however, suggests that Oct4
may also function in endoderm formation, similar to what
we report here. Oct4 physically interacts in vitro with

Figure 6. Transplanted MZspg Cells Are Unable to Form Endoderm the Forkhead domain protein FoxD3 on promoter ele-
and Form Mesoderm Instead ments of endoderm-specific genes like FoxA1 and
Bright-field images of living embryos at pharyngula stages, superim- FoxA2, where it acts as a corepressor of endodermal
posed with flourescent images of the same focal plane; transplanted

differentiation of ES cells in culture (Guo et al., 2002).cells show red fluorescence. (A) Control: wild-type cells transplanted
Interestingly, in addition to its role in ES cell mainte-into the prospective endoderm of wild-type embryos colonize pre-
nance, Oct4 has recently been implicated in initial differ-dominately endodermal derivatives like the gut, and with lower fre-

quency mesodermal structures (not shown). (A�) Bright field image entiation events in ES cell development (Pan et al., 2002).
of (A). Arrows indicate the gut tube next to the yolk (YSE). Reminiscent of spg(pou2)’s function in zebrafish, ele-
(B and C) MZspg cells transplanted into the prospective endodermal vated levels of murine Oct4 can initiate endodermal dif-
region of wild-type embryos populate mesodermal derivatives: hy-

ferentiation in an inducible cell culture system (Niwa etpochord (B) or notochord (C), but not gut.
al., 2000). Moreover, analysis of Oct4 knockout mice(D) spg(pou2) is essential for commitment to the endodermal precur-
revealed that Oct4 is involved in early differentiation ofsor lineage and acts cooperatively with cas to activate sox17 expres-

sion. In the absence of functional spg(pou2), MZspg mutant cells primitive endoderm from the hypoblast. In this context,
instead become mesoderm. a transient increase of Oct4 within the primitive, premi-

gratory hypoblast activates Osteopontin, which is re-
quired for migratory endoderm formation at peri-implan-
tation stages (Botquin et al., 1998). Intriguingly, Oct4of mez mRNA leads to repression of ntl via overactiva-

tion of cas (Poulain and Lepage, 2002). Interestingly, in elicits transcriptional activation, whereas recruitment of
the HMG transcription factor Sox2 to a DNA bindingthe absence of Cas, mez overexpression elicits ectopic

induction of ntl, suggesting a role for mez in the choice site not adjacent, but overlapping with the Oct4-POU
domain binding site counteracts activation by Oct4.between mesoderm and endoderm (Poulain and Lep-

age, 2002). In the wild-type, Cas may therefore be re- Therefore, Oct4 seems essential for early cell fate deci-
sions. Subsequently, downregulation of Oct4 after fatequired to downregulate ntl in endodermal precursors,

suggesting that these cells require both the activation decision is necessary for terminal differentiation. This is
reminiscent of the expression of spg(pou2) in zebrafishof sox17 and the repression of ntl at the transition from
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processed for ISH as described (Reifers et al., 1998). After ISH,endoderm development: high levels of spg(pou2) ex-
embryos where first photographed and transplanted cells were thenpression seem to endow precursor cells at late blastula
visualized using Vectastain (VectorLabs).stages with the competence to enter a precursor phase
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Pesce, M., and Schöler, H.R. (2000). Oct-4: control of totipotency
Westerfield, M. (1994). The Zebrafish Book, 2.1 edn. (Oregon: Univer-

and germline determination. Mol. Reprod. Dev. 55, 452–457.
sity of Oregon Press).

Pesce, M., and Schöler, H.R. (2001). Oct-4: gatekeeper in the begin- Wilson, M., and Koopman, P. (2002). Matching SOX: partner proteins
nings of mammalian development. Stem Cells 19, 271–278. and co-factors of the SOX family of transcriptional regulators. Curr.
Peyrieras, N., Strähle, U., and Rosa, F. (1998). Conversion of zebra- Opin. Genet. Dev. 12, 441–446.
fish blastomeres to an endodermal fate by TGF-�-related signaling.
Curr. Biol. 8, 783–786.

Piotrowski, T., and Nüsslein-Volhard, C. (2000). The endoderm plays
an important role in patterning the segmented pharyngeal region in
zebrafish (Danio rerio). Dev. Biol. 225, 339–356.

Poulain, M., and Lepage, T. (2002). Mezzo, a paired-like homeobox
protein is an immediate target of Nodal signalling and regulates
endoderm specification in zebrafish. Development 129, 4901–4914.
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