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Repression of Wnt/B-catenin signaling in the anterior
endoderm is essential for liver and pancreas development

Valérie A. McLin*', Scott A. Rankin* and Aaron M. Zorn*

The liver and pancreas are specified from the foregut endoderm through an interaction with the adjacent mesoderm. However, the
earlier molecular mechanisms that establish the foregut precursors are largely unknown. In this study, we have identified a
molecular pathway linking gastrula-stage endoderm patterning to organ specification. We show that in gastrula and early-somite
stage Xenopus embryos, Wnt/B-catenin activity must be repressed in the anterior endoderm to maintain foregut identity and to
allow liver and pancreas development. By contrast, high B-catenin activity in the posterior endoderm inhibits foregut fate while
promoting intestinal development. Experimentally repressing B-catenin activity in the posterior endoderm was sufficient to induce
ectopic organ buds that express early liver and pancreas markers. B-catenin acts in part by inhibiting expression of the homeobox
gene hhex, which is one of the earliest foregut markers and is essential for liver and pancreas development. Promoter analysis
indicates that B-catenin represses hhex transcription indirectly via the homeodomain repressor Vent2. Later in development, B-
catenin activity has the opposite effect and enhances liver development. These results illustrate that turning Wnt signaling off and
on in the correct temporal sequence is essential for organ formation, a finding that might directly impact efforts to differentiate

liver and pancreas tissue from stem cells.
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INTRODUCTION

The liver and pancreas are derived from the foregut endoderm.
Although we increasingly understand the genetic pathways
regulating proliferation and differentiation of these organs once they
are specified (McLin and Zorn, 2006; Zaret, 2002; Zhao and
Duncan, 2005), the earlier events linking endoderm formation at
gastrulation to organ induction are less clear. A detailed
understanding of these early developmental decisions is likely to be
important for designing efficient strategies to generate
therapeutically useful tissue from stem cells.

Hepatic specification in the ventral foregut endoderm requires
signals from the surrounding mesenchyme (Fukuda-Taira, 1981;
Gualdi et al., 1996; Le Douarin, 1975). In the mouse and chick, these
signals include Fgf2 from the cardiogenic mesoderm and BMPs
from the septum transversum mesenchyme (Jung et al., 1999; Rossi
etal., 2001; Zhang et al., 2004), whereas in zebrafish Wnt2bb in the
lateral plate mesoderm is required (Ober et al., 2006). There is also
evidence that prior to these signals, there are earlier developmental
decisions that are crucial for the hepatic lineage. For example,
transplantation and explant studies in amphibian and chick embryos
have shown that only the foregut endoderm, but not the posterior
endoderm, is competent to become liver in response to signals from
the cardiogenic mesoderm (Fukuda-Taira, 1981; Le Douarin, 1975;
Okada, 1954b; Okada, 1960; Takata, 1960). In addition, tissue
recombination experiments have shown that an unknown signal
from the trunk mesoderm represses hepatic potential in the posterior
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endoderm (Gualdi et al., 1996; Le Douarin, 1975; Takata, 1960).
Together, these findings suggest that establishment of the foregut
domain prior to hepatic induction is an essential prerequisite for liver
development.

The regional expression of marker genes along the anterior-
posterior (A-P) axis of the gut tube demonstrates that distinct
foregut, midgut and hindgut domains exist prior to organ
specification (Costa et al., 2003; Gamer and Wright, 1995; Grapin-
Botton, 2005; Newman et al., 1997). However, studies on the
mechanisms controlling this have been somewhat contradictory.
Some experiments in amphibians suggested that regional identity in
the endoderm is determined by gastrulation (Hamburger, 1996;
Holtfreter, 1938), whereas other studies indicated that continual
interactions with the mesoderm are required (Okada, 1954a; Okada,
1954b; Okada, 1960; Takata, 1960). For example, anterior vegetal
tissue isolated from Xenopus blastulae will autonomously express
foregut genes owing to intrinsic Nodal and Wnt signaling in the
explants (Gamer and Wright, 1995; Henry et al., 1996; Zorn et al.,
1999). However Horb and Slack subsequently detected cardiac and
lateral mesoderm markers in such vegetal explants (Horb and Slack,
2001), suggesting that prolonged mesodermal interactions might be
required to maintain regional identify, although the molecular details
of this remain poorly understood.

In this study we postulated that differential zygotic Wnt signaling
might regulate endoderm patterning similar to the ‘activation-
transformation’ model of A-P patterning in the neural tube. In this
model, neural tissue is initially anterior in character and is then
progressively posteriorized by Wnts expressed in the trunk
mesoderm, whereas anterior identity is maintained rostrally where
there is a lack of Wnt signaling (Christian and Moon, 1993; Erter et
al., 2001; Kiecker and Niehrs, 2001; Kim et al., 2000; Lekven et al.,
2001; McGrew et al., 1995; Nieuwkoop, 1999; Takada et al., 1994).
In the canonical pathway, Wnt ligands interact with a Frizzled-
LRP5/6 receptor complex causing the inactivation of a Gsk3-
containing intracellular complex that would otherwise promote 3-
catenin degradation. This results in the accumulation of nuclear 3-
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catenin, which interacts with Tcf/Lef transcription factors to activate
target gene transcription (Clevers, 2006). Secreted Wnt-antagonists
block signaling by binding to Wnt ligands in the extracellular space
(sFRPs), or by binding to the LRP co-receptor (Dkk1) (Kawano and
Kypta, 2003; Mao et al., 2001).

In Xenopus, a maternal Wnt pathway results in high levels of
nuclear 3-catenin in the dorsal-anterior endoderm of the blastula,
which specifies the dorsal-anterior axis of all three germ layers
(Heasman, 2006). However, during gastrula and early somite stages,
nuclear -catenin levels are rapidly reduced in the anterior
endoderm relative to the posterior endoderm (Schohl and Fagotto,
2002). We postulated that this region of low B-catenin activity is
important to maintain foregut identity and that Wnt ligands (Wnt8,
Wnt8b, Wnt3, Wnt3a and Wntl) expressed in the trunk mesoderm
(Christian et al., 1991; Kemp et al., 2005; Moon, 1993) signal to the
posterior endoderm to inhibit foregut/hepatic fates and promote
intestinal development. By contrast, Wnt-antagonists (Dkk1, Frzbl1,
Crescent and Sfrp5) secreted by the anterior endoderm (Kemp et al.,
2005; Leyns et al., 1997; Pilcher and Krieg, 2002; Wang et al., 1997)
would protect it from the posteriorizing Wnt ligands, keep nuclear
[3-catenin levels low, and maintain foregut identity. Although such
spatial interactions between zygotic Wnt ligands and their
antagonists were known to regulate mesoderm and neural tube
patterning, their roles in the early endoderm had not been
established.

Consistent with this hypothesis, we find that forced Wnt/B-catenin
signaling in the anterior endoderm, between gastrula and early somite
stages, inhibits foregut development. By contrast, blocking (3-catenin
activity in the posterior endoderm is sufficient to initiate ectopic liver
and pancreas development. This suggests that the endoderm is indeed
patterned by differential Wnt signaling, similar to what has been
described in the nervous system. The homeobox gene hhex, one of
the earliest foregut markers, is a target of this (3-catenin-mediated
patterning and Hhex function is required for both normal and ectopic
liver and pancreas development. Analysis of the hhex promoter
indicates that (3-catenin/Tcf activity represses hhex transcription in
the posterior endoderm indirectly via homeodomain transcriptional
repressor Vent2. This is a novel function for Vent factors, which are
best known as mediators of BMP signaling in the mesoderm. These
results provide a molecular pathway linking endoderm patterning to
the initiation of liver and pancreas development, and illustrate that the
spatial and temporal activity of Wnt signaling must be tightly
controlled during this process.

MATERIALS AND METHODS

Embryo manipulations and microinjections

Xenopus laevis embryos were cultured as previously described (Zorn et al.,
1999) and staged according to Nieuwkoop and Faber (Nieuwkoop and
Faber, 1994). Explants were microdissected with tungsten needles and
cultured in 0.5XMBS (Zorn et al., 1999) with antibiotics. For tissue
separations, explants were cultured in 10 pg/ml dispase for 15-20 minutes.
Gastrula-stage endoderm tissue was transplanted into host embryos through
an incision in the blastocoel roof, as previously described (Slack and Isaacs,
1994).

Embryos with clear pigmentation differences between dorsal-anterior and
ventral-posterior cells were selected for 32-cell stage injections. The
antisense Hex morpholino oligo (HexMO, 80 ng) has been described
previously (Smithers and Jones, 2002). Synthetic RNA for microinjection
was transcribed using the Message Machine Kit (Ambion) and purified on
Microspin-6 columns (BioRad). The following plasmids were used for
mRNA synthesis or directly for microinjection (total amounts of DNA or
RNA injected, and enzymes used to linearize DNA templates and synthesize
RNA are indicated): pCSKA-Xwnt8 (250 pg) (Christian and Moon, 1993);

pCS2+pt-B-catenin (250 pg) (Yost et al., 1996); pCS2+MT Xgsk33 (500 pg)
(Yost et al., 1996); pcDNA3-ANXTcf3 (800 pg) (Molenaar et al., 1996);
pRN3 GFP (100 pg; Sfil, T3); pCS2+3-gal (100 pg; Notl, Sp6); pCS107
tDkk1 (500 pg; Ascl, Sp6); pCS2+HA-GR-ANLEF-BCTA (800 pg)
(Domingos et al., 2001); pCS107-Xvent1 (500 pg; Ascl, Sp6); pCS107-
Xvent2 (500 pg; Ascl, Sp6); pT7TS-HA-Xhex (500 pg; BamHI, T7);
pCS2+XfoxA2 (500 pg; Notl, Sp6); pT7TSHA-GR-ANTcf3 (800 pg; Xbal,
T7); pT7TSHA-GR-Vent2 (800 pg, Xbal, T7).

Xenopus transgenics and transient luciferase assays

A Xenopus laevis genomic \-library was screened using standard procedures
to isolate hhex genomic clones and a ~6kb fragment upstream of the ATG
start codon (Accession No. EF059707) was subcloned into the pGFP3 vector
to create the phhex-6kb:GFP plasmid used in transgenesis. Transgenic
Xenopus embryos were generated using sperm nuclear transplantation as
previously described (Kroll and Amaya, 1996).

Three hhex promoter fragments —6.0, —1.56 and —-0.44 kb were PCR
amplified and cloned into the pGL2-Basic luciferase vector (Promega). The
hhex:luciferase promoter constructs (300 pg) were microinjected along with
a pRL-TK renilla (Promega) control vector (25 pg). At gastrula stage, five
injected embryos were pooled together and homogenized in 100 .l of 100
mM Tris (pH 7.5) on ice, assayed for luciferase activity and normalized to
renilla activity using standard kits (Promega). Each construct was assayed
in triplicate.

In situ hybridization and RT-PCR analysis

In situ hybridizations were preformed as previously described (Costa et al.,
2003) using the following probes: forl (Seo et al., 2002), pdx1/xlhbox8
(Wright et al., 1989), nkx2.1 (Small et al., 2000), endocut/darmin (Costa et
al., 2003), hhex and ampb (Zorn and Mason, 2001), vent2 (Onichtchouk et
al., 1998), ptfal (Jarikji et al., 2007), amylase and elastase (Horb and Slack,
2002).

Real time RT-PCR analysis was performed on an Opticon PCR machine
(MJ Research) as previously described (Sinner et al., 2004). The following
primers were used (F, forward; R, reverse): forl (F, 5-CTTA-
ATGTGACTGAAGCAGAG-3’ and R, 5'-TTTCCATCTGTAGAGC-
CACAA-3"); c-troponin (F, 5'-AAGTCTCCATGGATCTAC-3’ and R,
5'-CAGCTCTAACCATTTCAG-3"); endodermin (F, 5'-AGCAGAA-
AATGGCAAACACAC-3" and R, 5'-GGTCTTTTAATGGCAACAGGT-
3"); foxa2 (F, 5'-CCTATCATGAACTCCTCATAG-3' and R, 5'-GGCC-
AGAATACATACAGCAGTC-3"); hhex (Zorn et al., 1999); and odc (Sinner
etal., 2004).

RESULTS

Repression of Wnt/B-catenin is necessary and
sufficient to initiate liver and pancreas
development

Maternal Wnt/(-catenin is active in the dorsal-anterior endoderm of
the Xenopus blastula, but is dramatically downregulated at
gastrulation (Schohl and Fagotto, 2002). It is this clearance of
zygotic B-catenin in the anterior endoderm that we postulate is
crucial to maintain foregut fate. To test this, we microinjected a
Whnt8-plasmid into the D1 cells of 32-cell stage Xenopus embryos
(Fig. 1A), which are fated to contribute to the foregut (Dale and
Slack, 1987; Moody, 1987). The injected Wnt8 plasmid is not
transcribed until the gastrula stage (Christian and Moon, 1993) and
therefore only activates zygotic 3-catenin signaling. At stages 35-
37, when organ buds are first visible (Chalmers and Slack, 1998;
Nieuwkoop and Faber, 1994), the embryos were assayed by in situ
hybridization with the liver marker for! (Seo et al., 2002), as well as
with markers for pancreas/duodenum (pdx1/xlhbox8) (Wright et al.,
1989), lung/thyroid (nkx2.1) (Small et al., 2000) and intestine
(endocut/darmin) (Costa et al., 2003). In almost all of the treated
embryos, foregut gene expression was inhibited and an examination
of the gut tube at stage 42 revealed an absence of foregut organ buds
in the Wnt8-injected embryos (Fig. 1B).
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To determine if increased repression of Wnt signaling was
sufficient to expand the foregut, we injected RNA encoding the
canonical Wnt-antagonist Dkk1 (Glinka et al., 1998) into cells
that contribute to the posterior-lateral endoderm (Dale and Slack,
1987; Moody, 1987). Dkk1 overexpression is known to inhibit
zygotic but not maternal Wnt signaling (Glinka et al., 1998). The
resulting embryos exhibited an expansion of for! and pdxI
expression at the expense of the intestine marker, and at stage 42
the liver and pancreas buds were conspicuously enlarged
(Fig. 1B).
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Fig. 1. Repression of B-catenin signaling in the endoderm is
necessary and sufficient for liver and pancreas development.

(A) 32-cell stage Xenopus embryos were injected with either a pCSKA-
Wnt8 plasmid (250 pg) or stabilized pt-B-catenin RNA (250 pg) in the
D1 anterior endoderm cells. Other embryos were injected with RNA
encoding Dkk1 (500 pg) or Gsk3B (500 pg) into D4 posterior
endoderm cells to repress Wnt signaling. (B) In situ hybridization at
stage 35 with the liver marker for7, or with a combination of
pancreas/duodenum marker pdx7/xlhbox8 and the lung marker nkx2.1,
or with the intestinal marker endocut. Some embryos were hybridized
with just pdx7. Arrowheads indicate ectopic or repressed gene
expression. The solid red line indicates the relative size of the foregut
domain. Gut tubes were isolated at stage 42 to visualize organ bud
morphology. The dashed red line outlines the liver bud. L, liver; P,
pancreas; Lu, lungs. (C) In situ hybridization to Gsk3B-injected guts with
liver markers for1, ambp, the early pancreas marker ptf7a and the
exocrine pancreas marker elastase. (D) A sectioned embryo co-injected
with Gsk3B and B-gal RNA shows B-gal-staining nuclei (blue) and for7
expression (brown) localized to the endoderm.

As Wnt8 and Dkk1 are secreted, we next addressed whether their
effects on the endoderm were direct, or secondary to changes in
mesoderm patterning. To cell-autonomously activate Wnt signaling
in the anterior endoderm we microinjected RNA encoding a
stabilized form of B-catenin (Yost et al., 1996) into the DI
blastomeres at the 32-cell stage. The stabilized (3-catenin should
persist in the gastrula anterior endoderm long after the time when
endogenous 3-catenin is downregulated, and this resulted in the
repression of foregut markers as well as ectopic intestinal gene
expression in the foregut domain (Fig. 1B and see Table S1 in the
supplementary material). Unlike Wnt8 plasmid injections, there was
little or no effect on head development in (-catenin-injected
embryos, consistent with this acting in the endoderm and not
affecting mesoderm or neural tissue. Co-injection of 3-galactosidase
(B-gal) RNA as a lineage-tracer confirmed that the injections
targeted the anterior endoderm (data not shown).

We next asked if reducing canonical Wnt signaling in the
posterior endoderm was sufficient to induce foregut fate. To cell-
autonomously repress [-catenin signaling we injected RNA
encoding Gsk3 into the D4 posterior endoderm cells at the 32-cell
stage. Gsk3[3 overexpression promotes 3-catenin degradation (Yost
et al., 1996) and as maternal 3-catenin is not active in the ventral-
posterior cells, Gsk3[3 is expected to repress zygotic [3-catenin
signaling. We observed ectopic forl and pdx] expression in the
posterior endoderm of 50-60% of the Gsk3{3-injected embryos,
along with inhibition of the intestinal marker endocut (Fig. 1B and
see Table S1 in the supplementary material). Similar results were
obtained with a dominant-negative ANTcf3 construct (Molenaar et
al., 1996) that represses [3-catenin/Tcf target genes (see Table S1 in
the supplementary material). At stage 42-46, we observed ectopic
organ buds in the intestines of Gsk3B- and ANTcf3-injected
embryos. Some of the ectopic buds expressed early liver and
pancreas markers (hhex, pdxI and ptfla) as well as hepatic (forl,
ambp and transferrin) and exocrine pancreas (elastase and amylase)
differentiation markers (Fig. 1C and see Table S1 in the
supplementary material). However, we did not observe ectopic
insulin expression suggesting that endocrine pancreas development
requires additional signals.

To confirm that the injected Gsk3[3 acted autonomously in the
endoderm, we co-injected Gsk3[3 with 3-gal RNA as a lineage label.
In none of the cases in which 3-gal staining was restricted to the
mesoderm (n=17) was ectopic forl expression observed. By
contrast, ectopic forl expression was observed in 19 cases in which
the 3-gal staining was in the endoderm and not the mesoderm (Fig.
1D), indicating that Gsk33 acts in the endoderm.

B-catenin activity is repressed in the foregut
during gastrula and early somite stages

Since our injections did not disrupt head or axial mesoderm
structures, this argues that we did not interfere with the known role
of Wnt signaling in early axial patterning, which occurs during
blastula and early gastrula stages. To rigorously test this, we repeated
our experiments with hormone-inducible constructs that could be
temporally controlled.

To confirm that B-catenin activity inhibits foregut fate after
gastrulation, we used a GR-LEFAN-BCTA construct, which has the
hormone-binding domain of the glucocorticoid receptor fused to the
Lefl DNA-binding domain and the [-catenin transactivation
domain. In the presence of dexamethasone (Dex), this fusion protein
constitutively activates [3-catenin target genes (Domingos et al.,
2001). By treating GR-LEFAN-BCTA-injected embryos with Dex
at progressively later stages, we determined that 3-catenin signaling
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Fig. 2. Temporal regulation of B-catenin/Tcf activity during endoderm pattering. (A) At the 32-cell stage, Xenopus embryos were injected in
the anterior D1 cells with RNA encoding the fusion protein GR-LEFAN-BCTA (800 pg), which constitutively activates B-catenin target genes in the
presence of dexamethasone (Dex). Dex (1 wM) was added to the media of injected embryos at the indicated stages and embryos were assayed by
for1, pdx1 and endocut in situ hybridization at stage 35. (B) Addition of Dex to GR-LEFAN-BCTA-injected embryos from stage 30 to 42, followed by
hhex in situ, revealed enlarged liver buds. (C) 32-cell stage embryos were injected in posterior D4 cells with RNA encoding GR-ANTcf3 (800 pg),
which represses B-catenin/Tcf target genes when activated. Dex (1 wM) was added to the media of injected embryos at the indicated stages and
embryos were assayed by for1, pdx1 and endocut in situ hybridization at stage 35. (D) GR-ANTcf3 was injected into D1 cells at the 32-cell stage,
and when Dex was added from stages 30 to 42 some embryos exhibited smaller liver buds based on forT in situ hybridization. No effect was

observed in uninjected embryos treated with Dex.

must be excluded from the anterior endoderm between stage 11
(midgastrula) and stage 20 (6-7 somites). Dex treatment during this
period inhibited for! and pdxI expression and expanded the
intestinal marker into the foregut territory (Fig. 2A). Addition of Dex
at stages 25 and 30 had no obvious effect on foregut development
when assayed at stage 35. However, when Dex was added from stage
30 to 42, about half of the embryos exhibited enlarged liver buds
(Fig. 2B). This is consistent with recent reports in zebrafish and mice
suggesting that later in development, [-catenin promotes
hepatoblast specification and/or proliferation (Ober et al., 2006; Tan
et al., 2006).

To determine the window in time when ectopic foregut
development could be induced in the posterior endoderm, we
injected GR-ANTcf3 RNA into D4 blastomeres at the 32-cell stage.
GR-ANTCcf3 consists of the glucocorticoid receptor ligand-binding
domain fused to a dominant-negative Tcf3, which represses [3-
catenin/Tcf target genes in the presence of Dex (Darken and Wilson,
2001). Activation of GR-ANTcf3 at midgastrula (stage 11) or early
neurula (stage 13) efficiently induced ectopic forl and pdxl
expression (Fig. 2C), whereas addition of Dex between stages 15
and 20 had no effect. When GR-ANTcf3 was injected into D1
anterior endoderm cells and Dex was added between stages 30 and
42, some embryos exhibited smaller liver buds (Fig. 2D) consistent

with the late induction of GR-LEFAN-BCTA. These experiments
reveal a 3-catenin function that is distinct from its role in early axial
patterning.

We conclude that between the gastrula and early somite stages,
repression of B-catenin activity in the endoderm is necessary and
sufficient to initiate liver and pancreas development, probably by
regulating the formation of early foregut progenitors. However,
during later embryogenesis, (3-catenin has a second role in
promoting hepatic development.

The endoderm is a direct target of g-catenin
signaling

Although the lineage-tracing experiments suggested that [3-catenin
signaling acts directly on the endoderm to regulate lineage
commitment, it was important to rigorously test this. We therefore
isolated anterior endoderm from gastrula embryos injected with 3-
catenin and GFP RNA or posterior endoderm injected with Gsk3@3
and GFP RNA. This tissue was transplanted into the blastocoel of
uninjected sibling host embryos and the fate of the cells was
determined at stage 42 (Fig. 3A). By the neurula stage, the
transplanted cells had incorporated into the host endoderm near the
foregut/hindgut boundary (Fig. 3B,C). At stage 42, control
transplants injected with GFP only respected their original anterior-
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posterior identity. Anterior endoderm was incorporated in the liver
and anterior intestine ~80% of the time, whereas control posterior
transplants contributed to the intestine but rarely to the liver. By
contrast, transplanted anterior endoderm overexpressing [3-catenin
almost never contributed to the liver, whereas posterior endoderm
tissue injected with Gsk3[3 behaved like anterior endoderm and
populated the liver bud ~80% of the time (Fig. 3D-H). Importantly,
GFP-labeled cells were not observed in the heart or other mesoderm
tissue demonstrating that differential B-catenin activity in the
endoderm directly restricts regional identity.
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Fig. 3. The endoderm is a direct target of B-catenin signaling.
(A) Experimental design of the endoderm transplantations. Anterior
endoderm (AE) or posterior endoderm (PE) was dissected from gastrula
Xenopus embryos injected with RNA encoding GFP, pt-B-catenin+GFP
or Gsk3B and GFP and the tissue was transplanted into the bastocoel
of uninjected sibling host embryos. (B,C) Confocal analysis at the
neurula stage indicates that the GFP-labeled cells were incorporated
into the host endoderm near the presumptive midgut. (D-G) At stage
42, control AE transplants (D) contributed primarily to liver (li) and
foregut, whereas control PE transplants (E) mostly contributed to the
intestine (i). By contrast, AE injected with pt-B-catenin (F) rarely
contributed to foregut, whereas PE injected with Gsk3 (G) frequently
contributed to the liver. GFP-labeled cells were only observed in the
endoderm and not the heart (h) or other mesoderm tissue. (H) Bar
chart showing the location frequency of each type of transplant.

An interaction with cardiogenic mesoderm is
required for liver specification

We occasionally observed ectopic cardiac gene expression in the
mesoderm adjacent to Gsk3-injected posterior endoderm (see Table
S1 in the supplementary material), consistent with a recent report that
Wnht-antagonists promote cardiogenesis indirectly by acting on the
endoderm (Foley and Mercola, 2005). Since cardiac mesoderm
induces liver fate in mouse and chick, we asked whether the
mesoderm was also required for normal and Gsk3-induced liver
specification in Xenopus. We isolated foregut explants at stage 18 (3-
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Fig. 4. The cardiogenic mesoderm is required for liver
specification. (A) At the 32-cell stage, Xenopus embryos were injected
with Gsk3B RNA (500 pg) into the D4 posterior endoderm cell. At stage
18, endoderm explants were isolated from control and injected
embryos, and cultured with or without their associated mesoderm
(orange) until stage 35 when they were assayed by RT-PCR. Foregut
explants from uninjected embryos were either left intact with the
anterior endoderm and associated mesoderm (AEM), or the anterior
endoderm (AE, green) was separated from the mesoderm (AM).
Posterior endoderm and mesoderm (PEM), or posterior endoderm
without its associated mesoderm (PE), was also isolated from control
and Gsk3B-injected embryos (PE+Gsk3p). (B,C) Bar charts showing the
normalized relative mRNA expression levels from RT-PCR of the liver
marker for1, heart marker cardiac-troponin and the pan-endodermal
marker endodermin. WE, whole embryo; AE+AM, endoderm and
mesoderm separated and immediately recombined.
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4 somites) and cultured these with or without their associated cardiac
mesoderm (Fig. 4A). RT-PCR analysis of the explants at stage 35
revealed that, as in mouse and chick, the mesoderm was required for
liver gene expression (Fig. 4B). By removing the mesoderm at
progressively later times, we found that liver specification requires
an interaction with the mesoderm until stage 28 (20-22 somites) (data
not shown). Similarly, an association with the adjacent mesoderm
was also required for Gsk3B-injected posterior endoderm to express
liver markers (Fig. 4C). We conclude that repression of (3-catenin
activity in the endoderm initiates a cascade of reciprocal signaling
with the mesoderm leading to hepatic induction.

The homeobox gene hhex mediates foregut
development downstream of repression of Wnt

To determine whether low 3-catenin activity establishes an early
foregut domain, we examined the expression of the homeobox gene
hhex, one of the earliest foregut markers (Newman et al., 1997,
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Fig. 5. Regulation and function of Xenopus hhex. (A) Analysis of
hhex expression by in situ hybridization to bisected stage-18 embryos
(anterior left). (@) Schematic of a stage-18 bisected embryo showing the
presumptive foregut (fg, green) and hindgut domain (hg). (b) Injection
of GR-LEFAN-BCTA RNA (800 pg) into the D1 anterior endoderm cell
has no effect without Dex. (c) Addition of Dex (1 wM) at the
midgastrula repressed hhex expression as does (d) D1 injection of
stabilized pt-B-catenin RNA (250 pg). (e) Uninjected control embryo.
(f) Injection of ANTcf3 RNA (800 pg) or (g) Gsk3B8 RNA (500 pg) in
posterior D4 cells results in ectopic hhex expression (arrowhead).

(h) Co-injection of Gsk3B and B-gal RNA reveals that the blue B-gal
stain co-localizes with ectopic hhex in the endoderm. (B) Hhex is
required for liver and pancreas development. 32-cell stage embryos
were injected with either an antisense hhex morpholino oligo (HexMO,
80 ng) in the D1 cells or with Gsk3B or Gsk3B plus HexMO in D4 cells.
At stage 35, embryos were assayed by in situ hybridization with liver
(for1) or pancreas/duodenum (pdx7) probes.

Thomas et al., 1998) that is essential for early liver and ventral
pancreas development in mice (Bort et al., 2004; Keng et al., 2000;
Martinez Barbera et al., 2000).

Forcing 3-catenin activity in the anterior endoderm by injection
of either stabilized B-catenin or GR-LEFAN-BCTA RNA resulted
in a dramatic downregulation of hhex expression at stage 18 (Fig.
5A). Conversely, repressing (-catenin activity in the posterior
endoderm by microinjecting Gsk3( plus (-gal RNA cell-
autonomously induced ectopic hhex expression in the presumptive
hindgut. A similar result was obtained by injecting either ANTcf3
RNA or an antisense 3-catenin morpholino oligo (Fig. 5A and see
Table S1 in the supplementary material), indicating that low -
catenin activity is necessary and sufficient to induce early foregut
progenitors.

We also examined the expression of foxa2 and gata4, gata5 and
gata6 in B-catenin- and Gsk3B-injected embryos, as these
transcription factors have been implicated in early mouse liver
development (Lee et al., 2005; Zaret, 2002; Zhao et al., 2005).
Although we did not observe obvious changes in gata4-6
expression, foxa2 foregut expression was downregulated by anterior
[B-catenin injection and modestly increased in the posterior
endoderm by Gsk3[ injection (see Fig. S1 in the supplementary
material). Since the effects on foxa2 expression were subtle, we
focused our attention on hhex in our subsequent experiments.

We tested whether Hhex is required for liver and pancreas
development in Xenopus. Embryos were injected with an antisense
morpholino oligo complementary to the 5’ untranslated region of the
hhex mRNA (HexMO), which blocks translation and has been
shown to specifically knockdown Hhex function (Smithers and
Jones, 2002). HexMO-injected embryos exhibited very little if any
forl or pdxI expression, demonstrating that Hhex is required for
liver and pancreas development (Fig. 5B and see Table S1 in the
supplementary material). Furthermore, injection of HexMO
completely blocked the ectopic forl and pdxI expression induced
by Gsk3f3 (Fig. 5B and see Table S1 in the supplementary material),
indicating that Hhex function is required downstream of Gsk3p.
Surprisingly, both the ventral and dorsal pancreas were absent from
HexMO Xenopus embryos (as judged by pdxl expression), in
contrast to the mouse Hhex”~ mutant in which only the ventral
pancreas is compromised (Bort et al., 2004). The reason for this
difference is not known, but we note that the anterior neural
phenotype in HexMO Xenopus embryos is also more severe than in
the mouse mutant (Smithers and Jones, 2002).

Finally, Hhex overexpressed in the posterior endoderm was not
sufficient to induce ectopic forl or pdxl expression (data not
shown), suggesting that additional factors are required to promote
foregut development downstream of repression of Wnt.

Regulation of hhex transcription

To examine how zygotic 3-catenin represses hhex transcription, we
isolated a —6 kb fragment of Xenopus laevis genomic DNA upstream
of the hhex transcription start site and used this to generate germline
hhex:gfp transgenic animals. Confocal analysis of gastrula- and
presomitic-stage hhex:gfp transgenic embryos showed GFP
fluorescence in the anterior endoderm and ventral foregut (Fig.
6A,B), recapitulating endogenous hhex expression. To determine if
the —6 kb transgene was regulated by (3-catenin, we injected Gsk33
into the posterior D4 cells of transgenic embryos, isolated hindgut
explants at the gastrula stage and scored these for GFP at stage 18.
As expected, GFP was observed in ~50% of control foregut explants
(one parent was heterozygous for hhex:gfp) but was undetected in
uninjected hindgut explants (Fig. 6C,D). By contrast, we observed
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ectopic GFP in 4 of 12 Gsk3B-injected hindgut explants (Fig. 6E),
indicating that the —6 kb promoter contains elements that confer
correct A-P expression and Gsk3[3 responsiveness.

To better resolve the Gsk3[3/B-catenin—responsive elements, we
microinjected plasmids containing deletion fragments of the hhex
promoter driving luciferase expression (hhex:luciferase) into either
D1 or D4 cells of 32-cell embryos (Fig. 6F) and the relative
luciferase activity was determined at stage 11. The —6 kb and —1.56
kb reporters were highly expressed in the D1 anterior endoderm, but
were much less active in posterior D4 cells. Gsk3 injection robustly
stimulated the —6 kb and —1.56 kb constructs in the posterior
endoderm. By contrast, the —0.44 kb reporter was more active in the
posterior endoderm and was not stimulated by Gsk3p (Fig. 6G).
This indicates that promoter elements between —1.56 and —0.44 kb
repress hhex transcription in the posterior endoderm and mediate
Gsk3[3 responsiveness.

Repression of hhex is mediated by Vent
homeodomain factors

Because 3-catenin-Tcf complexes normally stimulate transcription,
we postulated that hhex expression must be repressed indirectly, by
activating a transcriptional repressor. Sequence analysis of the hhex
promoter revealed ten putative DNA-binding sites for the Vent class
of homeodomain repressors (Friedle et al., 1998; Trindade et al.,
1999), with eight of the Vent-sites located between —1.56 and —0.44
kb. Ventl (PV.1) and Vent2 (Xbr-1, Vox and Xom) are closely
related transcriptional repressors, best known as mediators of BMP
signaling during dorsal-ventral mesoderm patterning (Ault et al.,
1996; Onichtchouk et al., 1998; Papalopulu and Kintner, 1996;
Schmidt et al., 1996). Although a function for Vents in the endoderm
has not been described, recent evidence suggests that Wnt signaling
promotes vent transcription in the mesoderm (Friedle and Knochel,
2002; Ramel and Lekven, 2004).

To test whether Vents could repress the hhex promoter, we
injected the hhex:luciferase reporter constructs into D1 anterior
cells, with or without RNA encoding Ventl or Vent2, and assayed
luciferase activity. Co-injection of either Vent repressed the activity
of the —6.0 kb and-1.56 kb reporters to levels observed in the
posterior endoderm (Fig. 7A; data not shown), whereas the —0.44 kb
promoter, lacking eight of the Vent-binding sites, was not efficiently

repressed. Thus, the —1.56 to —0.44 kb hhex promoter region exhibits
all three activities: (1) it mediates hhex repression in the posterior
endoderm; (2) it can be activated by Gsk3f; and (3) it can be
repressed by Vents.

Next, we re-examined the vent] and vent2 expression patterns by
in situ hybridization of bisected embryos, which exposes the deep
endoderm. In addition to their previously documented mesodermal
expression, we found that vent2 (and to a lesser extent ventl) was
highly expressed in the posterior endoderm during gastrula and early
somite stages in a pattern reciprocal to hhex. Moreover, the vent2-
expressing endoderm was adjacent to wnt8-expressing lateral plate
mesoderm throughout this period of development (Fig. 7B-D and
see Fig. S2 in the supplementary material). To test whether venr2
expression in the posterior endoderm required Wnt/f3-catenin
activity, we injected either Gsk3, ANTcf3 or antisense 3-catenin
morpholino oligos into the D4 posterior cells, all of which reduced
vent2 mRNA levels (Fig. 7E and see Table S1 in the supplementary
material). Injection of Vent2 RNA into the D1 anterior endoderm at
the 32-cell stage inhibited hhex and foxa2 expression as well as
subsequent liver and pancreas organogenesis (Fig. 7F; see Fig. S2
and Table S1 in the supplementary material). In addition, co-
injection of Vent2 plus Gsk3 RNA in the D4 posterior endoderm
blocked the ectopic hhex, forl and pdxl expression induced by
Gsk3p alone (Fig. 7F and see Table S1 in the supplementary
material).

Although we did not observe any changes in axial mesoderm
development in these experiments, it was important to determine
whether we were observing a Vent2 function distinct from its known
role in gastrula-stage mesoderm patterning. We therefore repeated
the experiments with a hormone-inducible GR-Vent2 construct that
we could activate after early mesoderm patterning. We found that
forl and pdx1 expression was repressed even when the GR-Vent2
construct was activated by Dex as late as stage 20 (see Fig. S2 in the
supplementary material). This indicates that Vent2 has a novel
function in the endoderm well beyond the gastrula stage. Together,
these data suggest a model in which Wnt/B-catenin activity
promotes vent2 transcription in the posterior endoderm during
gastrula and early somite stages, and Vent2 protein then represses
hhex transcription and foregut fate in the presumptive intestine (Fig.
7G).



2214 RESEARCH ARTICLE

Development 134 (12)

5
>
a
o |

D4 Gsk3B | pg gsKa

+ Vent

Fig. 7. Vent2 mediates B-catenin function. (A) Xenopus
A L hhex embryos were injected with the indicated hhex:luciferase
Hex promoter ngu constructs with or without Vent2 RNA (500 pg) in D1 anterior
T or D4 posterior cells at the 32-cell stage. The bar chart shows
-6 Kb el T e | i & the normalized relative luciferase activity at gastrula stage,
=¥ indicating that Vent2 represses the hhex promoter. (B-D) In
-1.5 Kb Luc| o o R e x e situ hybridization of bisected stage-18 embryos with the
cog oog 0og probes indicated. (E) Injection of Gsk38 RNA (500 pg) in the
-0.44 Kb Luc é g é vent2 posterior endoderm repressed vent2 expression. (F) Embryos
Im' m m’b were injected at the 32-cell stage with Vent2 RNA in anterior

D1 cells or in posterior D4 cells with either Gsk3B or Gsk3B
plus Vent2, followed by in situ hybridization at stage 18 with
hhex, and stage 35 with for? or pdx7 probes. (G) These data
suggest a molecular pathway in which Wnt/B-catenin
signaling promotes vent2 expression and Vent2 represses
hhex transcription.

G wnt — B-catenin —» Vent2 — hhex

DISCUSSION

A model of endoderm patterning and foregut
development

We have identified a molecular pathway linking endoderm
patterning to the initiation of liver and pancreas development in
Xenopus. Our data supports a model in which the anterior-posterior
axis of the endoderm is patterned by differential $-catenin activity
during gastrula and early somite stages (Fig. 8). Low B-catenin in
the anterior endoderm maintains foregut fates, whereas high 3-
catenin in the posterior promotes intestinal development.
Immunostaining studies indicate that an anterior-to-posterior
gradient of nuclear 3-catenin is indeed present in Xenopus embryos
(Schohl and Fagotto, 2002).

Our model predicts that Wnt ligands in the posterior mesoderm
(probably Wnt8, Wnt8b and/or Wnt3a) signal to the adjacent
endoderm to active [-catenin-Tcf complexes that promote
expression of the homeobox gene vent2. The presence of Tcf-
binding sites in the vent2 promoter suggests that it might be a direct
B-catenin/Tcf target (Friedle and Knochel, 2002; Rastegar et al.,
1999). The transcriptional repressor Vent2 would then inhibit
foregut fate by repressing hhex transcription, probably directly via
Vent-binding sites in the hhex promoter. By contrast, the anterior
endoderm secretes a number of Wnt-antagonists (Frzbl, Sfrp5,
Crescent and Dkk1) that protect it from the Wnt ligands, resulting in
low B-catenin levels and the expression of early foregut genes such
as hhex. This appears to be essential for the development of early
foregut progenitors (Deutsch et al., 2001), as both the liver and
pancreas fates were affected in our experiments.

Our data also suggest that the repression of [3-catenin activity is
sufficient to initiate a cascade of reciprocal signaling that controls
some, but not all, foregut organogenesis. For example, we observed

ectopic liver and exocrine pancreas development, but not endocrine
pancreatic fates. In the case of the liver, it appears that low (3-catenin
activity imparts anterior character to the endoderm and this
anteriorized endoderm then induces cardiac fate in the adjacent
mesoderm (Foley and Mercola, 2005). The cardiogenic mesoderm
then signals back to the foregut endoderm, instructing a subset of the
cells to become liver (Zaret, 2002).

Early targets of Wnt-mediated endoderm
patterning

We found that Hhex was required, but not sufficient, for Xenopus
foregut development. Although the direct targets of Hhex in this
context are unknown, recent data in the Xenopus blastula suggest
that Hhex acts in part by repressing the expression of the Groucho-
family transcriptional co-repressor Tle4 (Zamparini et al., 2006).
Repression of Tle4 by Hhex might also be important for maintaining
the foregut precursors in a transcriptionally permissive state.
However, as ectopic Hhex was not sufficient to initiate foregut
development, other factors must also function downstream of the
repression of Wnt. One candidate is the transcription factor Foxa2,
which was also negatively regulated by [3-catenin. Foxa2 is required
for foregut development in mice (Dufort et al., 1998) and Zaret and
colleagues have shown that Foxa binding to liver gene promoters
correlates with hepatic competence (reviewed by Zaret, 2002).
Consistent with this, liver development fails to initiate in mice in
which Foxal and Foxa2 have been deleted from the endoderm (Lee
etal., 2005). Another possibility is that even in the presence of Hhex
or Foxa2, foregut development requires that intestine-promoting
Wht target genes such as Cdx genes must also be turned off. The
Cdx homeobox genes are expressed in the posterior endoderm (and
mesoderm), they are required for posterior development
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Fig. 8. A model of Wnt/B-catenin-mediated endoderm patterning
in Xenopus. Schematic showing an early-somite stage Xenopus
embryo. Canonical Wnts secreted from the mesoderm (orange) signal
to the adjacent posterior endoderm (yellow) to repress foregut
development by activating the homeodomain repressor Vent2, which in
turn inhibits the expression of key foregut genes such as hhex and
foxa2 in the posterior endoderm. The anterior endoderm (green)
secretes a number of Wnt-antagonists that block the Wnt signals from
the mesoderm, allowing hhex and foxa2 expression to impart foregut
identity. The hhex-expressing anterior endoderm then sends an
unknown signal to the adjacent mesoderm inducing it to become
cardiac. Later in development, the cardiogenic mesoderm signals back
to the endoderm (curved dashed line), inducing a subset of the foregut
endoderm to adopt a hepatic fate.

(Chawengsaksophak et al., 2004) and CdxI has been shown to be a
direct B-catenin/Tcf target in mouse and zebrafish (Lickert et al.,
2000; Shimizu et al., 2005).

Similarities between neural and endoderm
patterning

The model of endoderm patterning that we present here has striking
similarities to Nieuwkoop’s classical ‘activation/transformation’
model of neural patterning (Nieuwkoop, 1999). In this model, an
initial ‘activation’ signal induces neural tissue of anterior character,
followed by a subsequent ‘transformation’ signal that imparts
posterior character to the neural tube in a graded fashion, with the
highest signal generating the most-posterior fates. There is now good
evidence that the posteriorizing signals are a combination of Wnts,
FGFs and retinoic acid (Domingos et al., 2001; Kudoh et al., 2002;
Sasai and De Robertis, 1997), and recent evidence, including our
study, suggests that these pathways also regulate endoderm patterning.
Wells and colleagues found that high levels of Fgf4 promote intestinal
fate and repress foregut development in mice and avian embryos
similar to the Wnt activity we have described here (Dessimoz et al.,
2006; Wells and Melton, 2000). In zebrafish, BMP signaling has been
implicated in regulating anterior-posterior endoderm patterning (Tiso
et al., 2002) and retinoic acid appears to specify the position of the
pancreatic domain in Xenopus, zebrafish and mice (Chen et al., 2004;
Martin et al., 2005; Stafford et al., 2004). In the future it will be
interesting to determine how the Wnt, FGF, BMP and retinoic acid
pathways functionally interact in the endoderm.

Wnt-mediated endoderm patterning in other
vertebrates

Our results are consistent with classical tissue recombination
experiments in chick, which have shown that from the definitive-
streak stage, the anterior endoderm but not the posterior endoderm
is competent to become liver (Fukuda-Taira, 1981; Le Douarin,
1975). Our interpretation is that the posterior endoderm had already
received a Wnt signal to repress foregut fate, which is also consistent

with explant studies showing that the posterior axial mesoderm
emits signals that inhibit liver development (Gualdi et al., 1996; Le
Douarin, 1975).

Although it remains to be determined whether [3-catenin patterns
the endoderm in other vertebrates, some genetic studies are
consistent with this model. First, TOPGal transgenic mice, which
contain a transcriptional reporter of 3-catenin/Tcf activity, indicate
that the anterior definitive endoderm experiences little if any Wnt
signaling (Merrill et al., 2004). In addition, mice lacking both Tc¢f1
and Tcf4 have hindgut defects and an expansion of the anterior
intestinal tract (Gregorieff et al., 2004), and ectopic activation of
Wnt signaling in later-stage lung and pancreas development results
in ectopic intestinal tissue (Heller et al., 2002; Okubo and Hogan,
2004). The role of individual Wnt ligands or Wnt-antagonists in the
endoderm has been difficult to determine in mice because of genetic
redundancy. Mutations in Wnt3 or Wnt3A result in posterior
truncations (Liu et al., 1999; Yamaguchi et al., 1999), whereas
deletion of DkkI results in anterior truncations (Mukhopadhyay et
al., 2001); however, the endoderm in these mutant embryos has not
been described in detail. Sfrp5 mutant mice do not exhibit foregut
defects, but the overlapping expression patterns of DkklI, Sfrp5,
Sfipl, Sfrp2 and Frzb (Sfrp3) suggest that they might act redundantly
to repress B-catenin in the anterior endoderm (Finley et al., 2003;
Heller et al., 2002; Kemp et al., 2005; Leaf et al., 2006).

B-catenin has multiple roles during hepatic
development

The results we describe here, together with previously published
reports, indicate that Wnts regulate multiple events in the hepatic
lineage. Our previous studies have shown that the maternal Wnt
pathway stimulates the initial expression of hhex and Wnt-
antagonists in the anterior mesendoderm of the Xenopus blastula
(Zorn et al., 1999). At this stage, B-catenin and hhex appear to
cooperate to promote the formation of the anterior organizer
(Zamparini et al., 2006). Now we show that just hours later,
between the gastrula and early somite stages, zygotic (3-catenin
must be repressed to allow hhex expression and foregut
development. Then, by stage 30, the function of 3-catenin once
again changes and it appears to enhance liver development. This
later effect is consistent with recent reports that Wnt2bb is required
for liver specification in zebrafish (Ober et al., 2006) and that 3-
catenin signaling promotes hepatoblast proliferation in the mouse
and chick liver bud (Hussain et al., 2004; Tan et al., 2006). Finally,
the inappropriate activation of B-catenin is linked to liver cancer
(Park et al., 2001). Thus, one of the keys to understanding foregut
organ development is to determine when a signaling pathway has
to be turned on or off in a lineage and to characterize the resulting
genetic program initiated in each case.

We thank Monica Lee, Cheng-Hui Hu and Rina Shah for expert technical
assistance; Alan Kenny, Gail Deutsch and Jim Wells for discussions and
comments on the manuscript; and Drs Horb, Itasaki, Kim, Krieg, Moon, Niehrs
and Slack for generously providing reagents. This work was supported by
grants from the NIH to V.A.M. (T32DK007727 and F32 HD47121) and A.M.Z.
(HD42572).

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/134/12/2207/DC1

References

Ault, K. T., Dirksen, M. L. and Jamrich, M. (1996). A novel homeobox gene PV.1
mediates induction of ventral mesoderm in Xenopus embryos. Proc. Natl. Acad.
Sci. USA 93, 6415-6420.

Bort, R., Martinez-Barbera, J. P, Beddington, R. S. and Zaret, K. S. (2004).



2216 RESEARCH ARTICLE

Development 134 (12)

Hex homeobox gene-dependent tissue positioning is required for organogenesis
of the ventral pancreas. Development 131, 797-806.

Chalmers, A. D. and Slack, J. M. (1998). Development of the gut in Xenopus
laevis. Dev. Dyn. 212, 509-521.

Chawengsaksophak, K., de Graaff, W., Rossant, J., Deschamps, J. and Beck,
F. (2004). Cdx2 is essential for axial elongation in mouse development. Proc.
Natl. Acad. Sci. USA 101, 7641-7645.

Chen, Y., Pan, F. C,, Brandes, N., Afelik, S., Solter, M. and Pieler, T. (2004).
Retinoic acid signaling is essential for pancreas development and promotes
endocrine at the expense of exocrine cell differentiation in Xenopus. Dev. Biol.
271, 144-160.

Christian, J. L. and Moon, R. T. (1993). Interactions between Xwnt-8 and
Spemann organizer signaling pathways generate dorsoventral pattern in the
embryonic mesoderm of Xenopus. Genes Dev. 7, 13-28.

Christian, J. L., Gavin, B. J.,, McMahon, A. P. and Moon, R. T. (1991). Isolation
of cDNAs partially encoding four Xenopus Wnt-1/int-1-related proteins and
characterization of their transient expression during embryonic development.
Dev. Biol. 143, 230-234.

Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease. Cell
127, 469-480.

Costa, R. M., Mason, J., Lee, M., Amaya, E. and Zorn, A. M. (2003). Novel
gene expression domains reveal early patterning of the Xenopus endoderm.
Gene Expr. Patterns 3, 509-519.

Dale, L. and Slack, J. M. (1987). Fate map for the 32-cell stage of Xenopus laevis.
Development 99, 527-551.

Darken, R. S. and Wilson, P. A. (2001). Axis induction by wnt signaling: target
promoter responsiveness regulates competence. Dev. Biol. 234, 42-54.

Dessimoz, J., Opoka, R., Kordich, J. J., Grapin-Botton, A. and Wells, J. M.
(2006). FGF signaling is necessary for establishing gut tube domains along the
anterior-posterior axis in vivo. Mech. Dev. 123, 42-55.

Deutsch, G., Jung, J., Zheng, M., Lora, J. and Zaret, K. S. (2001). A bipotential
precursor population for pancreas and liver within the embryonic endoderm.
Development 128, 871-881.

Domingos, P. M., Itasaki, N., Jones, C. M., Mercurio, S., Sargent, M. G.,
Smith, J. C. and Krumlauf, R. (2001). The Wnt/beta-catenin pathway
posteriorizes neural tissue in Xenopus by an indirect mechanism requiring FGF
signalling. Dev. Biol. 239, 148-160.

Dufort, D., Schwartz, L., Harpal, K. and Rossant, J. (1998). The transcription
factor HNF3beta is required in visceral endoderm for normal primitive streak
morphogenesis. Development 125, 3015-3025.

Erter, C. E., Wilm, T. P, Basler, N., Wright, C. V. and Solnica-Krezel, L. (2001).
Wnt8 is required in lateral mesendodermal precursors for neural posteriorization
in vivo. Development 128, 3571-3583.

Finley, K. R., Tennessen, J. and Shawlot, W. (2003). The mouse secreted
frizzled-related protein 5 gene is expressed in the anterior visceral endoderm and
foregut endoderm during early post-implantation development. Gene Expr.
Patterns 3, 681-684.

Foley, A. C. and Mercola, M. (2005). Heart induction by Wnt antagonists
depends on the homeodomain transcription factor Hex. Genes Dev. 19, 387-
396.

Friedle, H. and Knochel, W. (2002). Cooperative interaction of Xvent-2 and
GATA-2 in the activation of the ventral homeobox gene Xvent-1B. J. Biol. Chem.
277, 23872-23881.

Friedle, H., Rastegar, S., Paul, H., Kaufmann, E. and Knochel, W. (1998).
Xvent-1 mediates BMP-4-induced suppression of the dorsal-lip-specific early
response gene XFD-1" in Xenopus embryos. EMBO J. 17, 2298-2307.

Fukuda-Taira, S. (1981). Hepatic induction in the avian embryo: specificity of
reactive endoderm and inductive mesoderm. J. Embryol. Exp. Morphol. 63, 111-
125.

Gamer, L. W. and Wright, C. V. (1995). Autonomous endodermal determination
in Xenopus: regulation of expression of the pancreatic gene XIHbox 8. Dev. Biol.
171, 240-251.

Glinka, A., Wu, W., Delius, H., Monaghan, A. P, Blumenstock, C. and Niehrs,
C. (1998). Dickkopf-1is a member of a new family of secreted proteins and
functions in head induction. Nature 391, 357-362.

Grapin-Botton, A. (2005). Antero-posterior patterning of the vertebrate
digestive tract: 40 years after Nicole Le Douarin’s PhD thesis. Int. J. Dev. Biol.
49, 335-347.

Gregorieff, A., Grosschedl, R. and Clevers, H. (2004). Hindgut defects and
transformation of the gastro-intestinal tract in Tcf4(—/-)/Tcf1(-/~) embryos. EMBO
J. 23, 1825-1833.

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

Hamburger, V. (1996). Differentiation potencies of isolated parts of the urodele
gastrula, by J. Holtfreter. Dev. Dyn. 205, 223-244.

Heasman, J. (2006). Maternal determinants of embryonic cell fate. Semin. Cell
Dev. Biol. 17, 93-98.

Heller, R. S., Dichmann, D. S., Jensen, J., Miller, C., Wong, G., Madsen, O. D.
and Serup, P. (2002). Expression patterns of Wnts, Frizzleds, sFRPs, and

misexpression in transgenic mice suggesting a role for Wnts in pancreas and
foregut pattern formation. Dev. Dyn. 225, 260-270.

Henry, G. L., Brivanlou, I. H., Kessler, D. S., Hemmati-Brivanlou, A. and
Melton, D. A. (1996). TGF-beta signals and a pre-pattern in Xenopus laevis
endoderm development. Development 122, 1007-1015.

Holtfreter, J. (1938). Differenzierungspotenzen isolierter Teile der
Urodelengastrula. Wilhelm Roux Arch. EntwMech. Org. 138, 522-656.

Horb, M. E. and Slack, J. M. (2001). Endoderm specification and differentiation in
Xenopus embryos. Dev. Biol. 236, 330-343.

Horb, M. E. and Slack, J. M. (2002). Expression of amylase and other pancreatic
genes in Xenopus. Mech. Dev. 113, 153-157.

Hussain, S. Z., Sneddon, T., Tan, X., Micsenyi, A., Michalopoulos, G. K. and
Monga, S. P. (2004). Wnt impacts growth and differentiation in ex vivo liver
development. Exp. Cell Res. 292, 157-169.

Jarikji, Z. H., Vanamala, S., Beck, C. W., Wright, C. V., Leach, S. D. and Horb,
M. E. (2007). Differential ability of Ptf1a and Ptf1a-VP16 to convert stomach,
duodenum and liver to pancreas. Dev. Biol. 304, 786-799.

Jung, J., Zheng, M., Goldfarb, M. and Zaret, K. S. (1999). Initiation of
mammalian liver development from endoderm by fibroblast growth factors.
Science 284, 1998-2003.

Kawano, Y. and Kypta, R. (2003). Secreted antagonists of the Wnt signalling
pathway. J. Cell Sci. 116, 2627-2634.

Kemp, C., Willems, E., Abdo, S., Lambiy, L. and Leyns, L. (2005). Expression of
all Wnt genes and their secreted antagonists during mouse blastocyst and
postimplantation development. Dev. Dyn. 233, 1064-1075.

Keng, V. W., Yagi, H., kawa, M., Nagano, T., Myint, Z., Yamada, K., Tanaka,
T., Sato, A., Muramatsu, I., Okabe, M., Sato, M. and Noguchi, T. (2000).
Homeobox gene Hex is essential for onset of mouse embryonic liver
development and differentiation of the monocyte lineage. Biochem. Biophys.
Res. Commun. 276, 1155-1161.

Kiecker, C. and Niehrs, C. (2001). A morphogen gradient of Wnt/beta-catenin
signalling regulates anteroposterior neural patterning in Xenopus. Development
128, 4189-4201.

Kim, C. H., Oda, T, Itoh, M., Jiang, D., Artinger, K. B., Chandrasekharappa,
S. C., Driever, W. and Chitnis, A. B. (2000). Repressor activity of Headless/Tcf3
is essential for vertebrate head formation. Nature 407, 913-916.

Kroll, K. L. and Amaya, E. (1996). Transgenic Xenopus embryos from sperm
nuclear transplantations reveal FGF signaling requirements during gastrulation.
Development 122, 3173-3183.

Kudoh, T., Wilson, S. W. and Dawid, I. B. (2002). Distinct roles for Fgf, Wnt and
retinoic acid in posteriorizing the neural ectoderm. Development 129, 4335-
4346.

Le Douarin, N. M. (1975). An experimental analysis of liver development. Med.
Biol. 53, 427-455.

Leaf, I., Tennessen, J., Mukhopadhyay, M., Westphal, H. and Shawlot, W.
(2006). Sfrp5 is not essential for axis formation in the mouse. Genesis 44, 573-
578.

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

Lekven, A. C., Thorpe, C. J., Waxman, J. S. and Moon, R. T. (2001).
Zebrafish wnt8 encodes two wnt8 proteins on a bicistronic transcript and
is required for mesoderm and neurectoderm patterning. Dev. Cell 1, 103-
114.

Leyns, L., Bouwmeester, T., Kim, S. H., Piccolo, S. and De Robertis, E. M.
(1997). Frzb-1 is a secreted antagonist of Wnt signaling expressed in the
Spemann organizer. Cell 88, 747-756.

Lickert, H., Domon, C., Huls, G., Wehrle, C., Dulug, 1., Clevers, H., Meyer, B.
I, Freund, J. N. and Kemler, R. (2000). Wnt/(beta)-catenin signaling regulates
the expression of the homeobox gene Cdx1 in embryonic intestine.
Development 127, 3805-3813.

Liu, P, Wakamiya, M., Shea, M. J., Albrecht, U., Behringer, R. R. and Bradley,
A. (1999). Requirement for Wnt3 in vertebrate axis formation. Nat. Genet. 22,
361-365.

Mao, B., Wu, W.,, Li, Y., Hoppe, D., Stannek, P, Glinka, A. and Niehrs, C.
(2001). LDL-receptor-related protein 6 is a receptor for Dickkopf proteins. Nature
411, 321-325.

Martin, M., Gallego-Llamas, J., Ribes, V., Kedinger, M., Niederreither, K.,
Chambon, P, Dolle, P. and Gradwobhl, G. (2005). Dorsal pancreas agenesis in
retinoic acid-deficient Raldh2 mutant mice. Dev. Biol. 284, 399-411.

Martinez Barbera, J. P, Clements, M., Thomas, P, Rodriguez, T., Meloy, D.,
Kioussis, D. and Beddington, R. S. (2000). The homeobox gene Hex is
required in definitive endodermal tissues for normal forebrain, liver and thyroid
formation. Development 127, 2433-2445.

McGrew, L. L., Lai, C. J. and Moon, R. T. (1995). Specification of the
anteroposterior neural axis through synergistic interaction of the Wnt signaling
cascade with noggin and follistatin. Dev. Biol. 172, 337-342.

McLin, V. A. and Zorn, A. M. (2006). Molecular control of liver development.
Clin. Liver Dis.10, 1-25, v.

Merrill, B. J., Pasolli, H. A., Polak, L., Rendl, M., Garcia-Garcia, M. J.,



Foregut fate requires repression of Wnt

RESEARCH ARTICLE 2217

Anderson, K. V. and Fuchs, E. (2004). Tcf3: a transcriptional regulator of axis
induction in the early embryo. Development 131, 263-274.

Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-Maduro, J.,
Godsave, S., Korinek, V., Roose, J., Destree, O. and Clevers, H. (1996).
XTcf-3 transcription factor mediates beta-catenin-induced axis formation in
Xenopus embryos. Cell 86, 391-399.

Moody, S. A. (1987). Fates of the blastomeres of the 32-cell-stage Xenopus
embryo. Dev. Biol. 122, 300-319.

Moon, R. T. (1993). In pursuit of the functions of the Wnt family of developmental
regulators: insights from Xenopus laevis. BioEssays 15, 91-97.

Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, T.,
Gomer, L., Dorward, D. W., Glinka, A., Grinberg, A., Huang, S. P. et al.
(2001). Dickkopf1 is required for embryonic head induction and limb
morphogenesis in the mouse. Dev. Cell 1, 423-434.

Newman, C. S., Chia, F. and Krieg, P. A. (1997). The XHex homeobox gene is
expressed during development of the vascular endothelium: overexpression
leads to an increase in vascular endothelial cell number. Mech. Dev. 66, 83-93.

Nieuwkoop, P. D. (1999). The neural induction process; its morphogenetic
aspects. Int. J. Dev. Biol. 43, 615-623.

Nieuwkoop, P. D. and Faber, J. (1994). Normal Table of Xenopus laevis (Daudin):
A Systematical and Chronological Survey of the Development from the Fertilized
Eqgq till the end of Metamorphosis. New York: Garland.

Ober, E. A., Verkade, H., Field, H. A. and Stainier, D. Y. (2006). Mesodermal
Wnt2b signalling positively regulates liver specification. Nature 442, 6838-691.
Okada, T. S. (1954a). Experimental studies on the differentiation of the endodermal

organs in Amphibia. I. Significance of the mesenchymatous tissue to the
differentiation of the presumptive endoderm. Mem. Coll. Univ. Kyoto 21, 1-6.

Okada, T. S. (1954b). Experimental studies on the differentiation of the
endodermal organs in Amphibia. Il Differentiating potencies of the presumptive
endoderm in the presence of the mesodermal tissues. Mem. Coll. Univ. Kyoto
21, 7-14.

Okada, T. S. (1960). Epithelio-mesenchymal relationships in the regional
differentiation of the digestive tract in the amphibian embryo. Rouxs Arch. Dev.
Biol. 152, 1-21.

Okubo, T. and Hogan, B. L. (2004). Hyperactive Wnt signaling changes the
developmental potential of embryonic lung endoderm. J. Biol. 3, 11.

Onichtchouk, D., Glinka, A. and Niehrs, C. (1998). Requirement for Xvent-1 and
Xvent-2 gene function in dorsoventral patterning of Xenopus mesoderm.
Development 125, 1447-1456.

Papalopulu, N. and Kintner, C. (1996). A Xenopus gene, Xbr-1, defines a novel
class of homeobox genes and is expressed in the dorsal ciliary margin of the eye.
Dev. Biol. 174, 104-114.

Park, W. S., Oh, R. R,, Park, J. Y., Kim, P. J., Shin, M. S., Lee, J. H., Kim, H. S.,
Lee, S. H., Kim, S. Y., Park, Y. G. et al. (2001). Nuclear localization of beta-
catenin is an important prognostic factor in hepatoblastoma. J. Pathol. 193,
483-490.

Pilcher, K. E. and Krieg, P. A. (2002). Expression of the Wnt inhibitor, sFRP5, in
the gut endoderm of Xenopus. Gene Expr. Patterns 2, 369-372.

Ramel, M. C. and Lekven, A. C. (2004). Repression of the vertebrate organizer by
Wnt8 is mediated by Vent and Vox. Development 131, 3991-4000.

Rastegar, S., Friedle, H., Frommer, G. and Knochel, W. (1999). Transcriptional
regulation of Xvent homeobox genes. Mech. Dev. 81, 139-149.

Rossi, J. M., Dunn, N. R., Hogan, B. L. and Zaret, K. S. (2001). Distinct
mesodermal signals, including BMPs from the septum transversum mesenchyme,
are required in combination for hepatogenesis from the endoderm. Genes Dev.
15, 1998-2009.

Sasai, Y. and De Robertis, E. M. (1997). Ectodermal patterning in vertebrate
embryos. Dev. Biol. 182, 5-20.

Schmidt, J. E., von Dassow, G. and Kimelman, D. (1996). Regulation of dorsal-
ventral patterning: the ventralizing effects of the novel Xenopus homeobox
gene Vox. Development 122, 1711-1721.

Schohl, A. and Fagotto, F. (2002). Beta-catenin, MAPK and Smad signaling
during early Xenopus development. Development 129, 37-52.

Seo, Y. W.,, Sanyal, S., Kim, H. J.,, Won, D. H., An, J. Y., Amano, T., Zavacki, A.
M., Kwon, H. B., Shi, Y. B., Kim, W. S. et al. (2002). FOR, a novel orphan
nuclear receptor related to farnesoid X receptor. J. Biol. Chem. 277, 17836-
17844,

Shimizu, T., Bae, Y. K., Muraoka, O. and Hibi, M. (2005). Interaction of Wnt
and caudal-related genes in zebrafish posterior body formation. Dev. Biol. 279,
125-141.

Sinner, D., Rankin, S., Lee, M. and Zorn, A. M. (2004). Sox17 and beta-catenin
cooperate to regulate the transcription of endodermal genes. Development 131,
3069-3080.

Slack, J. M. W. and Isaacs, H. V. (1994). The Einsteck-method: position and
structure of projections formed by implants of a ventral character. Dev. Biol. 161,
313-317.

Small, E. M., Vokes, S. A., Garriock, R. J., Li, D. and Krieg, P. A. (2000).
Developmental expression of the Xenopus Nkx2-1 and Nkx2-4 genes. Mech.
Dev. 96, 259-262.

Smithers, L. E. and Jones, C. M. (2002). Xhex-expressing endodermal tissues are
essential for anterior patterning in Xenopus. Mech. Dev. 119, 191-200.

Stafford, D., Hornbruch, A., Mueller, P. R. and Prince, V. E. (2004). A
conserved role for retinoid signaling in vertebrate pancreas development. Dev.
Genes Evol. 214, 432-441.

Takada, S., Stark, K. L., Shea, M. J., Vassileva, G., McMahon, J. A. and
McMahon, A. P. (1994). Wnt-3a regulates somite and tailbud formation in the
mouse embryo. Genes Dev. 8, 174-189.

Takata, N. (1960). The differentiation in vivo of the isolated endoderm under the
influence of the mesoderm in Triturus Pyrrhogaster. Embryologica 5, 38-70.

Tan, X., Behari, J., Cieply, B., Michalopoulos, G. K. and Monga, S. P. (2006).
Conditional deletion of beta-catenin reveals its role in liver growth and
regeneration. Gastroenterology 131, 1561-1572.

Thomas, P. Q., Brown, A. and Beddington, R. S. (1998). Hex: a homeobox gene
revealing peri-implantation asymmetry in the mouse embryo and an early
transient marker of endothelial cell precursors. Development 125, 85-94.

Tiso, N., Filippi, A., Pauls, S., Bortolussi, M. and Argenton, F. (2002). BMP
signalling regulates anteroposterior endoderm patterning in zebrafish. Mech.
Dev. 118, 29-37.

Trindade, M., Tada, M. and Smith, J. C. (1999). DNA-binding specificity and
embryological function of Xom (Xvent-2). Dev. Biol. 216, 442-456.

Wang, S., Krinks, M., Lin, K., Luyten, F. P. and Moos, M., Jr (1997). Frzb, a
secreted protein expressed in the Spemann organizer, binds and inhibits Wnt-8.
Cell 88, 757-766.

Wells, J. M. and Melton, D. A. (2000). Early mouse endoderm is patterned by
soluble factors from adjacent germ layers. Development 127, 1563-1572.

Wright, C. V., Schnegelsberg, P. and De Robertis, E. M. (1989). XIHbox 8, a
novel Xenopus homeo protein restricted to a narrow band of endoderm.
Development 105, 787-794.

Yamaguchi, T. P, Takada, S., Yoshikawa, Y., Wu, N. and McMahon, A. P.
(1999). T (Brachyury) is a direct target of Wnt3a during paraxial mesoderm
specification. Genes Dev. 13, 3185-3190.

Yost, C., Torres, M., Miller, J. R., Huang, E., Kimelman, D. and Moon, R. T.
(1996). The axis-inducing activity, stability, and subcellular distribution of beta-
catenin is regulated in Xenopus embryos by glycogen synthase kinase 3. Genes
Dev. 10, 1443-1454.

Zamparini, A. L., Watts, T., Gardner, C. E., Tomlinson, S. R., Johnston, G. I.
and Brickman, J. M. (2006). Hex acts with beta-catenin to regulate
anteroposterior patterning via a Groucho-related co-repressor and Nodal.
Development 133, 3709-3722.

Zaret, K. S. (2002). Regulatory phases of early liver development: paradigms of
organogenesis. Nat. Rev. Genet. 3, 499-512.

Zhang, W., Yatskievych, T. A., Baker, R. K. and Antin, P. B. (2004). Regulation
of Hex gene expression and initial stages of avian hepatogenesis by Bmp and Fgf
signaling. Dev. Biol. 268, 312-326.

Zhao, R. and Duncan, S. A. (2005). Embryonic development of the liver.
Hepatology 41, 956-967.

Zhao, R., Watt, A. J., Li, J., Luebke-Wheeler, J., Morrisey, E. E. and Duncan, S.
A. (2005). GATAG6 is essential for embryonic development of the liver but
dispensable for early heart formation. Mol. Cell. Biol. 25, 2622-2631.

Zorn, A. M. and Mason, J. (2001). Gene expression in the embryonic Xenopus
liver. Mech. Dev. 103, 153-157.

Zorn, A. M., Butler, K. and Gurdon, J. B. (1999). Anterior endomesoderm
specification in Xenopus by Wnt/beta-catenin and TGF-beta signalling pathways.
Dev. Biol. 209, 282-297.



