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The node and the anterior visceral endoderm (AVE) are important organizing centers that pattern the mouse
embryo by establishing the anterior—posterior (A-P), dorsal-ventral (D-V), and left-right (L-R) axes.
Activin/nodal signaling through the Smad2 pathway has been implicated in AVE formation and in
morphogenesis of the primitive streak, the anterior end of which gives rise to the node. The forkhead
DNA-binding protein, FoxH1 (or Fast), functions as a Smad DNA-binding partner to regulate transcription in
response to activin signaling. Here, we show that deletion of FoxH1 in mice results in failure to pattern the
anterior primitive streak (APS) and form node, prechordal mesoderm, notochord, and definitive endoderm. In
contrast, formation of the AVE can occur in the absence of FoxH1. The FoxH1 mutant phenotype is
remarkably similar to that of mice deficient in the forkhead protein Foxa2 (HNF3), and we show that Foxa2
expression is dependent on FoxH1 function. These results show that FoxH1 functions in an activin/nodal-
Smad signaling pathway that acts upstream of Foxa2 and is required specifically for patterning the APS and

node in the mouse.
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The concept of an embryonic organizer was first intro-
duced in the 1920s from studies on amphibian develop-
ment. These studies identified a region on the dorsal side
of the amphibian embryo, known as Spemann’s orga-
nizer, which when transplanted to an ectopic site on the
ventral side of a host embryo was able to induce a second
body axis (Harland and Gerhart 1997; for review, see
Davidson and Tam 2000). This organizer was able to re-
cruit host tissues to form a complete axis, including a
head, with appropriate D-V, A-P, and L-R patterning.
In the mouse, the organizing center or node is a dis-
tinct group of cells located at the anterior end of the
primitive streak (Davidson and Tam 2000). The node es-
tablishes the L-R axis, and cells emanating from the
node form the axial mesodermal structures, the pre-
chordal plate mesoderm and notochord, that signal D-V
patterning in the embryo. The anterior primitive streak
(APS) is also the source of the embryonic (or definitive)
endoderm cells, which intercalate with and displace the
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visceral endoderm to form the gut (Lawson et al. 1991;
Wells and Melton 1999). In common with its amphibian
counterpart, transplantation of the mouse node to an ec-
topic site can induce a secondary body axis. This second-
ary axis, however, lacks head structures, which suggests
that the organizer is separated into two distinct entities,
the node or trunk organizer and the head organizer. In
the mouse, patterning of the anterior neural plate occurs
prior to gastrulation and involves the visceral endoderm
on the anterior side of the embryo (anterior visceral en-
doderm or AVE). Signals emanating from the AVE are
thought to convey anterior patterning to the overlying
ectoderm and induce expression of forebrain markers
(Beddington and Robertson 1999). The signals involved
in establishing the node and the AVE and how these
organizers function to pattern the embryo are not fully
understood.

Activins and the activin-like ligands, such as nodal
and Vgl, are members of the transforming growth fac-
tor-g (TGFB) family of ligands. An important role for
activins in early embryonic patterning was suggested by
studies in which injection of mRNA encoding activin or
Vgl on the ventral side of a Xenopus embryo was suffi-
cient to induce a second body axis (Harland and Gerhart
1997). This demonstrated that ectopic expression of ac-
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tivin family members could imitate organizer functions.
Questions have remained, however, regarding how these
factors function in vivo to regulate organizer activity.

Activins signal through a transmembrane serine/
threonine kinase receptor complex composed of a type II
receptor, ActRIIA or ActRIIB, and a type I receptor, Ac-
tRIB (also known as ALK4) (for review, see Kliippel et al.
2000). In the presence of ligand, the type II receptor phos-
phorylates ActRIB, activating the type I receptor kinase,
which can then transmit the signal to intracellular com-
ponents. The central components of the intracellular sig-
naling pathway for TGF ligands belong to a family of
proteins known as Smads (Klippel et al. 2000). In the
case of activins, two receptor-regulated Smads (R-
Smads), Smad2 and Smad3, are capable of transducing
signals. These R-Smads interact directly with and are
phosphorylated by ActRIB (Hoodless et al. 1999), which
induces them to form heteromeric complexes with the
common Smad, Smad4. The R-Smad/Smad4 complex
then translocates to the nucleus and functions to regu-
late transcription. Although Smads can bind directly to
DNA, evidence favors a model in which Smads cooper-
ate with DNA-binding proteins to form high-affinity,
specific interactions with cognate DNA (for review, see
Attisano and Wrana 2000).

FoxHI (also known as FAST) is a forkhead or winged-
helix DNA-binding protein that was initially identified
by its ability to bind to an activin response element in
the promoter region of the Xenopus Mix.2 gene (Chen et
al. 1996). One FoxH1 homolog has been identified in
mouse (also known as FAST2 or FoxHla), as well as in
human (FoxH1) and zebrafish (schmalspur) (Labbé et al.
1998; Zhou et al. 1998; Pogoda et al. 2000; Sirotkin et al.
2000). FoxH1 forms complexes with heteromers of
Smad4 and either phosphorylated Smad2 or Smad3
(Labbé et al. 1998; Hoodless et al. 1999). Binding of this
complex to DNA is stabilized by Smad4 contact with
DNA at Smad-binding sites that lie adjacent to the
FoxH1-binding site. Interestingly, FoxH1 does not con-
tain a transcriptional activation domain and requires
Smad interaction for transcriptional regulation, probably
through the recruitment of transcriptional cofactors (At-
tisano and Wrana 2000). In the mouse, FoxHI is ex-
pressed throughout the epiblast prior to and during gas-
trulation (E6.0-E7.5), with low levels detected in the ex-
traembryonic endoderm (Weisberg et al. 1998). At early
somite stages, FoxH1 is expressed bilaterally in the lat-
eral plate mesoderm, and expression is subsequently re-
stricted to the heart (Weisberg et al. 1998; Saijoh et al.
2000). These expression patterns suggest that FoxH1
functions during early embryonic patterning, and in ze-
brafish loss of FoxH1 causes variable defects in axial
structures, indicative of potential functions in modulat-
ing nodal signaling in the organizer (Pogoda et al. 2000;
Sirotkin et al. 2000). Consistent with this, FoxH1 regu-
lates the goosecoid (Gsc), lefty, nodal, and pitx2 genes,
which are all expressed around the time of gastrulation
(Labbé et al. 1998; Osada et al. 2000; Saijoh et al. 2000;
Shiratori et al. 2001).

Disruption of activin-like signaling pathways in mice
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has demonstrated that this pathway has numerous func-
tions that are critical during gastrulation (for review, see
Schier and Shen 1999). Mesoderm and primitive streak
formation is impaired in nodal mutant mice and in mice
deficient in the type I activin receptor, ActRIB, or both of
the activin type Il receptors, ActRIIA and ActRIIB. More
detailed analysis has demonstrated that ActRIB~~ ES
cells are capable of forming mesoderm; however, primi-
tive streak formation is impaired (Gu et al. 1998). Muta-
tion of Smad2 also disrupts normal gastrulation, which
suggests a role for an activin-like signaling pathway in
early pattern formation (Nomura and Li 1998; Waldrip et
al. 1998; Weinstein et al. 1998; Heyer et al. 1999). Inter-
estingly, for two of the mutant alleles, Smad2%°?** and
Smad29¢*2, the entire epiblast differentiates into extra-
embryonic mesoderm, and AVE markers are absent,
which suggests that Smad2 is required in the visceral
endoderm to establish an A-P axis in the epiblast
(Waldrip et al. 1998; Heyer et al. 1999). Chimeric analy-
sis further demonstrated that ActRIB and nodal function
in the visceral endoderm to establish A-P patterning and
anterior development (Varlet et al. 1997; Gu et al. 1998).
Taken together, studies in mice indicate a role for an
activin/nodal signaling pathway in two aspects of early
embryonic patterning, the formation of the A-P axis by
establishing the AVE and the development of the primi-
tive streak.

To understand how this pathway regulates patterning,
we undertook an analysis of the role of the Smad DNA-
binding partner FoxHI1, by deleting the gene in mice.
Homozygous FoxH1 null embryos lack a node, noto-
chord, and prechordal plate mesoderm, resulting in fused
somites and a flattened neural plate. However, anterior
neural plate structures are present in mutants, but are
underdeveloped. FoxH1 is not required to establish the
AVE, although some mutants display a constriction in
the visceral endoderm that is centered at the extraem-
bryonic/embryonic boundary, suggesting that FoxH1
might function to regulate expansion of the visceral en-
doderm around the time of gastrulation. Interestingly,
FoxH1 mutant embryos are remarkably similar to those
deficient for the forkhead protein Foxa2, which embryos
also lack midline structures, and we demonstrate that
FoxH1 is required for Foxa2 expression. Finally, we show
that FoxH1 is essential for development of the embry-
onic endoderm. Together, these studies reveal a FoxHI1-
Foxa?2 regulatory pathway that is essential for specifica-
tion of the APS and regulation of axial patterning and
endoderm development in the mouse.

Results

FoxH1 mutants lack midline structures

FoxH1 was initially identified in Xenopus as a transcrip-
tional partner for Smad proteins that mediates activin/
nodal/Vgl signals during early development, and one
FoxH1 homolog has been identified in mouse. To under-
stand what pathways require FoxH1 function during ver-
tebrate development we undertook a genetic analysis



and deleted the FoxH1 (Fast2) gene in the mouse. The
mouse FoxH1 gene is composed of 3 exons that span [1..2
kb of genomic sequence including 5’ and 3’ untranslated
sequences (Fig. 1A). Because of the small size of the gene,
we designed a strategy to delete the entire FoxH1 geno-
mic sequence in ES cells to generate a complete null
mutation (Fig. 1). Of note, the 3’ UTR of the FoxH1 gene
overlaps with the kinesin gene, KIFC2, which is encoded
on the opposite DNA strand (Liu et al. 1999), and our
strategy interferes with the KIFC2 gene. However,
KIFC2 is neuron-specific, is not expressed in the devel-
oping mouse until embryonic day 16, and deletion of the
KIFC2 gene has no overt phenotype (Yang et al. 2001).
Gastrulation defects in the FoxH1 mutant embryos are
therefore not caused by interference with KIFC2. Foxh1
heterozygotes were generated from two independent R1
ES cell lines and crossed with the outbred strain, CD-1.
Both lines exhibited identical defects as described below.

Analysis of offspring from intercrosses of FoxHI*/~
animals revealed that no FoxH1~/~ pups were born (Fig.
1B,C; Table 1). Detailed analysis of genotypes during
early embryogenesis revealed that normal Mendelian ra-
tios were recovered up to E8.5. However, at later devel-

FoxH]1 specifies the anterior primitive streak

Table 1. Summary of genotypes of embryos from FoxH]1
heterozygote matings

Age Wild type  Heterozygote Mutant Resorbing
E6.5  79(25.8%) 155(50.7%) 56(18.3%) 16 (5.2%)
E7.5  57(24.5%] 100 (42.9%) 73 (31.3%)  3(1.2%)
E8.5  47(23.0%)  96(47.0%) 52(25.5%) 9 (4.4%)
E9.5 5(17.2%)  12(41.4%) 10(34.5%)  2(6.9%)
E10.5 6 (46.2%) 4(30.8%) 1(7.7%) 2 (15.4%)

Embryos were dissected at the indicated stages from FoxH1 +/-
x +/- matings and genotyped by PCR (see Fig. 1). Resorptions
that we were unable to genotype are also indicated. The pooled
data from several litters is shown. For E9.5 and E10.5, the re-
sults are from two litters and a single litter, respectively.

opmental stages FoxH1~/~ embryos were undergoing re-
sorption, and by E10.5 only one FoxH1™/~ embryo was
recovered. To assess the defect in FoxH1™/~ embryos we
first examined the gross morphology. At E6.5, FoxH1
mutant embryos were overtly normal, although they of-
ten were slightly delayed compared to wild-type litter-
mates. By E7.5 and early head fold stages, formation of
the primitive streak, head folds, allantois, chorion, and
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Figure 1. Strategy for deletion of the FoxH1 gene. (A) A schematic representation of the wild-type and mutant alleles and the targeting
vector. E, EcoRI; H, HindIll; B, BamHI; X, Xbal; N, Notl; and S, Sall. The FoxH1 gene is composed of three exons (shown in black),
and the KIFC2 gene, encoded in the opposite orientation, is shown in gray with hatched areas indicating regions where the intron/exon
boundaries are not mapped. The overlapping region between FoxH1 and KIFC2 is shown as a jagged line. (B) Southern blot analysis of
ES cell colonies following selection. Genomic DNA digested with NotI/HindIIl was probed with the 3’ flanking probe (probe #2). The
13-kb wild-type fragment and the 9.2-kb recombinant fragment are indicated. (C) PCR genotyping of the offspring of a FoxH1
heterozygote cross. No homozygous offspring were observed. The three primers amplify a 379-bp (R4 and F5) fragment from the
wild-type allele and a 219-bp (R4 and CreR) fragment from the mutant allele.
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amnion was observed (Fig. 2C,D). However, unlike wild-
type littermates, all of these embryos lacked a distinct
node and midline. Interestingly, we observed pinching in
approximately 25% of the FoxH1~/~ embryos examined.
This pinching, which we refer to as a type II defect, cen-
tered on the extraembryonic-embryonic junction (Fig.
2C,D), was variable in extent, and in severe cases led to
arrest in development of the embryonic portion while
extraembryonic tissues continued to develop (not
shown). It is unclear what causes these constrictions,
although similar phenotypes have been observed in
Lim™~, Otx2/", and chordin~/";noggin”/~ embryos
(Shawlot and Behringer 1995; Ang et al. 1996; Bachiller
et al. 2000), and notably, Foxa2 mutant mice (Ang and
Rossant 1994; Weinstein et al. 1994). In the less severely
affected or nonaffected FoxH1™/~ embryos, development
of the embryonic region proceeded, and at E8.5, somites
formed and development of a heart tube was observed
(Fig. 2F). Strikingly, inspections of the midline revealed
that all of these FoxH1 mutant embryos (of 113 exam-
ined) had fused somites and absent midline structures
(Fig. 2H,J). In addition, there were abnormalities in the
anterior regions when compared to wild-type littermates
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(Fig. 2F). These mutant embryos, which we refer to as
type I mutants, also failed to develop neural folds and
displayed a flat neural plate (Fig. 2H). The consequences
of these defects were most apparent in the single E10.5
type I mutant we recovered, in which a single proboscis-
like structure was observed anterior to the midbrain/
hindbrain junction (Fig. 2K). Although a heart tube was
present, heart looping failed to occur in this embryo, and
the pericardiac cavity was enlarged.

To confirm the lack of midline structures, FoxH1 ™/~
type I mutants were examined histologically at E7.5 and
E8.5. At E7.5, the morphology of type I mutants was
similar to wild-type embryos in both the proximal and
distal regions of the embryo (Fig. 3A-E). However, in the
anterior and trunk regions of mutants at E8.5, the neural
plate was flat, the somites were fused across the midline,
and there was no evidence of notochord in the proximity
of the neural plate (Fig. 3F-I). All embryos had foregut
and hindgut invaginations, and the morphology of the
tail bud region was similar to that of the wild-type con-
trols (cf. Fig. 3G,I with 3],L). These results suggest that
FoxH]1 is required for formation of midline structures
during mouse development.

Figure 2. FoxH1 mutant embryos lack midline
structures. (A-D) Lateral (A,C) and anterior (B,D)
views of wild-type (A,B) and FoxHI mutant (C,D)
embryos at E7.5. The FoxH1 mutants lack a mid-
line (ml) and a definite node. The headfolds (hf)
are present but poorly developed. The allantois is
also present in the mutants (al). In some em-
bryos, pinching is observed at the junction be-
tween the embryonic and extraembryonic re-
gions of the embryo (arrowheads in C,D). (E-])
Lateral (E,F) and dorsal (G-]) views of wild-type
(E,G,I) and FoxH1 mutant (F,H,]) embryos at
E8.5. The FoxHI mutant embryos lack midline
structures resulting in fused somites (So) and a
flattened neural plate (np) compared to the wild-
type embryos with a distinct neural groove (ng)
and midline (ml). (I,/) Show the somites at higher
magnification. The FoxH1 mutant embryos also
exhibit aberrant anterior head structures (E,F)
and have heart (h) defects because looping does
not occur and the pericardial membrane is en-
larged. (K) Lateral view of wild-type (left) and
FoxH1 mutant (right) embryos at E10.5. The mu-
tant embryo is significantly smaller and lacks
normal structures anterior to the midbrain-hind-
brain junction (i), resembling mutants with ho-
loprosencephaly. Heart looping still has not oc-
curred in the FoxH1 mutant embryo.



FoxH1 mutants fail to form axial mesendoderm

To investigate axial patterning in the FoxH 1 mutant em-
bryos, we examined brachyury expression, which marks
the nascent mesoderm in the primitive streak region and
axial mesoderm during gastrulation. At E7.5 expression
of brachyury was normal in the streak of type I FoxH1
mutant embryos, but there was no detectable expression
in the midline region (Fig. 4B). We also examined brachy-
ury expression in type Il mutants at this stage. Although
these embryos were morphologically disturbed, region-
alized expression of brachyury (Fig. 4C) and nodal (data
not shown) was observed on the presumptive posterior
side. These results indicate that normal A-P patterning
is initiated in both type I and type II mutants. Further
analysis of brachyury in type I mutants revealed strong
expression in the primitive streak of E8.5 mutants, but
notochord staining was absent (Fig. 4F), although in
some embryos we observed a brachyury-positive noto-
chord remnant that was restricted to the posterior region
(2 out of 10 embryos; Fig. 4E). These data suggest that
notochord formation is severely impaired in type I
FoxH1 mutant embryos with the majority of the em-
bryos completely lacking a notochord.

The absence of midline structures in the FoxH1 mu-
tant embryos was startlingly similar to the phenotype
observed attributable to embryonic loss of Foxa?2
(HNF3B). Therefore, we also examined Foxa2 expression,
which is localized to the APS, node, and developing
mesendoderm of the head process at E7.5 (Ang et al.

FoxH]1 specifies the anterior primitive streak

Figure 3. FoxHI1 mutant embryos have fused somites
and a flat neural plate. (A) Lateral view of an E7.5 FoxH 1
type I mutant showing the approximate location of the
sections presented in B and C. (B,C) Proximal (B) and
distal (C) transverse sections of the mutant embryo
shown in A. The streak region is to the right. (D,E)
Transverse sections through the proximal (D) and distal
(E) regions of a wild-type E7.5 embryo. (F) Lateral view
of an E8.5 FoxH1 type I mutant embryo showing the
approximate location of the sections presented in G-I.
(G-I) Sections through the anterior foregut and heart
region (G), midgut region (H), and posterior region (I) of
the E8.5 FoxH1 mutant shown in F. (J-L) Sections
through the anterior foregut and heart region (/), midgut
region (K), and posterior region (L) of a wild-type E8.5
embryo. At E7.5 the type I mutants are similar to wild-
type embryos, but at E8.5 all mutants lack a notochord
and display flat neural plates (np), heart (h) looping de-
fects, and fused somites (so). Foregut (fg) and hindgut
(hg) invaginations are present.

1993; Ruiz i Altaba et al. 1993; Filosa et al. 1997). How-
ever, in both type I and type II FoxH1 mutants there was
no detectable Foxa2 expression at this stage (Fig. 4H-J).
At E8.5, when Foxa?2 is strongly expressed in the noto-
chord, floorplate, prechordal plate mesoderm, and devel-
oping foregut, we observed a complete absence of Foxa2
expression in the axial region of the mutants (Fig. 4L).
Finally, we examined goosecoid expression, which marks
the prechordal plate mesoderm at this stage. In late head-
fold stage embryos, goosecoid was expressed in the pre-
chordal plate mesoderm in wild-type embryos (Fig. 4M);
however, in the mutants we were unable to detect any
goosecoid expression (Fig. 4N). Thus, FoxH1 functions
upstream of Foxa2 and goosecoid to specify anterior
mesendoderm during axial patterning in the mouse.

FoxH1 mutant embryos express markers of anterior
neural patterning

Analysis of the FoxH1™~ mice suggested that anterior
development was initiated in these embryos. To exam-
ine this in more detail we analyzed expression of several
markers of anterior patterning of the neural plate. En-
grailed-2 (En-2) is a marker of the hindbrain-midbrain
region. In all FoxHI mutant embryos examined, En-2
was expressed across the flat neural plate (Fig. 5B,D), and
the A-P boundaries of En-2 expression were similar to
those of wild-type embryos (Fig. 5C,D). Next we exam-
ined Six3, which is expressed in the anterior region of the
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A +H+ B

Figure 4. Expression of the axial mesoderm markers brachy-
ury, Foxa2, and goosecoid in FoxHI mutant embryos. (A-C)
Expression of brachyury in wild-type (A), type I (B), and type II
(C) FoxH1 mutant embryos at early headfold stage. Staining is
observed in the primitive streak region of FoxH1 mutant em-
bryos but no axial mesoderm is present. (D-F) Expression of
brachyury in wild-type (D) and type I FoxH1 mutant (E,F) em-
bryos at E8.5. Notochord expression is absent in most mutant
embryos. However, some mutants display a short notochord
remnant in the posterior region (F). (G-]) Expression of Foxa2 in
wild-type (G) and mutant (H-]) embryos at early headfold stage.
Foxa?2 is not expressed in FoxH1 mutant embryos at this stage.
(K,L) Expression of Foxa2 in wild-type (K) and mutant (L) em-
bryos at E8.5. Foxa?2 is not expressed in midline structures.
(M,N) Expression of Gsc in the prechordal plate mesoderm of
wild-type (M) and FoxHI mutant (N) embryos at late headfold
stage. Gsc expression is absent in FoxH1 mutant embryos.

neural plate marking the prospective forebrain. Al-
though the forebrain region of the neural plate was re-
duced in size relative to wild-type embryos, Six3 expres-
sion was detected at low levels in the anterior region of
50% of FoxH1™/~ embryos (Fig. 5F), indicating that some
forebrain patterning is present in the FoxH1 mutants.
Similarly, Pitx2 expression, which marks Rathke’s
pouch (Hermesz et al. 1996), was also expressed in
FoxH1 mutants (Fig. 5H). In addition to Rathke’s pouch,
Pitx2 is expressed in the left lateral plate mesoderm, and
its expression is directly initiated by FoxH]1 in response
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Figure 5. FoxH1 mutant embryos express markers of neural
plate patterning. (A-D) En-2 expression in wild-type (A,C) and
FoxH1 mutant (B,D) embryos from a dorsal (A,B) and lateral
(C,D) viewpoint. En-2 is expressed normally at the midbrain—
hindbrain junction in FoxH1 mutants. (E,F) Expression of the
prospective forebrain marker Six3 in wild-type (E) and FoxH1
mutant (F) embryos at E8.5. Weak expression of Six3 is observed
in the anterior region in approximately half of the FoxH1 mu-
tant embryos. (G,H) Pitx2 expression in Rathke’s pouch in wild-
type (G) and FoxH1 mutant (H) embryos at E8.5. Normal ex-
pression of Pitx2 is observed in Rathke’s pouch of FoxH1 mu-
tant embryos. However, no expression is observed in the left
lateral plate mesoderm of the heart.

to nodal signaling (Shiratori et al. 2001). Consistent with
this, Pitx2 expression in the left lateral plate mesoderm
was absent in FoxHI1 mutant embryos (Fig. 5H). To-
gether, these results indicate that anterior patterning of
the neural plate initiates normally in the FoxHI mu-
tants.

The AVE is patterned normally in FoxH1 mutants

In the mouse, the AVE is initially formed at the distal tip
of the visceral endoderm in response to proximal-distal
signals in the embryo (for review, see Beddington and
Robertson 1999). Subsequently the AVE migrates to the
anterior side of the embryo, where it specifies the A-P
axis of the developing embryo and initiates anterior pat-
terning of the neural plate. Formation of the AVE de-



pends on signaling through the nodal-Smad2 pathway
(Waldrip et al. 1998). Therefore we examined the mark-
ers Hex and cerberus-like (Cer-1), which are expressed in
the AVE at E6.5 (Belo et al. 1997; Thomas et al. 1998). In
FoxH1 mutants, both Hex and Cer-I were expressed in
the AVE in a similar pattern to wild-type embryos (Fig.
6A-D). Furthermore, in mutant embryos at an earlier
stage of development, we observed expression of Cer-I at
the distal tip, where patterning of the AVE is initiated
(data not shown). Finally, we examined Foxa?2 and goose-
coid, both of which are expressed in the anterior end of
the primitive streak at this stage. Consistent with our
previous results, we detected no expression of Foxa2 or
goosecoid in the FoxHI mutant embryos (Fig. 6F,H).
These results demonstrate that FoxH1 is not critical for
patterning the AVE and the A-P axis of the mouse, but is
required for Foxa2 and goosecoid expression. This sug-
gests that FoxH1 regulates specification of the APS.

FoxHI1 is required in the epiblast for axial patterning

Despite the presence of AVE markers, FoxH1 mutant
embryos display anterior abnormalities (Fig. 2). We
wanted to determine whether FoxH1 is required in the
AVE for normal anterior development or whether these
anterior defects are the result of the lack of midline
structures. Thus, we generated chimeric embryos in
which the visceral endoderm was composed of FoxH1 ™/~
cells, whereas the embryo was composed of both wild-
type and FoxH1~/~ cells. For this we aggregated morulae

af= -

Foxa2 Gsc

Figure 6. AVE formation occurs in FoxH1 mutant embryos,
but APS markers are absent. The AVE markers Hex (A,B) and
Cer-1(C,D) are expressed in FoxH1 mutant embryos (B,D). Wild-
type embryos are shown in A and C. In contrast, markers of the
APS, Foxa?2 (E,F) and Gsc (G,H) are absent in FoxH1 mutant
embryos (F,H). Wild-type littermates are shown in E and G.

FoxH]1 specifies the anterior primitive streak

generated from Foxhl heterozygote matings with KT4
(+/+) ES cells, which were derived from a mouse carrying
the ROSA-26 lacZ gene trap and constitutively express a
cytoplasmic form of B-galactosidase. This allows their
contribution to various embryonic structures to be
traced in the chimeric embryos (Tremblay et al. 2000).
ES cells are unable to contribute to extraembryonic and
primitive endoderm lineages in chimeric embryos but
efficiently integrate into embryonic tissues (Beddington
and Robertson 1989). Aggregated embryos were im-
planted in recipient mothers and dissected at E8.5-9.5.
The genotype of the original morulae was determined by
PCR of parietal endoderm DNA of chimeric embryos. Of
126 embryos dissected, 24 were resorbing and 20 were
mutants. In aggregations of KT4 cells with wild-type em-
bryos, we observed mixed contribution of KT4 cells to all
of the embryonic structures examined, including the no-
tochord and foregut (Fig. 7A,B,E,FI). Of the 20 mutant
embryos we recovered, 3 had no KT4 contribution. Of
these, 1 was a type II mutant and 2 were of the type I
phenotype. In the remaining 17 chimeric embryos, 9 dis-
played a type II phenotype, consistent with our observa-
tion that FoxHI can function to regulate proliferative
expansion of the visceral endoderm. Of the remaining 7
chimeric embryos, all displayed unfused somites and had
a rescued notochord (data not shown). One of these (Fig.
7C) was examined by histology. This showed the pres-
ence of normal neural tube and axial structures (Fig. 7D)
and, in particular, the presence of a notochord (Fig. 7G).
Examination of the contribution of KT4 cells to various
tissues showed that B-galactosidase-positive and -nega-
tive cells contributed well to most embryonic structures,
including the neural tube (Fig. 7G,H). In contrast, when
we examined the notochord, we found that it was com-
posed exclusively of cytoplasmic stained B-galactosi-
dase-positive cells (Fig. 7K,L). These results suggest that
FoxH]1 is required for axial mesoderm formation and
specification of the notochord.

To examine the requirement for FoxH1 in axial meso-
derm formation in greater detail, we generated wild-type
and FoxHI/~ ES cells from blastocysts derived from
FoxH1'/~ matings (Fig. 8A). These ES cells were then
aggregated with morulae generated from a ROSA-26-
lacZ background. In these experiments, high numbers of
ES cells were used in the aggregation in order to generate
chimeric embryos in which the morula-derived (+/+)
cells were excluded. Analysis of chimeric embryos gen-
erated using wild-type ES cells revealed that the cells
contributed efficiently to the embryo (Fig. 8B), and his-
tological analysis showed that axial patterning and neu-
ral tube formation occurred normally in these embryos
(Fig. 8C-E). No ES cells contributed to the visceral en-
doderm, confirming the lineage restriction of ES cells to
embryonic tissues. Next, we introduced high levels of
FoxH1~/~ ES cells into wild-type morulae, to get efficient
contribution to the embryo. In contrast to wild-type ES
cells, we observed a phenotype that very closely re-
sembled the FoxH1™~ mutant mice (12 out of 12 em-
bryos recovered). Moreover, histological evaluation
showed that most regions of the embryo lacked a noto-
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Figure 7. Wild-type ES cells can rescue anterior defects of FoxH1 mutant embryos. Wild-type KT4 ES cells containing the ROSA26-
lacZ gene trap were aggregated with morulae derived from a cross of heterozygous mutants for the FoxHI mutant allele. Chimeric
embryos were dissected between E8.5 and E9.5 and genotyped by PCR from the parietal endoderm. Wild-type (A) (+/+ o +/+) and
FoxH1 (C) (+/+ - —/-) mutant morulae are shown. Normal anterior development is observed in the +/+ ES cell « FoxH1~/~ chimera.
(B) Section through the +/+ « +/+ chimeric embryo shown in A. (D) Section through the +/+ - -/~ chimeric embryo shown in C. An
otic vesicle (ov) and branchial arch (ba) are marked. (E) Enlargement of the foregut (fg) region of the section shown in B showing
contribution of both KT4 cells (blue) and morula cells (pink) to all tissues including the neural tube (nt), foregut, notochord (nc), and
dorsal aorta (da). An enlargement of the notochord is shown in I. (F) Enlargement of the hindgut (hg) region of the section shown in
B. The hindgut is composed of a mixture of pink and blue cells. (G) Enlargement of the foregut region of the section shown in D
showing contribution of both KT4 cells (blue) and FoxH1 mutant cells derived from the morula (pink) to most tissues. In contrast to
E, the foregut is exclusively composed of KT4 cells. An enlargement of the notochord in K shows FoxH1 mutant cells are also unable
to contribute to the notochord. Note that the nuclei are stained pink because of the predominant cytoplasmic localization of
B-galactosidase protein in this gene-trap line. (H) Enlargement of the hindgut region of the section shown in D. As was observed in the
foregut region. FoxH1 mutant cells are unable to contribute to the notochord (enlarged in L). The hindgut is primarily composed of
wild-type KT4 cells (enlarged in J); however, a few mutant cells are observed in the hindgut.

chord, had a fused midline, and failed to form a neural may be owing to signals arising from the wild-type fore-
fold (Fig. 8G-I). Occasionally we did observe small ante- gut, which can pattern the overlying mesoderm (Vesque
rior regions in these chimeric embryos that displayed et al. 2000). Together, these results demonstrate that
notochordlike structures immediately adjacent to the FoxH]1 is required in the epiblast for development of nor-
foregut and the formation of neural folds (Fig. 8]). This mal axial mesoderm and notochord.
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FoxH1 is required for formation
of the definitive endoderm

During development, visceral endoderm cells are dis-
placed by definitive or embryonic endoderm that arises
from the anterior region of the primitive streak and
forms the gut of the embryo (Lawson et al. 1991; Wells
and Melton 1999). In our chimeric analyses, we observed
that when wild-type KT4 ES cells were introduced into
FoxH17/~ embryos they provided a virtually exclusive
contribution to the gut endoderm (Fig. 7G,K). Contribu-
tion to the foregut and midgut was nearly absolute,
whereas in the hindgut, a few FoxH1/~ cells were pre-
sent (Fig. 7J). The strong contribution of wild-type ES

FoxH]1 specifies the anterior primitive streak

Figure 8. FoxH1 mutant ES cells are unable to contribute to em-
bryonic endoderm. Southern blot to genotype three ES cell lines,
FKO3 (-/-), FKOL11 (+/-), and FKO9D (+/+). DNA was digested with
BamH]1 and probed with a 200-bp BamH1/Sall fragment (probe #1
in Fig. 1). The wild-type band is 12.5 kb, and the FoxH1 mutant
band is 3.7 kb. (B-]) Wild-type ROSA26 morulae that contain a
ubiquitously expressed LacZ gene, were aggregated with either
wild-type; FKO9b (B-E) (+/+  +/+); or FoxH1~-, FKO3 (F-])
(/- o +/+), ES cells. Embryos were dissected at E8.5, and the
ROSA26-derived cells were stained for B-galactosidase. Sections are
shown through the hindgut (hg) region (C,G), midgut region (D,H),
and the foregut (fg) region (E,I,]). Aggregations with FKO9b
(+/+ o +/+, pink cells) show extensive contribution to the embryo
in all tissues. A few wild-type (blue) cells contribute to the foregut,
midgut, and hindgut. Aggregations with FKO3 (-/- o +/+) demon-
strate that FoxH1™/~ cells (pink) can contribute extensively to all
tissues except gut tissues. The most anterior foregut region con-
tains a few FoxH1~/~ cells, whereas the remaining gut is exclusively
composed of wild-type (blue) cells. Interestingly, in this embryo a
fragmentary notochord (nc) composed of FoxH1~/~ ES cells was ob-
served in the anterior region, but this notochord does not extend to
posterior regions. The significance of this is unclear. Abbreviations
are visceral endoderm (ve) and definitive endoderm (de).

cells to the gut suggests that FoxH]1 is required for for-
mation of the definitive endoderm. Similarly, we evalu-
ated gut epithelium in chimeric embryos derived from
the introduction of FoxH1™/~ ES cells into a wild-type
background. We found that the foregut, midgut, and
hindgut were made up almost exclusively of wild-type
cells (Fig. 8G-J), although a few FoxH1™/~ cells contrib-
uted to the most anterior region of the foregut (Fig. 8J). In
contrast FoxH1*/* ES cells contributed efficiently to all
regions of the gut (Fig. 8C-E). These results suggested
that FoxH1 is important for development of the mouse
definitive endoderm. To confirm this, we examined the
expression pattern of the homeobox gene Hex, which
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marks the earliest definitive endoderm to emerge from
the APS (Thomas et al. 1998; Martinez Barbera et al.
2000). At E8.5, Hex was expressed in the ventral foregut
endoderm of wild-type embryos (Fig. 9A). In contrast, in
FoxH1 mutant embryos, no Hex was detected in the in-
voluting gut region, whereas Hex expression in the al-
lantois (Thomas et al. 1998), a tissue not derived from
the APS, was unaffected by loss of FoxH1. Altogether,
these data demonstrate that FoxH1 is required for forma-
tion of the definitive endoderm.

Discussion

FoxH1 mutant embryos lack APS

During gastrulation in the mouse, patterning of the APS
gives rise to the prospective node and definitive endo-
derm, both of which play a major role in establishing the

body plan of the embryo. Cells arising from the node
form the prechordal plate mesoderm and the notochord,
which in turn emit signals required for D-V patterning of
the neural tube and potentially the gut (Davidson and
Tam 2000). In addition, the node may elaborate a signal
that contributes to establishment of the L-R axis. The
APS also gives rise to the definitive endoderm (Lawson et
al. 1991; Wells and Melton 1999). The molecular path-
ways that control formation of the APS are ill-defined.
Here, we show that mice deficient in FoxH1, a transcrip-
tional partner for Smad proteins, fail to form notochord,
prechordal plate mesoderm, and definitive endoderm, re-
flecting a failure to establish the APS.

Foxa?2 encodes a forkhead transcription factor that is
required during mouse development for formation of the
node, midline structures, and definitive endoderm (Ang
and Rossant 1994; Weinstein et al. 1994). Prior to gas-
trulation, Foxa2 expression is restricted to the visceral
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Figure 9. FoxH1 is required for formation of definitive endoderm. (A) Hex expression in wild-type (+/+) and FoxH1 mutant (-/-)
embryos at E8.5 is shown in ventral (top panels) and lateral (bottom panels) views. Hex expression, which marks the definitive
endoderm in the foregut invagination (arrow), is absent in FoxH1 mutants, whereas expression in the allantois (al) is present in both
embryos. (B) A model for FoxH1 function during gastrulation in the mouse. Nodal-regulated signaling pathways that function during
gastrulation in the mouse are shown. Dotted lines indicate genetic interactions, whereas solid lines show direct molecular interac-

tions.
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endoderm and is not expressed in the epiblast. This con-
trasts with the widespread expression of FoxH1 (Filosa et
al. 1997). During gastrulation Foxa2 expression is initi-
ated in the epiblast at the anterior end of the primitive
streak (Ang et al. 1993; Monaghan et al. 1993; Ruiz i
Altaba et al. 1993), and by late streak stages it is ex-
pressed in the node, prospective floor plate of the neural
tube, and the axial mesendoderm. However, in the ab-
sence of FoxH1, we observed no expression of Foxa2.
Furthermore, the FoxH1 type I mutant phenotype is re-
markably similar to the Foxa2 mutant embryonic phe-
notype. Together, these results suggest that FoxH1 func-
tions upstream of Foxa2 in a genetic pathway that is
required for formation of the APS and its derivatives (Fig.
9B).

Previous studies in Xenopus using FoxHI-repressor
and -activator fusion proteins (FoxH1-En® and FoxH1-
VP16) have suggested that FoxH1 is required for general
mesoderm specification (Watanabe and Whitman 1999).
Our mutants, however, clearly exhibit normal formation
of paraxial, lateral, and extraembryonic mesoderm. Re-
cently, the zebrafish mutant schmalspur (sur), which ex-
hibits cyclopia and an absence or reduction of the floor-
plate and prechordal plate, was found to encode point
mutations of the zebrafish homolog of FoxH1 (Pogoda et
al. 2000; Sirotkin et al. 2000). In contrast to the mouse,
the phenotype of sur mutants is highly variable, and ho-
mozygous mutant adults can be viable and fertile. How
zebrafish FoxH1 functions to control axial mesoderm
formation is unclear; however, these results indicate
that FoxH1 may play a conserved role in patterning the
organizer in fish and mice.

FoxH1 is required for formation
of the definitive endoderm

The definitive or embryonic endoderm primarily origi-
nates from cells in the APS, which migrate anteriorly to
displace visceral endoderm cells and form the embryonic
gut (Lawson et al. 1991; Wells and Melton 1999). How-
ever, in the absence of definitive endoderm, gut invagi-
nations can initiate, but are populated by the visceral
endoderm (Dufort et al. 1998). Analysis of chimeric em-
bryos revealed that FoxH1~/~ cells are unable to contrib-
ute to the definitive endoderm, regardless of whether the
FoxH17/~ cells are provided by a morula or by ES cells,
and in FoxH1 mutant embryos we observed no definitive
endoderm formation. Thus, FoxH1 is required for speci-
fication of definitive endoderm, and the foregut and
hindgut invaginations in the FoxH1 null embryos are
likely populated by the visceral endoderm. Since defini-
tive endoderm contributes to patterning of the forebrain
(Martinez-Barbera et al. 2000), the defective anterior de-
velopment observed in the FoxHI mutants could be
caused by loss of definitive endoderm as well as the pre-
chordal plate and notochord. Recently, chimeric analysis
showed that Smad2-deficient ES cells contribute poorly
to the definitive endoderm, similar to FoxHI-deficient
cells (Tremblay et al. 2000). These results are consistent
with molecular studies showing that Smad2 mediates

FoxH]1 specifies the anterior primitive streak

transcriptional activation of FoxH]1 target elements and
suggest that FoxH1-dependent specification of endoderm
is dependent on Smad2 function. Interestingly, chimeric
analysis has shown that Foxa2 is also required for for-
mation of the foregut and midgut, consistent with Foxa2
functioning downstream of FoxH1 in the anterior streak.
However, in contrast to FoxH1, Foxa2 is not required for
hindgut development. Since regions in the primitive
streak and lateral to the node can give rise to definitive
endoderm that may contribute to the hindgut (Lawson et
al. 1991; Dufort et al. 1998), these data suggest that
FoxH1 may function in a broader domain than Foxa2 to
specify the entire definitive endoderm. Whether FoxH1
might also regulate subsequent A-P patterning of the
endoderm is unclear. Recently FGF, which is secreted
from the primitive streak mesoderm, was shown to pat-
tern definitive endoderm and induce organ-specific gene
expression (Wells and Melton 2000). Of note, both TGFg
and activin had little patterning activity, suggesting that
early A-P patterning of the endoderm may not involve
FoxH1.

FoxH]1 is not required for specification of the AVE

The anterior visceral endoderm (AVE) defines a domain
within the visceral endoderm that is postulated to pro-
vide signals that initiate A-P patterning and head forma-
tion (Beddington and Robertson 1999). The AVE arises
from a group of cells at the distal tip of the egg cylinder
that moves toward the anterior side of the embryo to
establish the earliest known demarcation of the embry-
onic axes. The AVE is proposed to establish an A-P axis
by suppressing mesoderm formation and inducing ante-
rior neuroectoderm in the epiblast. Nodal, ActRIB, and
Smad2 have been implicated in formation of the AVE.
Chimeric studies in which wild-type ES cells were used
to rescue nodal-deficient embryos demonstrated that
nodal is required in the visceral endoderm for develop-
ment of anterior neural structures (Varlet et al. 1997).
Similar analysis of ActRIB-deficient embryos suggests
that this activin type I receptor is also required to pattern
the visceral endoderm (Gu et al. 1998). In addition, two
Smad?2 mutant alleles, Smad2%°?™! and Smad29¢*?,
cause complete loss of the AVE and A-P patterning, and
consequently the entire epiblast differentiates into ex-
traembryonic mesoderm (Waldrip et al. 1998; Heyer et
al. 1999). In contrast, in FoxH1 null embryos, the AVE
markers Hex and Cer-I are expressed appropriately, and
mesoderm formation initiates at the posterior side in
both type I and type II mutant embryos. Furthermore, at
later stages in type I mutants the midbrain/hindbrain
marker En-2 is expressed, and the forebrain marker Six-3
is also expressed, albeit at reduced levels. Thus, despite
defects in anterior development, initial A-P patterning
remains intact. Finally, chimeric embryos, in which the
visceral endoderm is composed of FoxH1™/~ cells, de-
velop normal anterior structures. These results indicate
that FoxH1 is not required for AVE formation.

FoxH1 is expressed weakly, however, throughout the
visceral endoderm, and 25% of FoxH1 mutant embryos
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displayed a constriction at the extraembryonic/embry-
onic junction. What causes these constrictions is un-
clear, but they may arise as a result of reduced prolifera-
tion of the visceral endoderm during expansion of the
embryonic epiblast. Importantly, we observed that both
brachyury and nodal were expressed on the presumptive
posterior side of severely pinched type II embryos, indi-
cating that initiation of A-P patterning was preserved.
Interestingly, Hamada and colleagues have also analyzed
deletion of the FoxH1 gene (Yamamoto et al. 2001), but
report a spectrum of visceral endoderm (VE) defects that
are more severe than we observed. These defects can lead
to disruption of A-P axis formation and appear to reflect
a failure to rotate the AVE to the anterior region of the
VE, rather than a loss of AVE per se. It is unclear why
there are differences in the severity of the VE defects
between our studies. However, it is possible that rota-
tion of the AVE and establishment of the A-P axis is
linked to proliferative expansion of the VE and that this
latter pathway is differentially affected in different ge-
netic backgrounds by loss of FoxH1. Analysis of the re-
lationship between constrictions at the extraembryonic/
embryonic junction and rotation of the AVE requires fur-
ther investigation. Nevertheless, our studies indicate
that FoxH1 is not critical for specifying the AVE, and we
propose that other Smad partners probably play a critical
role in patterning these cells (Fig. 9B). Thus, distinct
nuclear Smad DNA-binding partners likely function in
different cell types to mediate unique transcriptional re-
sponses to nodal and nodal-related signals.

A signaling pathway required for induction
of the node

The signaling pathway that regulates FoxHI1 function
during axial mesoderm formation remains unclear.
Nodal is the primary candidate because it is expressed in
the posterior epiblast at the onset of gastrulation and its
expression becomes restricted to the node during gastru-
lation. Although nodal mutants arrest prior to gastrula-
tion (Zhou et al. 1993; Conlon et al. 1994), introduction
of wild-type ES cells into nodal mutant blastocysts is
able to partially rescue gastrulation defects. Some of
these chimeric embryos display axial defects with fused
somites, and nodal /- cells are impaired in their ability
to contribute to midline structures, indicating that
nodal is required for node morphogenesis (Varlet et al.
1997). Furthermore, trans-heterozygote embryos of
Smad?2 and nodal display severe craniofacial defects,
which include cyclopia, suggesting that Smad2 and
nodal play a role in patterning the midline of the em-
bryo, at least in anterior regions (Nomura and Li 1998).
Together, these results indicate that nodal induces mid-
line structures via a Smad-mediated pathway that inter-
acts with FoxH1.

The direct gene targets of FoxH1 that function to regu-
late formation of the node are only beginning to be un-
raveled. It is unclear whether Foxa?2 is a direct target of
the FoxH1 transcription factor in the epiblast. Our analy-
sis of the Foxa2 gene sequence revealed no consensus
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FoxH1-binding motifs, and analysis of reporter gene as-
says using fragments of the Foxa2 promoter failed to re-
veal the presence of any TGFB or FoxH1-dependent re-
sponse elements (data unpubl.). Similarly, an activin-re-
sponsive element in the Xenopus Foxa2 gene does not
contain consensus FoxH1-binding sites (Howell and Hill
1997). In contrast, previous analysis of the goosecoid pro-
moter showed that FoxH1 directly regulates a TGFg/
activin response element found in both the Xenopus and
mouse genes (Labbé et al. 1998). The absence of goosec-
oid expression in FoxH1-deficient embryos is consistent
with the notion that goosecoid is a direct target for
FoxH1-dependent transcription during anterior pattern-
ing of the streak. Importantly, goosecoid expression in
the APS is not dependent on Foxa2 (Dufort et al. 1998).
Furthermore, although goosecoid on its own is not es-
sential for node formation, loss of goosecoid enhances
midline defects in Foxa2'/~ embryos (Filosa et al. 1997).
We therefore propose a model (see Fig. 9B) in which
goosecoid may cooperate with Foxa2 as part of a tran-
scriptional program that is coordinately regulated by
FoxH]1 to specify the APS and its derivatives, the node,
axial mesoderm, and definitive endoderm.

The goosecoid promoter may also be regulated by the
homeodomain proteins Mixer and Milk, which can func-
tion as Smad partners (Germain et al. 2000). Although
homologs have not been identified in the mouse, in the
frog these genes are expressed in mesendodermal cells,
which in the mouse are derivatives of the node (Ecochard
et al. 1998; Henry and Melton 1998). We therfore propose
that FoxH1 initiates goosecoid expression in the anterior
streak and node and that other Smad partners, such as
Mixer and Milk, may cooperate at later stages to main-
tain expression in mesendodermal derivatives. Lefty and
nodal also contain FoxH1-binding sites that can be tran-
scriptionally activated in vitro by activin-like signals.
Whether in the mouse FoxHI1 functions to initiate or
maintain the activity of these genes, as suggested by
studies in zebrafish (Pogoda et al. 2000; Sirotkin et al.
2000), is currently under investigation. Accordingly,
FoxHI may mediate a unique gene expression program
in response to TGFB family signaling that specifies for-
mation of the node. The temporal restriction of FoxH1
expression to the early embryo may ensure that this pro-
gram is not activated promiscuously during later devel-
opment.

The signals within the APS and node that dictate the
decision between axial mesoderm and endoderm are un-
clear. Recent studies have demonstrated that Smad2/~
cells are incapable of forming definitive endoderm, but
contribute to axial mesoderm (Tremblay et al. 2000).
This contrasts with the requirement for FoxH1 in both
pathways. Because nodal activates Smad2 and Smad3
(Kumar et al. 2000), which both bind FoxH1, these re-
sults suggest that Smad3 may substitute for Smad2 as a
FoxHI1 partner during specification of axial mesoderm,
but is unable to replace Smad2 function during forma-
tion of the definitive endoderm. Interestingly, molecular
analysis of Smad-dependent regulation of FoxH1 target
genes has shown that some of these can be activated by



either Smad2 or Smad3. In contrast, FoxH1-dependent
elements in the gsc promoter are positively regulated
only by Smad2, whereas Smad3 blocks ligand-dependent
induction (Labbé et al. 1998; Nagarajan et al. 1999). The
basis for this functional difference likely resides in the
ability of Smad3 to interact with DNA. It is therefore
intriguing to speculate that the balance between Smad2
and Smad3 activation in cells of the APS may regulate
cell fate determination, by controlling specific FoxH]1-
dependent transcriptional responses.

Materials and methods

Generation of FoxH1 mutant mice

A FoxH1 mouse cDNA clone (Labbé et al. 1998) was used to
screen a 129Sv/] mouse genomic \ phage library. Four genomic
clones were isolated, spanning [28 kb of sequence. To construct
a positive/negative targeting vector, a 3.6-kb Sall/EcoRI frag-
ment from the 5’ end of the gene and a 5.5-kb EcoRI/BamH]1
fragment from the 3’ end of the gene were cloned into the vector
pPNTIoxPneo. The resulting vector was linearized with Notl
and electroporated into R1 ES cells as described (Hogan et al.
1994). Drug-resistant colonies were picked into 96-well plates
and screened by Southern blotting as described (Hogan et al.
1994). Briefly, DNA was digested with HindIII/NotI or BamH]1,
electophoresed overnight at 30 V on an 0.8% agarose gel, trans-
ferred to Zetaprobe GT (Bio-Rad), and probed according to the
manufacturer’s protocol. BamH]1-digested DNA and HindIII/
Notl-digested DNA were probed with probe #1 and #2, respec-
tively (see Fig. 1). Approximately 1 in 14 drug-resistant colonies
contained correctly targeted alleles. Correctly targeted clones
were aggregated with CD-1 morula to generate germline chi-
mera as described (Hogan et al. 1994). F, progeny were geno-
typed by Southern blot as described above.

Genotyping procedures

Offspring and embryos were maintained on a 129/CD-1 back-
ground and were genotyped using a PCR-based strategy. For E6.5
and E7.5 embryos, the ectoplacental cone (EPC) was removed
and cultured in gelatin-coated 96-well plates for 4-7 d in DMEM
plus 10% fetal bovine serum (GIBCO) and antibiotics (penicillin
and streptomycin). The EPC colonies were washed with PBS
and lysed overnight at 55°C in 40 uL of buffer (50 mM KClI, 10
mM Tris-HCI at pH 8.8, 2.5 mM MgCl,, 0.1 mg/mL gelatin,
0.45% NP-40, 0.45% Tween 20) containing proteinase K at 1
mg/mL. For older embryos the visceral yolk sac was removed,
and for chimeric embryos the parietal endoderm was isolated
and lysed as described above. Prior to PCR, samples were heat-
inactivated for 10 min at 95°C. A 1.5-uL aliquot was used for
PCR amplification containing 0.2 mM dNTPs, 0.5 pM of each
primer, 0.6 U HotStar Taq (Qiagen), and the supplied buffer.
Following initial denaturation and enzyme activation at 95°C
for 15 min, amplification was conducted for 40 cycles at 95°C
for 30 sec, 60°C for 30 sec, and 72°C for 30 sec. Two different
sets of primers were used throughout this study. The first set
used CreR (5-TGGCTGGACGTAAACTCCTC-3'), R4 (5'-
AAACCCACCATCTCTCACCAG-3'), and F5 (5'-AACCGGT
GGTACCTGTGATAC-3’) to amplify 219-bp and 379-bp frag-
ments from the mutant and wild-type alleles, respectively. The
second set used CreR, R6 (5-AGTCAGGTCAGGGATGC
GTG-3'), and F6 (5'-GCGTGAGCTGTGCTGGTTCA-3') to
amplify 300-bp and 384-bp fragments from the mutant and wild-
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type alleles, respectively. The products were analyzed on a 1.8%
agarose gel.

In situ hybridization and histology

For histology, embryos were fixed in 3.7 % formaldehyde, dehy-
drated through an ethanol series, and embedded in paraffin. Par-
affin blocks were sectioned at 6 pm, mounted onto glass slides,
dewaxed, and stained with eosin and hematoxylin. For whole
mount in situ hybridizations, embryos were fixed overnight at
4°C in 4% paraformaldehyde in PBS, dehydrated in methanol,
and stored at -20°C. For hybridizations, embryos were pro-
cessed as described at www.hhmi.ucla.edu/derobertis/ (Belo et
al. 1997). Briefly, genotyped embryos were rehydrated in PBSw
(PBS plus 0.1% Tween 20) and incubated in proteinase K (4.5
pg/mL in PBSw) for 3 min (E6.5), 5 min (E7.5), or 6 min (E8.5) at
room temperature. Digestion was stopped with 2 mg/mL gly-
cine in PBSw, and the embryos were refixed in 4% paraformal-
dehyde with 0.2% glutaraldehyde in PBSw. Embryos were
washed and hybridized overnight at 70°C with approximately
200 ng/mL of digoxigenin-labeled riboprobe in hybridization so-
lution (50% formamide, 1% blocking agent [Boehringer], 5x SSC
at pH 7.5, 1 mg/mL yeast tRNA, 0.1 mg/mL heparin, 0.1%
Tween 20, 0.1% CHAPS, and 5 mM EDTA). Embryos were
washed for 5 min in fresh hybridization solution, twice for 30
min in 2x SSC plus 0.1% CHAPS at 70°C, for 30 min in MAB at
room temperature, twice for 30 min in MAB at 70°C, and twice
for 10 min in PBSw. Embryos were then incubated overnight at
4°C with anti-dig alkaline phosphatase antibody (1 : 10,000 di-
lution in PBSw containing 1% Boehringer blocking agent and
10% heat-inactivated goat serum). Embryos were washed 5
times for 45 min in PBSw with 0.1% BSA and twice for 10 min
in AP1 buffer (0.1 M NaCl, 0.1 M Tris-HCI at pH 9.5, and 50
mM MgCl,). Embryos were stained in BM Purple (Boehringer) at
room temperature.

ES cell derivation; generation and analysis
of chimeric embryos

KT4 cells were described previously (Tremblay et al. 2000).
FoxH1 mutant ES cell lines were isolated from blastocysts from
FoxH1 heterozygote matings as described. Briefly, blastocysts
were flushed and cultured overnight, transferred to a 96-well
plate (1 blastocyst/well) containing mitomycin-treated mouse
embryonic fibroblasts, and cultured 4-5 d in DMEM containing
15% fetal bovine serum, 0.1 mM nonessential amino acids, 1
mM sodium pyruvate, 0.1 mM B-mercaptoethanol, 2 mM L-
glutamine, penicillin, streptomycin, and LIF. The ICM out-
growths were trypsinized and cultured until ES cell colonies
developed. Colonies with good morphology were genotyped as
described above.

Chimeric embryos were generated by aggregation with moru-
lae as described (Hogan et al. 1994). Morulae were obtained from
FoxH1 heterozygote matings or from ICR/Tg(Rosa26)RSor
(Jackson Laboratories) matings. Aggregates were implanted into
recipient females, and the chimeric embryos were dissected at
E8.5-E9.5. Embryos were stained for B-gal expression and then
fixed in formalin and paraffin-sectioned as described above. Sec-
tions were dewaxed and counterstained with Nuclear Fast Red.
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