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Anterior visceral endoderm (AVE) plays essential roles with respect
to anterior–posterior axis development in the early mouse embryo.
To assess the genetic cascade involved in AVE formation, the
cis-regulatory elements directing expression of vertebrate Otx2
genes in the AVE were analyzed via generation of transgenic mice.
Otx2 expression in AVE is regulated directly by the forkhead
transcription factor, Foxa2. Moreover, Foxa2 is essential for ex-
pression of the Wnt antagonists, Dkk1 and Cerl, in visceral
endoderm during the pre- to early streak stages; however, Foxa2
appears to be dispensable for subsequent Dkk1 expression asso-
ciated with forebrain induction. Thus, we propose that Foxa2 is
crucial in early anterior–posterior axis polarization in terms of
regulation of expression of AVE-specific genes. These findings
provide profound insights into conserved roles of Foxa2 transcrip-
tion factors in anterior specification throughout the evolution of
the chordate body plan.

cis element � gene regulation � Wnt signaling � forebrain induction � Dkk1

The initial anterior–posterior (A–P) axis in mouse embryos is
established before gastrulation (1). By embryonic day (E)5.5,

the mouse embryo proper, consisting of epiblast and visceral
endoderm (VE), develops a clear proximal–distal axis, as
marked by expression of Hex in the distal VE (DVE). By E6.0,
DVE cells have migrated directionally to the prospective ante-
rior side, and the proximal markers (Cripto, Wnt3, and Nodal)
have shifted to the posterior side where primitive streak forma-
tion will occur. Several lines of evidence have indicated that the
anterior visceral endoderm (AVE) is required for normal ante-
rior patterning (2, 3). Notably, this function depends on the
production of Nodal and Wnt antagonists, such as Cerl, Lefty1,
and Dkk1, which locally repress the posteriorizing effects of
Nodal and Wnt signals (4–6). Moreover, these antagonists also
regulate migration of DVE cells toward the prospective anterior
side (7–9). However, little is known regarding the genetic
cascade governing AVE formation, i.e., how transcription fac-
tors control antagonists and one another in AVE cells in a
spatially and temporally specific manner.

The Otx2 gene, a paired-like class homeobox gene, plays
critical roles in the generation and function of AVE (10). Otx2
is expressed in the DVE at E5.5 and subsequently in the AVE.
In the absence of Otx2, DVE cells fail to migrate toward the
anterior. Consistent with this observation, Dkk1 is not activated
in Otx2 mutant VE; consequently, canonical Wnt signaling is
up-regulated (8). The current investigation determined that a
cis-regulatory element highly conserved among vertebrates is
essential for Otx2 expression in AVE. Biochemical and genetic
analysis revealed that Foxa2 (previously named Hnf3�), a fork-
head family transcription factor, directly transactivates Otx2
expression. More importantly, Foxa2 is necessary for expression

of AVE-specific genes including Wnt antagonists in A–P axis
polarization.

Results and Discussion
Identification of the Crucial Core Cis Element for Vertebrate Otx2
Expression in AVE. A 5� 1.8-kb mouse Otx2 promoter region directs
expression in the DVE at E5.5 and in the AVE from the pre- to
the midstreak stages (11). To identify the specific cis elements
necessary for AVE expression in this region, a series of deletion
constructs was generated and tested for activity in transgenic
mice (Fig. 1A, #1–6). The activity was unaffected by the deletion
of �683 to �594 bp (Fig. 1 A and B, #1–3); however, removal
of an additional 51 bp (to �543 bp) abolished reporter activity
in AVE (Fig. 1C, #4). Consistently, internal excision of the 51-bp
fragment from the 1.8-kb promoter led to complete loss of
expression of the transgene (Fig. 1E, #8). However, deletion of
�648 to �594 bp did not affect activity (Fig. 1D, #7). These
deletion analyses determined that the crucial element for induc-
tion of mouse Otx2 expression in AVE consists of 51 nucleotides
(from �594 to �543 bp).

Alignment of the sequence with the corresponding regions
from human and chick Otx2 promoters identified a 51-bp stretch
characterized by 100% and 90.2% identity, respectively [sup-
porting information (SI) Fig. 5A]. Examination of the reporter
activity of the human and chick promoters revealed that these
conserved 51-bp segments are also crucial for AVE expression
(SI Fig. 5). These findings in concert strongly support the critical
nature of the 51-bp sequence with respect to cis activity in AVE.

Comparison of the sequences of different species appears to
afford a powerful approach with respect to identification of
functional segments for gene regulation (12). Thus, we exploited
the compact genome of the pufferfish, Takifugu rubripes (Fugu),
which is approximately eight times smaller than the mouse
genome (13). More importantly, the nucleotide sequence be-
tween mouse and pufferfish genomes in the noncoding region
displays a higher degree of divergence relative to that of human
or chick genomes (14). Cis activity of the Fugu Otx2 genomic
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fragments (from �30.5 to �38.5 kb), which directs expression in
the AVE, was surveyed via production of transgenic mouse lines
(Fig. 1F) (14). Consequently, cis activity in the AVE was
detected in the 5-kb fragment (from �10.5 to �15.5 kb) (Fig. 1F,
F9). Further subdivision of the 5-kb fragment mapped this
activity to a 1.1-kb fragment (from �14.4 to �15.5 kb) (Fig. 1 G
and H, F17). Moreover, the 1.1-kb fragment, fused with a
heterologous promoter, namely, the mouse Otx2 minimal pro-
moter from �543 bp (#4), could drive AVE-specific expression
(Fig. 1I). This observation indicated that the Fugu 1.1-kb frag-
ment possesses cis activity similar to that of the mouse 51-bp
sequence.

A search was conducted for conserved motifs between the mouse
51-bp and the Fugu 1.1-kb sequences to identify a crucial core cis
element in terms of possible transcriptional factor binding sites; as
a result, one AT-rich element, TNTTTNTTT (referred to as PE1),
emerged (Fig. 2 A and D). The mouse Otx2 promoter possesses two
PE1 sites (PE1-a and PE1-b); PE1-a is located outside the 51-bp
fragment, whereas PE1-b occurs within the 51-bp stretch (Fig. 2A).
To establish whether the PE1 elements are necessary for cis-
regulatory activity, additional expression analysis was performed
involving precise mutant constructs (Fig. 2A). A 5� deletion con-
struct from �586 bp to the translational start site, which contained
one PE1 element, continued to direct lacZ expression in the AVE
(Fig. 2B, #9). However, a second deletion construct, which lacked
the PE1-b element, displayed no cis activity (Fig. 2C, #10). The
pufferfish 1.1-kb fragment, which drives AVE expression, contains
two PE1 sequences (Fig. 2D, F17); mutant constructs, which
exhibited mutations in one or both PE1 elements (F19–21), were
examined for cis activity (Fig. 2 D–F). Mutation of both PE1 sites
resulted in complete loss of expression; moreover, AVE expression
was more greatly reduced by the PE1-c mutation than by the PE1-d
mutation (Fig. 2 D–F, F19–21). Consequently, the PE1-c site is
more critical with respect to AVE expression in comparison to the
PE1-d site in the Fugu transgene. These data clearly demonstrated
that both mouse and Fugu PE1 elements are essential for cis activity
in AVE.

Foxa2 Directly Controls Otx2 Expression in AVE. A search for tran-
scription factor binding motifs related to PE1 revealed that the

Fig. 1. Identification of crucial cis elements in mouse and Fugu Otx2 genes.
(A) The Otx2 promoter region appears at the top; below the promoter region,
the mutant constructs linked to a lacZ reporter gene at the translational start
site for expression analysis are listed. The filled box indicates the 51-bp region.
Transcription is initiated at �207 bp (34). Construct numbers are noted on the
left. The number of lacZ-positive embryos in the AVE among transgenic
embryos is indicated on the right. (B–E) Lateral views of E6.5 transgenic
embryos after �-gal staining. (F) Schematic diagram of the lacZ-transgene
constructs throughout the Fugu Otx2 locus. F9, F15, and F17 constructs display
lacZ activity in AVE. The number of lacZ-positive embryos in the AVE among
transgenic embryos is displayed in parentheses to the right of each construct
number. (G–I) X-Gal staining patterns of representative transgenic embryos at
E5.75 (G) and E6.5 (H and I). (Scale bars: 50 �m.)

Fig. 2. Identification of Foxa2 binding sites that were conserved between
mouse and Fugu Otx2 genes. (A) Nucleotide sequences of mouse Otx2 5�-
upstream region and schematic diagram of the transgene constructs. (D) Nucle-
otide sequence within the Fugu genomic sequence and schematic diagram of the
transgene constructs. (B, C, E, and F) Lateral views of E6.5 transgenic embryos
after �-gal staining. (G) EMSA. FOXA2 protein and labeled DNA probes (PE1-b
and PE1-c) formed a complex, which is indicated with the arrow labeled ‘‘C.’’ The
arrow labeled ‘‘F’’ indicates unbound labeled oligonucleotides.
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consensus recognition sequence of Foxa2, KGNATRTT-
TRYTTW, matches the PE1 sites (http://motif.genome.ad.jp/).
Foxa2 expression in the VE has been shown to play crucial roles
in A–P axis development, although the mechanism has not been
clarified (15, 16). Therefore, the ability of Foxa2 to regulate
directly Otx2 expression in AVE through the PE1 element was
examined (Figs. 2G, 3, and 4). EMSA employing FOXA2 protein
synthesized in vitro was performed to determine whether
FOXA2 binds directly to the PE1 sequences (Fig. 2G). Precise
EMSA experiments involving PE1 oligonucleotides demon-
strated that FOXA2 protein can bind directly to PE1-b and
PE1-c in vitro (Fig. 2G). The lower affinity of the PE1-a and
PE1-d sites for FOXA2 is consistent with our expression analysis
of mutant constructs (Fig. 1D and Fig. 2 A–F).

Endogenous Foxa2 mRNA expression was analyzed by using
whole-mount in situ hybridization to assess whether Foxa2
expression coincides with Otx2 expression within the VE (Fig. 3
A–D). Foxa2 expression was apparent in the embryonic portion

of the VE before E5.5 as reported (Fig. 3A) (17). Foxa2
expression was restricted to the DVE around E5.5 (Fig. 3B);
furthermore, Foxa2 was expressed asymmetrically in the pro-
spective anterior aspect of the VE at E5.75 and E6.0 (Fig. 3 C
and D). These findings demonstrated that Foxa2 expression is
identical to Otx2 expression in VE from E5.5 to E6.0 (11).

Otx2-lacZ transgene activity in the Foxa2 mutant background was
analyzed to evaluate Foxa2 participation in Otx2 expression (Fig. 3
E–H). First, hemizygous transgenic mice carrying construct #3
(Fig. 1B) were crossed with Foxa2�/� mice (16), followed by
examination of the cis activity in Foxa2�/� embryos. LacZ expres-
sion of transgene #3 was abolished by the Foxa2 null mutation (Fig.
3 F and H). Additionally, endogenous Otx2 transcripts were not
detected within the VE of Foxa2�/� embryos as early as E5.5 (Fig.
3I�). At subsequent E6.5, Otx2 expression, which were evident in the
epiblast and proximal VE, were absent in the mutant DVE (Fig. 3J�,
K�, and L–N). Next, transgenic mice carrying a constitutive active
form of Foxa2 cDNA under the control of the CAG promoter were

Fig. 3. Foxa2 regulates Otx2 expression in AVE via the PE1 element. (A–D) Foxa2 mRNA expression was assessed after implantation to the prestreak stage by
using whole-mount in situ hybridization. (E–H) X-Gal staining at E5.5 (E and F) and E6.5 (G and H). Lateral views of embryos carrying transgene #3 in the Foxa2�/�

(E and G) and Foxa2�/� (F and H) backgrounds are shown. (I–T) Whole-mount in situ hybridization of Otx2 in the wild-type (I and J) and Foxa2�/� mutant (I� and
J�) embryos and the corresponding sagittal sections (K and K�) are shown. Otx2 expression is absent in the entire VE at E5.5; in contrast, Otx2 expression is evident
in the epiblast at E5.5 (I and I�, filled and open arrowheads). Otx2 expression, which is absent in the DVE, is present in the epiblast and proximal VE (J�, arrows
in K�, and L–N) at E6.5. The morphological structure of Foxa2�/� DVE, which displays aberrant thickening, is consistent with that observed in Otx2�/� embryos
(K�, arrows, and N) (11). Foxa2, Otx2, and Dkk1 mRNA expression in wild-type (O–T) and Tg (CAG-Foxa2T156A) (O�–T�) embryos and the corresponding sagittal
(Q and Q�) and transverse (S and S�) sections are shown. Ectopic Dkk1 expression is apparent in the posterior aspect of the transgenic VE at E6.5 (R� and S�, white
arrowheads). A, anterior; P, posterior. (Scale bars: 50 �m.)
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generated to assess whether Foxa2 can transactivate Otx2 expres-
sion (Fig. 3 O�–Q�). In the active form of Foxa2, a 156th-threonine,
a phosphorylation target of Akt kinase, is mutated to alanine;
consequently, dephosphorylated FOXA2 is exclusively localized in
the nucleus (18). In the Foxa2-misexpressing embryos, Otx2 expres-
sion was expanded to the posterior side beyond the endogenous
domain at E7.5 (Fig. 3 P� and Q�). The aforementioned findings
demonstrated that Foxa2 mediates Otx2 expression in AVE pri-
marily through the PE1-b element.

Foxa2 Is Essential for Expression of Wnt Antagonists in AVE but
Dispensable for Forebrain Induction. Expression of several molecular
markers associated with A–P axis polarization were examined in
Foxa2�/� embryos at E6.5 to E8.5 to determine whether Foxa2 had
broader roles in A–P axis development than just controlling Otx2

expression (Fig. 4). Consequently, we found that Foxa2�/� embryos
fail to express Wnt antagonists and thereby presumably to form the
A–P axis correctly (Fig. 4 A�–H� and SI Fig. 6 A–D��). Expression
of Cerl, the Nodal, Bmp, and Wnt antagonist (5), was not observed
in the Foxa2�/� embryo as early as E5.5 (Fig. 4 A� and B�).
Additionally, expression of Dkk1, another Wnt antagonist, was
absent or sharply reduced in Foxa2�/� embryos (Fig. 4C�). Con-
sistent with these results, Dkk1 expression was notably expanded in
Foxa2 (T156A) misexpressing embryos at E6.5 (Fig. 3 R� and S�).
On the other hand, expression of Lhx1 and sFRP1, which also mark
the AVE of wild-type embryos, was detected in Foxa2�/� DVE
(Fig. 4 D and D� and SI Fig. 6 A–B�). Expression of the posterior
markers, T, Cripto, and Nodal, which was coordinated with that of
AVE markers, was apparent in the proximal side of Foxa2�/�

embryos at E6.5 (Fig. 4 E�–H�). Consistent with failure in DVE

Fig. 4. A–P axis patterning is affected in Foxa2�/� embryos. Whole-mount in situ hybridization of wild-type (A–N), Foxa2�/� (A�–N�), and Otx2�/� mutant (O
and P) embryos is shown. E5.5 (A and A�), E6.5 (B–H and B�–H�), E7.5 (I--M, I�–M�, O, and P), and E8.5 (N and N�) are shown; Cerl (A, A�, B, B�, J, and J�), Dkk1 (C,
C�, K, K�, L, L�, and O), Lhx1 (D and D�), T (E and E�), Cripto (F and F�), Nodal (G, G�, H, and H�), Gsc (I and I�), Fkh2 (M, M�, and P), and Six3 (N and N�) are also shown.
Lateral view of embryos (G, G�, K, and K�) and their transverse sections (H, H�, L, and L�), respectively, are shown. Expression of the active form of �-catenin protein
at E7.5 is shown in Q–V. Fluorescent images of wild-type (Q--S), Otx2�/� (T), Foxa2�/� (U), and �-catenin�/� (V) embryos, respectively, are shown. Anti-active-
�-catenin (green), TOTO-3 (nuclei, red), and the merged image are shown. (Scale bars: A, A�, B, and B�, 50 �m; Q--V, 100 �m.)

5922 � www.pnas.org�cgi�doi�10.1073�pnas.0607779104 Kimura-Yoshida et al.

http://www.pnas.org/cgi/content/full/0607779104/DC1
http://www.pnas.org/cgi/content/full/0607779104/DC1


migration, �-catenin expression was markedly up-regulated in the
DVE of Foxa2�/� mutant embryos at E6.5 (C.K.-Y. and I.M., data
not shown). These findings indicated that Foxa2 is essential for
DVE migration via regulation of the AVE-specific genes including
Wnt antagonists.

Previous study with Otx2 and Foxa2 double mutant embryos
suggests that both genes genetically interact in forebrain develop-
ment at later E9.5 (19); however, precise interaction within the VE
is poorly understood. Then, expression of Dkk1 was examined
in Otx2�/�;Foxa2�/� double mutant embryos, and, conse-
quently, Dkk1 expression was reduced markedly in the AVE of
Otx2�/�;Foxa2�/� embryos; in contrast, Cerl expression was not
reduced (SI Fig. 6 E–G). These data suggest that Foxa2 and Otx2
genes act cooperatively to induce Dkk1 expression in AVE; addi-
tionally, these results indicate that Foxa2 regulation of Cerl expres-
sion is largely independent of Otx2.

To determine more precisely whether Foxa2 mediates A–P axis
patterning outside the AVE, gene expression in Foxa2�/� embryos
was examined at subsequent E7.5. Gsc and Cerl expressions were
absent, which is probably attributable to failure in terms of proper
formation of anterior mesendoderm (Fig. 4 I� and J�). However,
Dkk1 expression appeared to be up-regulated ectopically in the
ectoderm of Foxa2�/� embryos at E7.5 (Fig. 4 K� and L�; n � 7/9).
Consequently, Foxa2�/� embryos were able to form forebrain
transiently marked by Fkh2 (n � 3/4) and Six3 (n � 4/5) expression
(Fig. 4 M� and N�) (20), whereas Otx2�/� embryos fail to express
Dkk1, Fkh2, and Six3 (Fig. 4 O and P) (10). Because inhibition of
canonical Wnt signaling is essential for forebrain induction (21–23),
unexpected induction of Dkk1 expression may account for the
partial rescue of anterior development in Foxa2�/� embryos. Dkk1
expression was reduced substantially in Foxa2 (T156A) misexpress-
ing embryos (Fig. 3T�), and misexpression of Dkk1 cDNA led to
anterior expansion in the mouse embryos (C.K.-Y. and I.M., data
not shown), which are consistent with this hypothesis; moreover,
expression of the active form of �-catenin was down-regulated in
Foxa2�/� embryos in a manner similar to that of the wild-type
embryo at E7.5, whereas �-catenin expression was markedly up-
regulated in Otx2�/� embryos (Fig. 4 Q–V). These observations, in
concert, indicated that Foxa2 is essential for A–P axis polarization
with respect to regulation of expression of multiple AVE-specific
genes within the VE of pregastrula embryos; on the other hand,
Foxa2 appears to be dispensable for transient forebrain induction.

Finally, demonstration that pufferfish Otx2 contains cis elements
that can control AVE expression in transgenic mice (Figs. 1 and 2)
suggests the possible presence of tissues equivalent in function to
AVE in teleosts. Orthologues of Foxa2 genes are expressed in the
endoderm of all chordates examined before gastrulation (24, 25).
Consistently, ascidian Otx expression is directly regulated by
FoxA-a, an ascidian homologue of Foxa2 (26–28). Moreover,
ascidian FoxA-a, which is the earliest determinant of the ascidian
anterior ectoderm, directly activates Ci-sFRP1/5, a canonical Wnt
antagonist (27, 28). Thus, the genetic regulation of Otx and Wnt

antagonists by Foxa2 genes for anterior specification is highly
conserved throughout the evolution of the chordate body plan.

Materials and Methods
Experimental Animals. Mouse Otx2 promoter constructs (#1–6, 9,
and 10) were produced via deletion of the 5� flanking regions fused
to the lacZ reporter, VEcis-lacZ (10). Fugu genomic constructs
(F0–18) were generated as described (14). Internal deletion con-
structs (#7 and 8, F19–21) were generated by PCR-based mu-
tagenesis. The CAG-Foxa2 T156A transgene construct was pro-
duced based on the method of Kimura-Yoshida et al. (8). Details
regarding the construction of the transgene vectors are available
upon request. Transgenic mice were produced via microinjection of
fertilized eggs from CD-1 as described (29). Transgene integrations
were identified by PCR analysis. �-catenin mutant mice (30) were
obtained from The Jackson Laboratory (Bar Harbor, ME). Mice
were housed under the guidelines of Osaka Medical Center and
Research Institute for Maternal and Child Health for animal and
recombinant DNA experiments.

�-Gal Staining, in Situ Hybridization, and Immunohistochemistry.
Transgenic founder mice were established; subsequently, �-gal
activity was analyzed in F1 hemizygous transgenic embryos
according to the approach of Kimura et al. (11). In situ hybrid-
ization involving digoxygenin-labeled probes was conducted in a
manner identical to that of Wilkinson (31). Whole-mount im-
munohistochemistry of anti-active-�-catenin (8E7; Upstate,
Lake Placid, NY) was performed as described (8).

EMSA. The FOXA2 protein was produced employing an in vitro
translational system (Promega, Madison, WI) as described (32).
Binding reaction was conducted as reported (33). The competition
assay included two molecular ratios of labeled oligonucleotides to
unlabelled oligonucleotides, of 1:50 or 1:100. Oligonucleotides
used for the assay were PE1-a (5�-GGTGTTATCAGCAT-
TATTTATTTAGCCAAAGA), PE1-b (5�-GGGATTTCTT-
GAATTGTTTCTTTGTTTCTCAC), PE1-c (5�-GGAG-
GAGAGAAAGAGAAAAGAAAAACAGAAGG), and PE1-d
(5�-GGGCAAAGGCATTTTGTCTTTTTATTCCCCT).
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