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Head formation: OTX2 regulates Dkk1 and Lhx1 activity in the

anterior mesendoderm
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ABSTRACT

The Otx2 gene encodes a paired-type homeobox transcription factor
that is essential for the induction and the patterning of the anterior
structures in the mouse embryo. Otx2 knockout embryos fail to form a
head. Whereas previous studies have shown that Otx2 is required in
the anterior visceral endoderm and the anterior neuroectoderm for
head formation, its role in the anterior mesendoderm (AME) has not
been assessed specifically. Here, we show that tissue-specific
ablation of Otx2 in the AME phenocopies the truncation of the
embryonic head of the Otx2 null mutant. Expression of Dkk1 and
Lhx1, two genes that are also essential for head formation, is
disrupted in the AME of the conditional Otx2-deficient embryos.
Consistent with the fact that Dkk1 is a direct target of OTX2, we
showed that OTX2 can interact with the H1 regulatory region of Dkk1
to activate its expression. Cross-species comparative analysis,
RT-gPCR, ChIP-gPCR and luciferase assays have revealed two
conserved regions in the Lhx7 locus to which OTX2 can bind to
activate Lhx1 expression. Abnormal development of the embryonic
head in Otx2;Lhx1 and Otx2;Dkk1 compound mutant embryos
highlights the functional intersection of Otx2, Dkk1 and Lhx1 in the
AME for head formation.

KEY WORDS: Anterior mesendoderm, Otx2, Dkk1, Lhx1, Head
formation, Mouse

INTRODUCTION
The gene orthodenticle homologue 2 (Otx2) encodes a paired-type
homeobox transcription factor that controls the expression of target
genes by binding to regulatory regions containing the YTAATNN
motifs (Kimura-Yoshida et al., 2005; Chatelain et al., 2006). In the
mouse, Otx2 is expressed in the inner cell mass of the blastocyst
(at embryonic day E3.5) and in the visceral endoderm of the E5.5
pre-gastrulation embryo (Kimura et al., 2001). It is also initially
widely expressed in the epiblast, but becomes progressively
regionalised during gastrulation to an anterior domain of the
ectoderm (anterior neuroectoderm, ANE) that contains the precursor
cells of the prosencephalon and the mesencephalon of the
embryonic brain (Tam, 1989; Ang et al., 1994; Cajal et al., 2012).
Loss of Otx2 in the mouse impedes morphogenetic tissue
movement in the pre-gastrulation embryo, arrests germ layer
formation during gastrulation and disrupts the morphogenesis of
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the embryonic head (Acampora et al., 1995; Matsuo et al., 1995;
Ang et al., 1996). In Otx2~~ mutants, the precursor cells for the
anterior visceral endoderm (AVE) fail to translocate from the distal
site to the anterior region of the pre-gastrulation stage embryo. The
absence of the AVE causes the loss of the source of morphogenetic
signals for inducing neural differentiation of the ANE (Kimura
et al., 2000). Lineage-tracing experiments have shown that Omx2
activity in the visceral endoderm is required for navigating the cell
movement (Kimura et al., 2000; Perea-Gomez et al., 2001).

Among the signalling pathway factors that are expressed in the
visceral endoderm (Pfister et al., 2007) is Dickkopf homologue
1 (DKK1), an antagonist of WNT signalling (Kemp et al., 2005;
Lewis et al., 2007; Fossat et al., 2012) and a downstream target of
OTX2 (Kimura-Yoshida et al., 2005). Dkkl expression in the
visceral endoderm is abolished in the Otx2~/~ embryos (Zakin et al.,
2000; Perea-Gomez et al., 2001). In transgenic Oty 2PkkI/DiEL
embryos, expression of Dkkl from the Otx2 locus can rescue the
migration defects of Otx2-deficient visceral endoderm cells. Head
development, however, is still defective, indicating that positioning
of the visceral endoderm is insufficient to reconstitute the genetic or
signalling activity required for head formation (Kimura-Yoshida
et al., 2005). Ox2 function can be substituted by another Otx gene,
Ol or its fly homologue otd. Chimeric mice or Omx29~/0%! and
Ox2°1° transgenic mice that respectively express Otx2, Otxl or
otd only in the visceral endoderm display normal cell migration in
the visceral endoderm and the induction of the ANE, but still fail to
form a proper brain (Acampora et al., 1998, 2001; Rhinn et al.,
1998). These findings suggest that Otx2 function is required in other
embryonic tissue besides the visceral endoderm for maintaining the
differentiation potential of the ANE.

Chimera experiments have shown that OTX2 acts cell-
autonomously to maintain the expression of the anterior neuronal
markers Hesx1, Wntl, Cdh4 and Efna2 in the ANE (Rhinn et al.,
1999), whereas inactivating Otx2 in epiblast stem cells impairs the
differentiation of anterior neural tissues (Iwafuchi-Doi et al., 2012;
Acampora et al., 2013). These results highlight the intrinsic
requirement of Ox2 activity in the ANE for differentiation. The
layer of endoderm cells and the midline structure (the anterior
mesendoderm, AME) that are associated with the ANE are both
derived from the epiblast during gastrulation. The AME expresses
signalling pathway genes and its integrity is essential for the
development of the anterior neural structures (Camus et al., 2000;
Hallonet et al., 2002; Robb and Tam, 2004; Pfister et al., 2007).
Orx2 is also expressed in the AME but its tissue-specific function in
the induction or maintenance of the ANE has not been tested
directly.

In the present study, we have examined the requirement of Otx2
in the AME by Cre-mediated ablation of the gene activity in
Otx2 AME-conditional knockout (Otx2-ameCKO) mutant embryos.
Our results show that Otx2 is required in the AME for the induction
of anterior neural tissues and head formation. Loss of Otx2 in the
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AME is accompanied by the downregulation of DkkI and LhxI.
Results of RT-qPCR, ChIP-qPCR and luciferase assays indicate
that these two genes are likely to be direct transcriptional targets of
OTX2 in the AME. The analysis of compound mutant embryos
shows that they both act synergistically with O#x2 in this structure
for head formation.

RESULTS

Otx2 is required in the AME for head formation

To analyse the specific requirement of Otx2 in the AME, we used the
Foxa2-mcm mouse line that expresses tamoxifen-inducible
MerCreMer tecombinase —[Foxa2!™?(Cre/Esr1)Moon Mouse
Genome Informatics] in Foxa2-expressing AME (Park et al,
2008). The expression pattern of R26R Cre-reporter (Soriano,
1999) in Foxa2™™™;Rosa26"/R?5R embryos treated with tamoxifen
at E6.5 and harvested 30 h later revealed the presence of X-Gal-
stained cells in the endoderm layer, predominantly in the anterior
definitive endoderm and the axial AME (Fig. 1A). Op2/™o/ox,
Foxa2™e™™e™ mice were crossed with On2*~ mice to produce
Otx210% Foxa2 "™ and Otx2"°~:Foxa2"™™ embryos. These
embryos were treated with tamoxifen or mock vehicle once at

B

| Foxa2"™™ Rosa26"/F?R |
| Tamoxifen at E6.5 Collected +30 h |

Otx 2" Foxa2*mm

E6.5 and collected 30 h after treatment. Histology of the embryo
showed that Otx2 expression was reduced in the midline tissue
of the tamoxifen-treated On2"%~:Foxa2™”" embryos (the
Otx2-ameCKO embryos) compared with vehicle-treated (mock
control) 02"~ :Foxa2 "™ embryos (Fig. 1B). In addition, the
epithelial cells in the midline of the Ox2-ameCKO embryo
were shorter than the columnar AME cells of the control embryo
(Fig. 1B).

Whereas Foxa2-mcm activity was widely expressed in the
endoderm and the AME in the anterior region of the embryo after
tamoxifen treatment at E6.5 (Fig. 1A), the impact of the ablation
of Orx2 is likely to be limited to the AME, based on the following
considerations: (a) Otx2 expression is confined to the tissues
close to the midline, i.e. the AME and the immediately adjacent
endoderm cells, thus suggesting that the ablation of O#x2 in the
non-expressing cells would not have any impact on the
phenotype; (b) the descendants of the AVE that are present in
the E6.5 embryo at the time of tamoxifen treatment are mostly
found in the extraembryonic yolk sac (Thomas and Beddington,
1996; Shimono and Behringer, 2003). That practically no
lacZ-positive cells were present in the yolk sac endoderm of the
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Fig. 1. Otx2 ablation in the AME results in head truncation. (A) X-Gal staining of early bud (EB) stage Foxa2"™";Rosa26"*?°% embryos collected 302 h
after tamoxifen injection at E6.5. Plan of section (i) is indicated by the dashed line in centre image. (B) Otx2 expression of EB stage Otx2"~:Foxa2""™™ embryos
collected 30+2 h after injection of tamoxifen or vehicle only (mock) at E6.5. Plan of section (ii and iii) is indicated by the straight dashed line in images on the left
hand. Images (iv) and (v) correspond to the boxed areas in (i) and (iii), respectively. The AME of mock embryo and the midline tissue of the tamoxifen-treated
embryo are marked by curved dashed lines. (C) E9.5 Otx2""*:Foxa2™" ™™ and Otx2"*'~;Foxa2*"™™ embryos after tamoxifen or mock injection at E6.5. Category
of the head phenotype is indicated. (D) Expression of telencephalon markers Fgf8 and Six3, diencephalon marker Tcf4 and midbrain-hindbrain junction

marker Fgf8 in E9.5 mock- and tamoxifen-treated Otx2™/~:Foxa2*'™"

embryos. AME, anterior mesendoderm; ANE, anterior neurectoderm; end, endoderm;

m, mesoderm. Lateral view of whole-mount specimens and anterior side to the left, except for en face view.
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Table 1. Frequency of abnormal head phenotype of E9.5 embryos
generated in crosses between Otx2 ;Foxa2 and Otx2*"-
mice

Number of embryos
per head phenotype

Number of embryos
analysed (% with

category head defect)
Phenotype category | Il 1l \% V
Genotype
otx2™"~:Foxa2™™™ 6 1 0 0 0 7(14%)
(Mock)
Otx2™*~;Foxa2"™™ 0 1 4 4 1 10(100%)
(Tamoxifen)

P<0.01 (x°=14.93) after ° test for the distribution of embryos across the
phenotype categories between the two conditions of injection.

Note: number of embryos of the following genotypes showing phenotype class
Il (the only class observed)/total number of embryos of following genotypes:
Otx2"™*-Foxa2*™™ oil (0/8), tamoxifen (1/7).

Foxa2""":Rosa267?%R embryos treated with tamoxifen at
E6.5 (Fig. 1A) suggests that the Cre activity was not activated in
the AVE, which should still harbour an undeleted Ox2/°* allele.
However, our results do not exclude the possibility that some
AVE descendants in the anterior endoderm (Kwon et al., 2008)
contain a Cre-mediated ablation of the Otx2 gene. Nevertheless, it
is likely that the presence of a small subset of Otx2-deficient AVE
descendants (given the mosaic pattern of Cre activity) has no
significant functional consequences that contribute to the mutant
phenotype.

At E9.5, the Otx2-ameCKO embryos displayed a fully penetrant
head truncation phenotype (in a range between category Il and V;
see Materials and Methods) (Table 1; Fig. 1C). Fourteen percent of
mock control Otx2/°¥~:Foxa2™"" embryos showed a mild
truncation phenotype (category II) (Table 1) that is reminiscent
of the hypomorphic heterozygous Otx2"™~ embryo (Acampora
et al., 1995; Fossat et al., 2006). A similar frequency of mild
truncation (category II) was found in the tamoxifen-treated
Otx2M0%: Foxa2 /"™ embryos but not in the mock control with
the same genotype (Table 1). Analysis of molecular markers
revealed a reduced dorsal and ventral rostral telencephalon (Fgf8,
Six3) and dorsal diencephalon (7c¢f4) in the Otx2-ameCKO

embryos (Fig. 1D). Otx2 activity in the AME is therefore
essential for head formation.

Loss of Otx2 impacts on Dkk1 and Lhx1 expression

In the Otx2-ameCKO embryos, Shh-expressing cells were present in
the anterior midline that resembled the AME of the mock control
embryo (Fig. 2A), indicating that the loss of Otx2 in the Foxa2-
expressing tissue does not affect AME formation. Given that Dkk/ isa
known target of OTX2 (Kimura-Yoshida et al., 2005) and that it is
required in the AME for head development (Mukhopadhyay et al.,
2001; Lewis et al., 2007), we examined Dkkl expression in the Otx2-
ameCKO embryos and observed that its expression was reduced in the
AME of these mutants (Fig. 2B).

Loss of Lhx1, which encodes the LIM-homeobox 1 transcription
factor, also leads to severe head truncation (Shawlot and Behringer,
1995). Lhx1 is required in both the visceral endoderm and the epiblast
for head formation. Chimeric embryos that have lost LAx/ activity in
the visceral endoderm or the epiblast phenocopy the head truncation
ofthe Otx2-ameCKO embryos (Shawlot et al., 1999). Consistent with
a contribution by Lhx/ to the genesis of the mutant phenotype, Lhx!
expression was downregulated in the midline cells in the endoderm
layer, but not in the definitive endoderm or the mesoderm of the Orx.2-
ameCKO embryo (Fig. 2B). These results suggest that the reduction
or loss of Lhx1 and Dkkl activity in the AME underpins the impact of
loss of Otx2 function on forebrain and head formation.

OTX2 activates Dkk1 and Lhx1 expression

To investigate whether OTX2 can regulate Dkkl and LhxI, their
expression was assessed in mouse P19 embryonal carcinoma cells
transfected with plasmid expressing wild-type OTX2 or a mutant form
of OTX2 (hereafter referred to as OTX2-3pm) that is unable to bind
DNA due to three mismatch point mutations in the homeodomain
coding sequence (Chatelain et al., 2006). Both the wild type and the
variant form of OTX2 were tagged with GFP and were expressed in
the nucleus (Fig. 3A), as previously reported (Chatelain et al., 2006).
In the transfected P19 cells, Dkkl and Lhx] expression were
upregulated by OTX2 but not by OTX2-3pm (Fig. 3B). These
results show that OTX2 can activate Lhx! and Dkkl expression and
that this is dependent on the ability of OTX2 to bind DNA.
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Fig. 2. Lhx1 and Dkk1 expression is impaired in the AME of Otx2-ameCKO embryos. (A) Expression of Shh in the anterior midline tissues of headfold (HF)
stage Otx2™'~:Foxa2™"™™ embryos collected 302 h after tamoxifen or mock treatment at E6.5. (B) Dkk1 and Lhx1 expression in no-bud (OB) and EB stage
mock- and tamoxifen-treated Otx2"~:Foxa2*'™™ embryos collected 30+2 h after treatment at E6.5. Images (jii) and (iv) correspond to boxed areas in (i) and (ii),
respectively. Dkk1 expression in AME of mock-treated embryos and the corresponding area in tamoxifen-treated embryos is marked by an asterisk. Lhx1
expression in AME of mock-treated embryos and the corresponding area in tamoxifen-treated embryos is marked by a black dashed line (lateral view and section)
or delineated by a white dashed line (en face view). Lateral view of whole-mount specimens and anterior side to the left, except for en face view.
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Fig. 3. OTX2 binds and activates Dkk1 and Lhx1. (A) OTX2-GFP, OTX2-3pm-GFP and nuclei (DAPI staining) visualised in P19 cells transfected with a pCMV-
Otx2-gfp or a pCMV-Otx2-3pm-gfp expression vector. (B) Real-time RT-PCR quantitation of Dkk1 and Lhx1 expression relative to -actin expression in P19 cells
transfected with pCMV-gfp (mock), pCMV-Otx2-gfp or pPCMV-0tx2-3pm-gfp expression vector. (C) Schematic representation (not to scale) of Dkk1 and Lhx1 loci.
Coordinates are indicated relative to the START codon. Grey boxes, exons; orange lines, conserved regulatory regions; green circles, putative OTX2-binding
sites. (D) Real-time PCR quantitation of indicated Lhx7 and Dkk1 regions or a region without OTX2-binding motifs (NOBR) immunoprecipitated with an anti-GFP
antibody from P19 cells transfected with pCMV-Otx2-gfp or pCMV-Otx2-3pm-gfp expression vector. Results are normalised to real-time PCR quantitation
performed from input samples. (E) Firefly luciferase activity quantification relative to Renilla luciferase activity in 3T3 cells transfected with the firefly luciferase
construct harbouring the region indicated, a Renilla luciferase expression vector and pCMV-gfp (mock), pCMV-Otx2-gfp or pCMV-Otx2-3pm-gfp expression
vector. Three independent transfections were performed for each RT-gPCR, ChIP-gPCR and luciferase assay. Each histogram represents the meants.e.m. of
triplicate analysis for each transfection. P-value <0.05 (*), <0.01 (**), <0.001 (***), >0.05 (ns, non-significant) by t-test.

OTX2 binds to regulatory elements to activate Dkk1

and Lhx1

OTX2 protein binds YTAATNN motifs (Kimura-Yoshida et al.,
2005; Chatelain et al., 2006) and is known to directly control Dkkl

No OTX2 regulatory regions have been reported for the LAx/ locus.
We therefore performed a multi-species comparative analysis to
search for conserved regions containing at least one OTX2-binding
motif and located within 50 kb upstream and 15 kb downstream of the

expression by binding the H1 regulatory region located ~500 bp
upstream of the Dkkl START codon (Kimura-Yoshida et al., 2005).
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(—6.5R) downstream of the START codon (supplementary material
Figs S1-S3). The binding of OTX2 to these regions was tested by
chromatin immunoprecipitation (ChIP)-qPCR experiments using an
anti-GFP antibody and P19 cells expressing Otx2-gfp or Otx2-3pm-
gfp. +1.5R and —6.5R regions were significantly enriched in
chromatin precipitated with OTX2 when compared with chromatin
precipitated with OTX2-3pm (Fig. 3D). The same was observed for
the +30R region, although the binding appeared to be weaker. We
could also confirm the binding of OTX2 to the H1 region of Dkk1. No
enrichment was observed for a region of the genome that has no
OTX2-binding motif (NOBR).

We tested whether these conserved regions could act as enhancers
to mediate the activation of gene expression by OTX2. These
sequences were cloned into a reporter plasmid that carries a minimal
promoter and a gene encoding the firefly luciferase protein.
Elevated firefly luciferase activity (compared with the mock
control) was detected when co-transfected with an Ox2
expression vector and the reporter plasmid containing the Dkk!/
HI region, and with the Lhx/ +1.5R and —6.5R regions, but not
with the LAhx1 +30R region or the DNA fragment without OTX2-
binding motif (NOBR) (Fig. 3E). Luciferase activity was not

different from the mock control when P19 cells were co-transfected
with an Otx2-3pm expression vector (Fig. 3E). These results show
that both the Dkk1 H1 region and the LAx/ +1.5R and —6.5R regions
are bound by OTX2 to activate gene expression. Interestingly, ChIP-
sequencing data of the ENCODE project support the notion that
regions equivalent to +1.5R and —6.5R regions in human LHX] are
regulatory (Wang et al., 2012).

Synergistic interaction of Otx2 with Lhx1 and Dkk1 in head
formation

Loss of Otx2 produces a phenocopy of the LAx/-null and Dkk/-null
head truncation phenotype (Acampora et al., 1995; Matsuo et al.,
1995; Shawlot and Behringer, 1995; Ang et al., 1996; Mukhopadhyay
et al., 2001). Otx2, LhxI and DkkI display overlapping domain of
expression in the AME during gastrulation (Fig. 4A). The
downregulation of Lhx! and Dkkl in the AME of Otx2-ameCKO
embryos raised the possibility that Ox2 acts synergistically with
Lhx1 and Dkkl in facilitating head development. We tested this
hypothesis by analysing the phenotype of AME-specific compound
Onx2;Lhx1 and Ox2;Dkkl heterozygous mutant embryos. This
was accomplished by generating Owx2"/1~:Lhx1"~:Foxa2™/"™

Fig. 4. Synergistic interaction of Otx2
and Lhx1 or Dkk1 in the AME for head
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(compound  Otx2;Lhxl) and O2%:Dkkl ™~ Foxa2*™"
(compound Otx2;Dkkl) mutant embryos from a cross between
O 210X Foxg2mem/mem and LhxI™~ mice or Dkkl™~ mice,
respectively. Induction of MerCreMer recombinase was achieved
by tamoxifen administration at E6.5, as for the Otx2-ameCKO
embryos. The AME of these mutant embryos were populated
by Otx2*~:LhxI™~ cells (in compound Onx2;Lhx] mutants) or by
o2V~ :Dkk1™~ cells (in compound Otx2;Dkkl mutants). In the
compound Otx2;Lhx] embryos, the mutants displayed more severe
head truncation at a higher frequency than mutant embryos with mock
injection (Fig. 4B; Table 2), as well as Otx2 /%% Lhx 1" ;Foxa2 """
embryos generated from the same cross (tamoxifen- and mock-
injected; Fig. 4B; Table 2). Similarly, the compound Otx2;Dkkl
embryos also displayed a more severe truncated head phenotype at a
higher frequency than mutant embryos with mock injection or
tamoxifen- and mock-treated O 2*/%: DI *,; Foxa2t/mem
embryos (Fig. 4C; Table 3). Taken together, these results show that
Otx2 acts synergistically with LAx/ and Dkkl specifically in the AME
for head formation.

DISCUSSION

Results of this study have highlighted a crucial role for Otx2 in the
AME in promoting head and forebrain formation, and that OTX2
function might be mediated by regulating the activity of two
downstream genes, LhxI and Dkkl, that are also essential for head
morphogenesis. These two genes are likely to be the transcriptional
targets of OTX2 that activates their expression by binding conserved
enhancer regions.

Otx2 is expressed at multiple sites in the early embryo, such as the
visceral endoderm, the epiblast and the epiblast-derived ANE and
AME, and might have tissue-specific functions at these sites during
the formation of the head primordium (Ang et al., 1994; Kimura et al.,
2000). In the visceral endoderm of the pre-gastrulation stage embryo,
Ow2 is required for navigating the movement of cells towards the
prospective anterior region (Acampora etal., 1998,2001; Rhinnetal.,
1998; Kimura et al., 2000; Perea-Gomez et al., 2001). The directional
translocation of cells is instrumental for the establishment of the AVE.
Loss of Otx2 function impedes the movement of the visceral
endoderm, which can be overcome by expressing DkkI from the
mutant Otx2 locus (Kimura-Yoshida et al., 2005). Restoring the AVE
through enhancing Dkk! activity in the visceral endoderm, however,
does not rescue the Owx2-deficient embryo from developing head
truncation defects. In a similar context, chimeric embryos comprising
Otx2-expressing  visceral endoderm and Orx2-deficient epiblast
(Rhinn et al., 1998), and conditional mutant embryos with Ozx2

Table 2. Frequency of abnormal head phenotype of embryos generated
in crosses between Otx27°X/oX.Foxa2memimem and | hx1*'~ mice

Number of embryos
per head phenotype

Number of embryos
analysed (% with

category head defect)
Phenotype category [ | || B VAR Y]
Genotype
Otx2"™*:| hx1*~:Foxa2”™™ 9 1 0 0 0 10(10%)
(Mock)
Otx2"™*:| hx1*~;Foxa2"™™ 3 4 4 0 1 12(75%)
(Tamoxifen)

P<0.05 (x2=9.69) after xz test for the distribution of the embryos across the
phenotype categories between the two conditions of injection.

Note: number of embryos of the following genotypes showing phenotype class
I (the only class observed)/total number of embryos of following genotypes:
Otx2"™%:| hx1**:Foxa2*™™ oil (0/17), tamoxifen (1/13).
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Table 3. Frequency of abnormal head phenotype of embryos generated
in crosses between Otx2°X/flox;Foxg2memimem and Dkk1*'~ mice

Number of embryos
per head phenotype
category

Number of embryos
analysed (% with
head defect)

Phenotype category | I m v Vv

Genotype

Otx2*™%:Dkk1"'~; 12 0 0 0 O
Foxa2™"™™ (Mock)

Otx2*™%:Dkk1*!~; 3 2 3 0 0
Foxa2+lmcm

(Tamoxifen)

12 (0%)

8 (62.5%)

P<0.01 (x*=10) after y° test for the distribution of the embryos across the
phenotype categories between the two conditions of injection.

Note: none of the Otx2*™*:Dkk1*'*:Foxa2"™™ oil (n=6), tamoxifen (n=10)
embryos showed head defects.

knocked out in Otx2-expressing epiblast-derivatives by inducible
Onx2-CreER™ activity (Fossat et al., 2006) also develop head
truncation defects. By regulating expression of homeobox and cell
adhesion genes O#x2 has both cell-autonomous and non-autonomous
functions in the ANE. Chimera embryos containing both Otx2 mutant
and wild-type cells in the ANE show reduced Hesx1, Wntl, Cdh4 and
Efna2 expression in mutant cells, which eventually enter into
apoptosis (Rhinn et al., 1999). Otx2 is also required for the dorso-
ventral patterning of the brain (Puelles et al., 2003) and to delineate
the mid-hindbrain boundary by antagonising Gbx2-expressing cells
(Li and Joyner, 2001; Martinez-Barbera et al., 2001). These findings
therefore indicate a separate requirement of Otx2 activity in the
epiblast and its derivatives, probably for the induction and
maintenance of the neural potency of the anterior ectoderm and for
brain morphogenesis. However, it is not known in which epiblast
tissue compartment Otx2 plays an essential role in the early phase of
head development.

By targeting the ablation of O#x2 to the Foxa2-expressing cells in
the gastrula-stage embryo, Otx2 expression has been specifically
eliminated in the AME. The conditional mutant Otx2-ameCKO
embryos display head truncation defect, principally a reduced
forebrain and loss of the facial primordia, although not as severe as
the complete truncation at the mid-hindbrain junction of the Otx2-
null embryo (Acamporaetal., 1995; Matsuo etal., 1995; Angetal.,
1996). The manifestation of a mutant phenotype is not due to the
failure to form the anterior axial mesendoderm, but is associated
with impaired morphogenetic activity, which is revealed by the
downregulation of genes with key roles in head formation. Otx2 is
therefore required in a multi-phasic manner, first in the
extraembryonic tissue for establishing the signalling source for
tissue patterning, and later in the epiblast-derived tissues, where it
plays a role in the AME for the maintenance of the anterior
characteristics of the overlying ectoderm (this study), and its
activity in the ANE drives the differentiation of the anterior neural
progenitors.

The LhxI gene that is downregulated in the AME of the Otx2-
ameCKO embryo is similarly important for head formation and
also displays several modes of functional requirement in head
development. Loss of LAx! leads to severe head truncation as in the
Otx2-null mutant (Shawlot and Behringer, 1995). LhxI-null
embryos display abnormal shape due to disruption in germ layer
morphogenesis and fail to form a proper head (Shawlot and
Behringer, 1995; Shawlot et al., 1999). In the visceral endoderm,
Lhx1 is required to maintain angiomotin activity for the movement
of the AVE at the onset of gastrulation (Shimono and Behringer,
1999, 2003). Lhx! is also required in epiblast-derived tissues for
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head formation (Shawlot et al., 1999). Both the chimeric embryo
with LhxI-active visceral endoderm and Lhx/-deficient epiblast,
and the conditional mutant embryo with no LAx/ activity in the
epiblast-derived tissues develop head truncation defects (Shawlot
etal., 1999; Kwan and Behringer, 2002; Tanaka et al., 2010). In the
present study, the synergistic effect of the combined loss of function
of Otx2 and LhxI on the manifestation of the head phenotype and
the effector-target relationship of Ozx2 and Lhx1 are consistent with
their co-requirement for head formation. Our results suggest that
both gene products might be required in the AME for head
formation, namely OTX2 by activating LAx] expression and LHX1
by controlling target genes crucial for head formation that still need
to be identified.

Some clues of the Otx2 downstream activity that might have arole
in head formation can be obtained from the study of its other target,
DiklI. DKK1 is a secreted molecule that inhibits WNT signalling for
head formation (Fossat et al., 2012). Genetic experiments in mice
demonstrated that an elevated level of WNT signalling activity
impairs anterior development and that the increase in WNT
signalling and the impairment are exacerbated by the absence of
Dkkl (Fossatetal., 2011, 2012; Arkell and Tam, 2012; Arkell et al.,
2013). The AVE is a source of secreted antagonists (Dkkl, Sfipl,
Sfrp5 and Cerl) for modulating WNT signalling. However, lacking
DFkkl activity only in the visceral endoderm has no impact on head
formation (Mukhopadhyay et al., 2001). In the gastrulating embryo,
Dkkl1 expression is restricted to the AME and the head truncation
phenotype of Dkkl~'~ embryos is likely to be due to the absence of
Dkkl in this structure (Mukhopadhyay et al., 2001). DkkI is a target
of OTX2 in the AVE (Kimura-Yoshida et al., 2005). Here, we
demonstrate that conditional ablation of Otx2 in the AME leads to
the downregulation of Dkk!, which also supports a direct regulation
of Dkk1 expression by OTX2 in the AME. Furthermore, we show a
synergistic interaction between Otx2 and DkkI in the AME. OTX2
might therefore function through the regulation of Dkk/ expression
in the AME to modulate the level of WNT signalling perceived by
the ANE during the development of the anterior neural structures.

Our study has therefore revealed a functional hierarchy of O#x2-
Dkkl activity in the AME and that one function of Otx2 is likely
to be modulating the level of canonical WNT signalling activity
for neural induction and the morphogenesis of the head. Whereas
our findings have also established an O#x2-Lhx! transcriptional
regulatory relationship, the downstream activity of the Otx2-Lhx1
interaction in controlling head formation is presently unknown and
awaits further investigation.

MATERIALS AND METHODS

Mouse strains, genotyping and crosses

O 2% and 02~ mice (Fossat et al., 2006), Foxa2"/™™ mice (Park
et al., 2008), LhxI™~ mice (Kwan and Behringer, 2002), DkkI™~ mice
(Mukhopadhyay et al., 2001) and Rosa26™%?°F mice (Soriano, 1999) were
used for the genetic experiments in this study. Genotyping by PCR followed
established protocols and was performed on DNA extracted from tail tissues
of newborn mice or the yolk sac of embryos. The breeding strategies for the
production of compound mutants as well as the number of embryos of each
genotype that were analysed for head defects are described in Tables 1-3.
All animal experimentation was approved by the Animal Ethics Committee
of the Children’s Medical Research Institute and of the Children’s Hospital
at Westmead, Sydney, Australia.

Embryo collection, staging and tamoxifen injection

Embryos were collected from gravid mice at the required gestational age or
at specific time points after tamoxifen or mock treatment. Tamoxifen
(Sigma-Aldrich) diluted at 10 mg/ml in canola oil was administered to

gravid females by intraperitoneal injection at 100 ul (1 mg) per 20 g of body
weight (the day of vaginal plug was taken as E0.5). For mock control, the
same volume of canola oil without tamoxifen was administered. Embryos
were staged according to criteria established by Downs and Davies (1993) or
by somite number.

Analysis of mutant phenotypes and categorisation based on

head defect

The morphology of mutant embryos was compared with stage-matched
control embryos with specific attention to the size, the number of somites
and the morphology of the head. The degree of head truncation was
determined by measuring the head size, which was expressed as a ratio of the
length of the dorsal margin of the silhouette of the head from the junction of
the maxillary prominence and the base of the first branchial arch to the
anterior border of the otic vesicles to the diameter of the otic vesicle (for a
description of the normalisation of the measurement to account for the
developmental status of the embryo see Lewis et al., 2007). Embryos were
assigned to one of five categories based on the size of the fore- and midbrain:
[I] Normal size (0% reduction), [II] <25% reduction, [III] 26-75%
reduction, [IV] >75% reduction, [V] complete absence. As an example,
the head size of class I embryos (normal size) was 15.37+0.42 units (n=6),
compared with that of class II (the mildest reduction at <25%) size of
12.81£1.09 units (n=4), which is significantly different at P<0.0007 by
two-tailed -test.

In situ hybridisations, X-Gal staining and histology

In situ hybridisation and X-Gal staining were performed as previously
described (Tam and Steiner, 1999; Fossat et al., 2007, 2011; Lewis et al.,
2007). For histology analysis, embryos were embedded in paraffin,
sectioned and counterstained with nuclear Fast Red and Eosin according
to standard protocols (Tam and Steiner, 1999; Lewis et al., 2007). At least
three specimens of each genotype were analysed for each marker tested.

Molecular cloning and plasmids

Expression vectors: pCMV-GFP, pCMV-Otx2-GFP and pCMV-Otx2-
3pm-GFP plasmids have been described (Chatelain et al., 2006; Fossat
et al., 2014).

Vectors for luciferase assay: regulatory elements were amplified by PCR
from mouse genomic DNA with primers described below and cloned into the
Xhol site or between the Nhel and the Kpnl sites of the pGL3-promoter
plasmid (Promega). The H1 region of DkkI (Kimura-Yoshida et al., 2005)
was amplified with 5'-ATCGCTCGAGCGAGGTTTGATTTGGGATCA-3’
and 5-ATCGCTCGAGTATGAGTACCCTCGCTTTCT-3’ primers. The
region 30 kb upstream of LhxI ATG (+30R; 29,827-30,053 bp upstream
of Lhxl START codon) was amplified with 5'-ATCGGCTAGCCCTG-
TGCTCTCTTGTCCAT-3" and 5'-ATCGGCTAGCAGGCCTGACATTT-
CCAACAT-3' primers. The region 1.5 kb upstream of Lhx! ATG (+1.5R;
1581-1877 bp upstream of Lhx! START codon) was amplified with
5'-ATCGGGTACCAAACAGACAGAAGGCGAGAT-3" and 5'-ATCGG-
CTAGCTCCGTTTCGGCATCAAGGA-3’ primers. The region 6.5 kb
downstream of Lhx! ATG (—6.5R; 6591-6809 bp downstream of Lhx/
START codon) was amplified with 5-ATCGGGTACCGCTTGTGG-
ATGTCAGATACT-3" and 5'-ATCGGCTAGCTCTGGGGAACTTCAA-
ACGTA-3' primers. A region of the genome not bound by Otx2 (NOBR,;
—1402bp to —1660 bp downstream of Hesx/ START codon) was
amplified using 5-ATCGGGTACCTTGGCTTCTCTTCCAGTTGT-3’
and 5'-ATCGGCTAGCCTGTATACACCTGTGAAGGT-3' primers.

Cell transfection

Mouse embryonic carcinoma P19 cells and 3T3 fibroblasts were transfected
using Fugene 6 (Roche) with pCMV-GFP, pCMV-Otx2-GFP or pCMV-
Otx2-3pm-GFP. At 24 h after transfection, cells were washed and fixed for
immunostaining or collected and snap-frozen for ChIP-qPCR experiments.
For RT-qPCR analysis, at least 250,000 GFP-expressing cells were isolated by
fluorescence-activated cell sorting (FACS) before being snap-frozen. For the
luciferase assay, 3T3 cells were co-transfected with the pGL3-promoter
constructs and with pRL Renilla luciferase control reporter vectors (Promega).
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Immunostaining

Cells were washed with PBS, incubated for 5 min in 4% paraformaldehyde
(PFA) with 0.5% Triton X-100, then for 20 min in 4% PFA at room
temperature. After fixation, cells were washed with PBS, incubated for
15 min at room temperature with CAS-Block (Invitrogen), then for 40 min
at 4°C with anti-GFP antibody (1:300; A11122, Invitrogen) diluted in CAS-
Block. The following day, cells were washed with PBS and incubated for
40 min at room temperature with Alexa Fluor 488 anti-rabbit antibody
(1:300) and 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich; 1:1000)
diluted in PBS. Cells were finally washed with PBS and embedded in
Fluoromount-G (Invitrogen) for microscopy analysis.

RNA isolation, RT-PCR and qPCR

RNA from three independent transfections was extracted using an RNeasy
Micro Kit (Qiagen). cDNA was synthesised from 100 ng RNA using the
Superscript III First Strand System (Invitrogen). Quantitative PCR was
performed in triplicate from 1:5 dilution of cDNA of each sample using the
Rotorgene 6000 thermal cycler (Corbett Research), SYBR Green I
(Molecular Probes) and Platinum Taq DNA Polymerase (Invitrogen).
Primers used for assaying SB-actin and Dkkl expression were previously
described (Fossat et al., 2011). The primers 5-AAGCAACTGGA-
GACGTTGAA-3’ and 5'-CTAGCGCGCTTAGCTGTTT-3" were used to
assay Lhx1 expression. PCR conditions (Fossat et al., 2011) were similar for
all three genes.

Luciferase assay

Cells were collected from three independent transfections. The luciferase
assay was performed using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Firefly and Renilla
luciferase activities were detected by a luminometer [Turner Designs
TD-20/20 luminometer; dual-luciferase Renilla (DLR) mode; time-
measurement delay 2 s; integrate time 6 s]. Relative firefly luciferase
activity was measured and normalised relative to Renilla luciferase activity.
Furthermore, all measurements were normalised to luciferase activity
quantified from an experiment performed with a reporter vector without
regulatory regions (pGL3-promoter).

ChIP-qPCR

Three million P19 cells were washed with PBS, dissociated with trypsin and
centrifuged at 800 g for 5 min. The cell pellet was resuspended and rotated
in 1 ml PBS with 1% formaldehyde for 10 min. Fixation was stopped by
adding 0.15 M glycine. From this point on, the experiment was performed at
4°C. Cells were washed three times with ice-cold PBS and centrifuged at
800 g for 10 min. The cell pellet was resuspended and incubated for 10 min
in 1 ml LB-A buffer [50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.5% Igepal, 0.25% Triton X-100, 1x complete
protease inhibitor (Roche)]. The lysate was centrifuged at 800 g for 10 min
and the cell pellet was resuspended and incubated for 10 min in 1 ml LB-B
[10 mM Tris-HCI, pH 8.0, 200 mM NaCl, 1 mM EDTA, pH 8.0, 0.5 mM
EGTA, pH 8.0, 1x complete protease inhibitor (Roche)]. The lysate was
centrifuged at 800 g for 10 min and the nuclear pellet was resuspended and
incubated for 10 min in 1 ml LB-C [50 mM Hepes, pH 7.5, 40 mM NacCl,
I mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% Na-deoxycholate,
0.1% SDS, pH 8.0, 1x complete protease inhibitor (Roche)]. Nuclear lysate
was sonicated (seven times: 30 s, 4 cycles) with a Bioruptor (Diagenode).
The sonicated sample was centrifuged at 18,000 g for 10 min and 50 ul of
the supernatant was collected for input control. The rest of the supernatant
(~950 pl) was rotated with 60 pl protein G Dynabeads (Invitrogen) for 3 h
for pre-clearing. The beads were discarded and the pre-cleared lysate was
rotated with 5 pg of anti-GFP (A11122, Invitrogen) antibody overnight. In
parallel, 40 ul protein G Dynabeads were rotated with blocking buffers
(0.5% BSA and 0.5% Tween-20 in PBS without Ca** and Mg”") overnight
for pre-blocking. The next day, pre-cleared antibody-bound chromatin
complexes (Ab-chromatin complexes) were rotated with pre-blocked beads
for 1.5 h. The Ab-chromatin complex-bound beads were washed each time
for 5 min with the following buffers: RIPA buffer [10 mM Tris-HCI, pH
8.0, 1 mM EDTA, pH 8.0, 140 mM NacCl, 1% Triton X-100, 0.1% SDS,
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0.1% Na-deoxycholate, 1x complete protease inhibitor (Roche)]; five times
with RIPA buffer without protease inhibitor; twice with RIPA-500 buffer
(10 mM Tris-HCI, pH 8.0, 1 mM EDTA, pH 8.0, 500 mM NacCl, 1% Triton
X-100, 0.1% Na-deoxycholate); twice with LiCl buffer (10 mM Tris-HCI,
pH 8.0, | mM EDTA, pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Na-
deoxycholate) and once with TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA, pH 8.0). The beads were then resuspended in 50 pl elution buffer
(10 mM Tris-HCI, pH 8.0, 5 mM EDTA, pH 8.0, 300 mM NaCl, 0.5%
SDS) with 2 pg RNase A (Invitrogen) and incubated for 30 min at 37°C.
Proteinase K (2.5 pl, 20 mg/ml; Invitrogen) was added and the reaction
incubated overnight at 62°C for reverse cross-linking. The beads were then
discarded. A DNA purification step, to extract chromatin fragments, was
performed with solid phase reversible immobilisation (SPRI) beads using
2.3 volumes of SPRI beads per volume of sample for 4 min (Blecher-Gonen
etal., 2013). Beads were then washed twice with 70% ethanol and air-dried
for 4 min. Chromatin was eluted in 30 ul Tris buffer (10 mM). A size-
selection step was performed with SPRI beads by first adding 0.6 volumes
(18 ul) of SPRI beads per volume of sample and incubation for 4 min at
room temperature. Beads binding chromatin fragments larger than 500 bp
were then discarded. Subsequently, the chromatin was incubated with 1.8
volumes (36 ul) of SPRI beads for 4 min at room temperature, washed twice
with 70% ethanol and air-dried for 4 min. Chromatin was eluted in 30 pl
Tris buffer (10 mM).

qPCR was performed from 2 ul immunoprecipitated chromatin or 2 ul
input sample, using a Rotorgene 6000 thermal cycler (Corbett Research),
SYBR Green I (Molecular Probes) and Platinum Taq DNA Polymerase
(Invitrogen). The following primers were used: Dkkl HI region,
5’-CGAGGTTTGATTTGGGATCA-3" and 5'-CACATGAGATCAAAG-
TGGCT-3’; Lhxl +30R region, 5'-CCTGTGCTCTCTTGTCCAT-3’ and
5'-AGGCCTGACATTTCCAACAT-3'; Lhx! +1.5R region, 5'-AAACA-
GACAGAAGGCGAGAT-3" and 5'-TCCGTTTCGGCATCAAGGA-3’;
Lhx1 —6.5R region 5'-GCTTGTGGATGTCAGATACT-3" and 5'-TCTG-
GGGAACTTCAAACGTA-3’; NOBR region +8142-8341 bp upstream of
Dikkl START codon, 5'-AAACTGGCTGCCCATCCAT-3’ and 5'-TCCC-
GACAATACTAGGGATA-3'. PCR conditions (Fossat et al., 2011) were
similar for all regions. The relative enrichment of a region in the
immunoprecipitated sample was determined by normalising the C, value
obtained from the immunoprecipitated sample to the C, value obtained from

the input sample. Relative enrichment was calculated by the following
equation' zinput Ct—immunoprecipitated Ct

Bioinformatics
Mouse and human genomic sequence were analysed with the University of
California, Santa Cruz (UCSC) genomic browser and YASS (Noe and
Kucherov, 2005).

Acknowledgements

We thank Xin Wang for help with flow cytometry, performed in the Flow Cytometry
Centre supported by the Westmead Millennium Institute, the NHMRC and the Cancer
Institute, NSW, Australia. We thank the CMRI Bioservices Unit for animal care.

Competing interests
The authors declare no competing financial interests.

Author contributions

C.K.I., N.F. and V.J. performed the experiments, and T.L. provided the experimental
materials. C.K.1., N.F. and P.P.L.T. designed the experiments, analysed the data and
prepared the manuscript for publication.

Funding

This work was supported by the National Health and Medical Research Council
(NHMRC) [Grant ID 632777] and by Mr James Fairfax. C.K.I. is a University of
Sydney International Postgraduate Research Scholar and an Australian
Postgraduate Awardee, N.F. is a Sir Norman Gregg Research Fellow of the
Children’s Medical Research Institute (CMRI) and P.P.L.T. is a NHMRC Senior
Principal Research Fellow [Grant ID 1003100].

Supplementary material
Supplementary material available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.114900/-/DC1


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.114900/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.114900/-/DC1

RESEARCH ARTICLE

Development (2014) 141, 3859-3867 doi:10.1242/dev.114900

References

Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury, M., Simeone,
A. and Brulet, P. (1995). Forebrain and midbrain regions are deleted in Otx2-/-
mutants due to a defective anterior neuroectoderm specification during
gastrulation. Development 121, 3279-3290.

Acampora, D., Avantaggiato, V., Tuorto, F., Briata, P., Corte, G. and Simeone, A.
(1998). Visceral endoderm-restricted translation of Otx1 mediates recovery of
Otx2 requirements for specification of anterior neural plate and normal
gastrulation. Development 125, 5091-5104.

Acampora, D., Boyl, P. P., Signore, M., Martinez-Barbera, J. P., llengo, C.,
Puelles, E., Annino, A., Reichert, H., Corte, G. and Simeone, A. (2001).
OTD/OTX2 functional equivalence depends on 5’ and 3' UTR-mediated control of
Otx2 mRNA for nucleo-cytoplasmic export and epiblast-restricted translation.
Development 128, 4801-4813.

Acampora, D., Di Giovannantonio, L. G. and Simeone, A. (2013). Otx2 is an
intrinsic determinant of the embryonic stem cell state and is required for transition
to a stable epiblast stem cell condition. Development 140, 43-55.

Ang, S. L., Conlon, R. A,, Jin, O. and Rossant, J. (1994). Positive and negative
signals from mesoderm regulate the expression of mouse Otx2 in ectoderm
explants. Development 120, 2979-2989.

Ang, S. L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L. and Rossant, J. (1996).
A targeted mouse Otx2 mutation leads to severe defects in gastrulation and formation
of axial mesoderm and to deletion of rostral brain. Development 122, 243-252.

Arkell, R. M. and Tam, P. P. (2012). Initiating head development in mouse embryos:
integrating signalling and transcriptional activity. Open Biol. 2, 120030.

Arkell, R. M., Fossat, N. and Tam, P. P. L. (2013). Wnt signalling in mouse
gastrulation and anterior development: new players in the pathway and signal
output. Curr. Opin. Genet. Dev. 23, 454-460.

Blecher-Gonen, R., Barnett-ltzhaki, Z., Jaitin, D., Amann-Zalcenstein, D., Lara-
Astiaso, D. and Amit, I. (2013). High-throughput chromatin immunoprecipitation
for genome-wide mapping of in vivo protein-DNA interactions and epigenomic
states. Nat. Protoc. 8, 539-554.

Cajal, M., Lawson, K. A., Hill, B., Moreau, A., Rao, J., Ross, A., Collignon, J. and
Camus, A. (2012). Clonal and molecular analysis of the prospective anterior
neural boundary in the mouse embryo. Development 139, 423-436.

Camus, A., Davidson, B. P., Billiards, S., Khoo, P., Rivera-Perez, J. A.,
Wakamiya, M., Behringer, R. R. and Tam, P. P. (2000). The morphogenetic role
of midline mesendoderm and ectoderm in the development of the forebrain and
the midbrain of the mouse embryo. Development 127, 1799-1813.

Chatelain, G., Fossat, N., Brun, G. and Lamonerie, T. (2006). Molecular
dissection reveals decreased activity and not dominant negative effect in
human OTX2 mutants. J. Mol. Med. 84, 604-615.

Downs, K. M. and Davies, T. (1993). Staging of gastrulating mouse embryos by
morphological landmarks in the dissecting microscope. Development 118,
1255-1266.

Fossat, N., Chatelain, G., Brun, G. and Lamonerie, T. (2006). Temporal and
spatial delineation of mouse Otx2 functions by conditional self-knockout. EMBO
Rep. 7, 824-830.

Fossat, N., Le Greneur, C., Béby, F., Vincent, S., Godement, P., Chatelain, G.
and Lamonerie, T. (2007). A new GFP-tagged line reveals unexpected Otx2
protein localization in retinal photoreceptors. BMC Dev. Biol. 7, 122.

Fossat, N., Jones, V., Khoo, P.-L., Bogani, D., Hardy, A., Steiner, K.,
Mukhopadhyay, M., Westphal, H., Nolan, P. M., Arkell, R. et al. (2011).
Stringent requirement of a proper level of canonical WNT signalling activity for
head formation in mouse embryo. Development 138, 667-676.

Fossat, N., Jones, V., Garcia-Garcia, M. J. and Tam, P. P. L. (2012). Modulation of
WNT signaling activity is key to the formation of the embryonic head. Cell Cycle 11,
26-32.

Fossat, N., Tourle, K., Radziewic, T., Barratt, K., Liebhold, D., Studdert, J. B., Power,
M., Jones, V., Loebel, D. A. F.and Tam, P. P. L. (2014). C to U RNA editing mediated
by APOBEC1 requires RNA-binding protein RBM47. EMBO Rep. 15, 903-910.

Hallonet, M., Kaestner, K. H., Martin-Parras, L., Sasaki, H., Betz, U. A. K. and
Ang, S.-L. (2002). Maintenance of the specification of the anterior definitive
endoderm and forebrain depends on the axial mesendoderm: a study using
HNF3beta/Foxa2 conditional mutants. Dev. Biol. 243, 20-33.

Iwafuchi-Doi, M., Matsuda, K., Murakami, K., Niwa, H., Tesar, P. J., Aruga, J.,
Matsuo, I. and Kondoh, H. (2012). Transcriptional regulatory networks in epiblast
cells and during anterior neural plate development as modeled in epiblast stem
cells. Development 139, 3926-3937.

Kemp, C., Willems, E., Abdo, S., Lambiv, 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.

Kimura, C., Yoshinaga, K., Tian, E., Suzuki, M., Aizawa, S. and Matsuo, I. (2000).
Visceral endoderm mediates forebrain development by suppressing
posteriorizing signals. Dev. Biol. 225, 304-321.

Kimura, C., Shen, M. M., Takeda, N., Aizawa, S. and Matsuo, I. (2001).
Complementary functions of Otx2 and Cripto in initial patterning of mouse
epiblast. Dev. Biol. 235, 12-32.

Kimura-Yoshida, C., Nakano, H., Okamura, D., Nakao, K., Yonemura, S., Belo,
J. A, Aizawa, S., Matsui, Y. and Matsuo, I. (2005). Canonical Wnt signaling and

its antagonist regulate anterior-posterior axis polarization by guiding cell migration
in mouse visceral endoderm. Dev. Cell 9, 639-650.

Kwan, K. M. and Behringer, R. R. (2002). Conditional inactivation of Lim1 function.
Genesis 32, 118-120.

Kwon, G. S., Viotti, M. and Hadjantonakis, A.-K. (2008). The endoderm of the
mouse embryo arises by dynamic widespread intercalation of embryonic and
extraembryonic lineages. Dev. Cell 15, 509-520.

Lewis, S. L., Khoo, P.-L., Andrea De Young, R., Bildsoe, H., Wakamiya, M.,
Behringer, R. R., Mukhopadhyay, M., Westphal, H. and Tam, P. P. L. (2007).
Genetic interaction of Gsc and Dkk1 in head morphogenesis of the mouse. Mech.
Dev. 124, 157-165.

Li, J. Y. and Joyner, A. L. (2001). Otx2 and Gbx2 are required for refinement and
not induction of mid-hindbrain gene expression. Development 128, 4979-4991.

Martinez-Barbera, J. P., Signore, M., Boyl, P. P., Puelles, E., Acampora, D.,
Gogoi, R., Schubert, F., Lumsden, A. and Simeone, A. (2001). Regionalisation
of anterior neuroectoderm and its competence in responding to forebrain and
midbrain inducing activities depend on mutual antagonism between OTX2 and
GBX2. Development 128, 4789-4800.

Matsuo, I., Kuratani, S., Kimura, C., Takeda, N. and Aizawa, S. (1995). Mouse Otx2
functions in the formation and patterning of rostral head. Genes Dev. 9, 2646-2658.

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.

Noe, L. and Kucherov, G. (2005). YASS: enhancing the sensitivity of DNA similarity
search. Nucleic Acids Res. 33, W540-W543.

Park, E. J., Sun, X., Nichol, P., Saijoh, Y., Martin, J. F. and Moon, A. M. (2008).
System for tamoxifen-inducible expression of cre-recombinase from the Foxa2
locus in mice. Dev. Dyn. 237, 447-453.

Perea-Gomez, A., Lawson, K. A., Rhinn, M., Zakin, L., Brulet, P., Mazan, S. and
Ang, S. L. (2001). Otx2 is required for visceral endoderm movement and for the
restriction of posterior signals in the epiblast of the mouse embryo. Development
128, 753-765.

Pfister, S., Steiner, K. A. and Tam, P. P. L. (2007). Gene expression pattern and
progression of embryogenesis in the immediate post-implantation period of
mouse development. Gene Expr. Patterns 7, 558-573.

Puelles, E., Acampora, D., Lacroix, E., Signore, M., Annino, A., Tuorto, F.,
Filosa, S., Corte, G., Wurst, W., Ang, S. L. et al. (2003). Otx dose-dependent
integrated control of antero-posterior and dorso-ventral patterning of midbrain.
Nat. Neurosci. 6, 453-460.

Rhinn, M., Dierich, A., Shawlot, W., Behringer, R. R., Le Meur, M. and Ang, S. L.
(1998). Sequential roles for Otx2 in visceral endoderm and neuroectoderm for
forebrain and midbrain induction and specification. Development 125, 845-856.

Rhinn, M., Dierich, A., Le Meur, M. and Ang, S. (1999). Cell autonomous and non-
cell autonomous functions of Otx2 in patterning the rostral brain. Development
126, 4295-4304.

Robb, L. and Tam, P. P. L. (2004). Gastrula organiser and embryonic patterning in
the mouse. Semin. Cell Dev. Biol. 15, 543-554.

Shawlot, W. and Behringer, R. R. (1995). Requirement for Liml in head-organizer
function. Nature 374, 425-430.

Shawlot, W., Wakamiya, M., Kwan, K. M., Kania, A., Jessell, T. M. and Behringer,
R. R. (1999). Lim1 is required in both primitive streak-derived tissues and visceral
endoderm for head formation in the mouse. Development 126, 4925-4932.

Shimono, A. and Behringer, R. R. (1999). Isolation of novel cDNAs by subtractions
between the anterior mesendoderm of single mouse gastrula stage embryos.
Dev. Biol. 209, 369-380.

Shimono, A. and Behringer, R. R. (2003). Angiomotin regulates visceral endoderm
movements during mouse embryogenesis. Curr. Biol. 13, 613-617.

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat. Genet. 21, 70-71.

Tam, P. P. (1989). Regionalisation of the mouse embryonic ectoderm: allocation of
prospective ectodermal tissues during gastrulation. Development 107, 55-67.
Tam, P. P. and Steiner, K. A. (1999). Anterior patterning by synergistic activity of the
early gastrula organizer and the anterior germ layer tissues of the mouse embryo.

Development 126, 5171-5179.

Tanaka, S. S., Yamaguchi, Y. L., Steiner, K. A., Nakano, T., Nishinakamura, R.,
Kwan, K. M., Behringer, R. R. and Tam, P. P. L. (2010). Loss of Lhx1 activity
impacts on the localization of primordial germ cells in the mouse. Dev. Dyn. 239,
2851-2859.

Thomas, P. and Beddington, R. (1996). Anterior primitive endoderm may be
responsible for patterning the anterior neural plate in the mouse embryo. Curr.
Biol. 6, 1487-1496.

Wang, J., Zhuang, J., lyer, S., Lin, X., Whitfield, T. W., Greven, M. C., Pierce,
B. G, Dong, X., Kundaje, A., Cheng, Y. et al. (2012). Sequence features and
chromatin structure around the genomic regions bound by 119 human
transcription factors. Genome Res. 22, 1798-1812.

Zakin, L., Reversade, B., Virlon, B., Rusniok, C., Glaser, P., Elalouf, J.-M. and
Brulet, P. (2000). Gene expression profiles in normal and Otx2-/- early
gastrulating mouse embryos. Proc. Natl. Acad. Sci. USA 97, 14388-14393.

3867


http://dx.doi.org/10.1242/dev.085290
http://dx.doi.org/10.1242/dev.085290
http://dx.doi.org/10.1242/dev.085290
http://dx.doi.org/10.1098/rsob.120030
http://dx.doi.org/10.1098/rsob.120030
http://dx.doi.org/10.1016/j.gde.2013.03.001
http://dx.doi.org/10.1016/j.gde.2013.03.001
http://dx.doi.org/10.1016/j.gde.2013.03.001
http://dx.doi.org/10.1038/nprot.2013.023
http://dx.doi.org/10.1038/nprot.2013.023
http://dx.doi.org/10.1038/nprot.2013.023
http://dx.doi.org/10.1038/nprot.2013.023
http://dx.doi.org/10.1242/dev.075499
http://dx.doi.org/10.1242/dev.075499
http://dx.doi.org/10.1242/dev.075499
http://dx.doi.org/10.1007/s00109-006-0048-2
http://dx.doi.org/10.1007/s00109-006-0048-2
http://dx.doi.org/10.1007/s00109-006-0048-2
http://dx.doi.org/10.1038/sj.embor.7400751
http://dx.doi.org/10.1038/sj.embor.7400751
http://dx.doi.org/10.1038/sj.embor.7400751
http://dx.doi.org/10.1186/1471-213X-7-122
http://dx.doi.org/10.1186/1471-213X-7-122
http://dx.doi.org/10.1186/1471-213X-7-122
http://dx.doi.org/10.1242/dev.052803
http://dx.doi.org/10.1242/dev.052803
http://dx.doi.org/10.1242/dev.052803
http://dx.doi.org/10.1242/dev.052803
http://dx.doi.org/10.4161/cc.11.1.18700
http://dx.doi.org/10.4161/cc.11.1.18700
http://dx.doi.org/10.4161/cc.11.1.18700
http://dx.doi.org/10.15252/embr.201438450
http://dx.doi.org/10.15252/embr.201438450
http://dx.doi.org/10.15252/embr.201438450
http://dx.doi.org/10.1006/dbio.2001.0536
http://dx.doi.org/10.1006/dbio.2001.0536
http://dx.doi.org/10.1006/dbio.2001.0536
http://dx.doi.org/10.1006/dbio.2001.0536
http://dx.doi.org/10.1242/dev.085936
http://dx.doi.org/10.1242/dev.085936
http://dx.doi.org/10.1242/dev.085936
http://dx.doi.org/10.1242/dev.085936
http://dx.doi.org/10.1002/dvdy.20408
http://dx.doi.org/10.1002/dvdy.20408
http://dx.doi.org/10.1002/dvdy.20408
http://dx.doi.org/10.1006/dbio.2000.9835
http://dx.doi.org/10.1006/dbio.2000.9835
http://dx.doi.org/10.1006/dbio.2000.9835
http://dx.doi.org/10.1006/dbio.2001.0289
http://dx.doi.org/10.1006/dbio.2001.0289
http://dx.doi.org/10.1006/dbio.2001.0289
http://dx.doi.org/10.1016/j.devcel.2005.09.011
http://dx.doi.org/10.1016/j.devcel.2005.09.011
http://dx.doi.org/10.1016/j.devcel.2005.09.011
http://dx.doi.org/10.1016/j.devcel.2005.09.011
http://dx.doi.org/10.1002/gene.10074
http://dx.doi.org/10.1002/gene.10074
http://dx.doi.org/10.1016/j.devcel.2008.07.017
http://dx.doi.org/10.1016/j.devcel.2008.07.017
http://dx.doi.org/10.1016/j.devcel.2008.07.017
http://dx.doi.org/10.1016/j.mod.2006.10.001
http://dx.doi.org/10.1016/j.mod.2006.10.001
http://dx.doi.org/10.1016/j.mod.2006.10.001
http://dx.doi.org/10.1016/j.mod.2006.10.001
http://dx.doi.org/10.1101/gad.9.21.2646
http://dx.doi.org/10.1101/gad.9.21.2646
http://dx.doi.org/10.1016/S1534-5807(01)00041-7
http://dx.doi.org/10.1016/S1534-5807(01)00041-7
http://dx.doi.org/10.1016/S1534-5807(01)00041-7
http://dx.doi.org/10.1016/S1534-5807(01)00041-7
http://dx.doi.org/10.1093/nar/gki478
http://dx.doi.org/10.1093/nar/gki478
http://dx.doi.org/10.1002/dvdy.21415
http://dx.doi.org/10.1002/dvdy.21415
http://dx.doi.org/10.1002/dvdy.21415
http://dx.doi.org/10.1016/j.modgep.2007.01.005
http://dx.doi.org/10.1016/j.modgep.2007.01.005
http://dx.doi.org/10.1016/j.modgep.2007.01.005
http://dx.doi.org/10.1016/j.semcdb.2004.04.005
http://dx.doi.org/10.1016/j.semcdb.2004.04.005
http://dx.doi.org/10.1038/374425a0
http://dx.doi.org/10.1038/374425a0
http://dx.doi.org/10.1006/dbio.1999.9256
http://dx.doi.org/10.1006/dbio.1999.9256
http://dx.doi.org/10.1006/dbio.1999.9256
http://dx.doi.org/10.1016/S0960-9822(03)00204-5
http://dx.doi.org/10.1016/S0960-9822(03)00204-5
http://dx.doi.org/10.1038/5007
http://dx.doi.org/10.1038/5007
http://dx.doi.org/10.1002/dvdy.22417
http://dx.doi.org/10.1002/dvdy.22417
http://dx.doi.org/10.1002/dvdy.22417
http://dx.doi.org/10.1002/dvdy.22417
http://dx.doi.org/10.1016/S0960-9822(96)00753-1
http://dx.doi.org/10.1016/S0960-9822(96)00753-1
http://dx.doi.org/10.1016/S0960-9822(96)00753-1
http://dx.doi.org/10.1101/gr.139105.112
http://dx.doi.org/10.1101/gr.139105.112
http://dx.doi.org/10.1101/gr.139105.112
http://dx.doi.org/10.1101/gr.139105.112
http://dx.doi.org/10.1073/pnas.011513398
http://dx.doi.org/10.1073/pnas.011513398
http://dx.doi.org/10.1073/pnas.011513398


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


