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SUMMARY

Mouse Otx2 is a bicoid-class homeobox gene, related to the
Drosophila orthodenticle (otd) gene. Expression of this gene
isinitially widespread in the epiblast at embryonic day 5.5
but becomes progressively restricted to the anterior end of
the embryo at the headfold stage. In flies, loss of function
mutations in otd result in deletion of pre-antennal and
antennal segments; which leads to the absence of head
structures derived from these segments. To study the
function of Otx2 in mice, we have generated a homeobox
deletion mutation in this gene. Mice homozygous for this

mutation show severe defects in gastrulation and in
formation of axial mesoderm and loss of anterior neural
tissues. Theseresults demonstrate that Otx2 isrequired for
proper development of the epiblast and patterning of the
anterior brain in mice, and supportsthe idea of evolution-
ary conservation of the function of Otd/Otx genes in head
development in flies and mice.
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INTRODUCTION

The patterning and development of the vertebrate neural tube
is a complex process involving both cell extrinsic and cell
intrinsic events. Among the cell extrinsic events, the mesoderm
in the organizer region, namely the dorsal blastopore lip in
amphibians, Hensen' s node in birds and the node in the mouse,
is able to induce neura differentiation in the surrounding
ectoderm tissue (Spemann, 1938; Waddington, 1933; Bed-
dington et al., 1994). Furthermore, in vitro experiments have
demonstrated that the prechordal mesoderm and notochord,
descendants of the organizer, can also induce and pattern the
neural tube along the anteroposterior axis in Xenopus embryos
(reviewed in Slack and Tannahill, 1992; Doniach, 1993; Ruiz
i Altaba, 1994). Support for arole of the prechordal mesoderm
in the induction of forebrain and midbrain has also come from
the analysis of the phenotype of homozygous Liml mutant
embryos, where lack of prechordal mesoderm cells in these
mutant mice is suggested to be responsible for the subsequent
loss of anterior brain tissues (Shawlot and Behringer, 1995).
However, the role of notochord in anteroposterior (A-P) pat-
terning of the neural tube is still in question, since embryos
mutant for the winged-helix domain gene, HNF-33, lack an
organized node and notochord but show relatively normal A-
P patterning of the CNS (Ang and Rossant, 1994; Weinstein
et a., 1994).

A major contribution to the identification of cell intrinsic
molecules responsible for neural tube regionalization has come
from cloning of genes homologous to homeobox-containing
genes within the HOM-C complex in Drosophila (reviewed in
Lawrence and Morata, 1994), namely the Hox genes in mice.
The function of these genes in the regional specification of
hindbrain and vertebrae has been demonstrated using both loss-
of-function and gain-of-function genetic experiments
(reviewed by Krumlauf, 1994). Hox genes are not expressed in
the forebrain and midbrain, suggesting that other classes of
homeobox genes are involved in the development of these
rostral regions. Recently, two new classes of homeobox genes,
related to the Drosophila orthodenticle (otd) (Finkelsteinet al.,
1990) and empty spiracles (ems) gene (Dalton et al., 1989),
have been cloned. These genes, otx1, otx2, emx1 and emx2, are
expressed in nested domains in the forebrain and midbrain
regions (Simeone et a., 1992a). Since otd and ems have been
shown to participate in aregulatory network required for head
formation in flies, it has been suggested that the conserved
murine genes serve similar roles in the patterning of rostral
brain in mice (Finkelstein and Boncinelli, 1994).

The mouse otd-related genes, Otx1 and Otx2, belong to the
bicoid-class of homeobox genes and the amino acid sequence
of their homeobox differ by two and three amino acids from
that of the otd gene respectively (Simeone et al., 1993). These
genes are expressed in overlapping domains in the anterior



244  S.-L. Ang and others

CNS with the domain of Otx1 expression encompassed within
the Otx2 domain. Otx2 is aready expressed by embryonic day
5.5 (E5.5), while the expression of Otx1 mRNA is not detected
until early E8.0. Otx2 expression at E5.5 is widespread in the
epiblast, which gives rise to the embryo proper. From the early
primitive streak to headfold stages, Otx2 expression in the
ectoderm becomes restricted to the anterior end of the embryo
(Simeone et d., 1993, Ang et al., 1994). We and others have
previously shown that this Otx2 expression in the anterior
ectoderm depends on interactions with the underlying
mesoderm at the anterior end of the embryo in mice and
Xenopus (Ang et a., 1994; Pannese et a., 1995; Blitz and Cho,
1995). Otx2 expression was also found in anterior mesendo-
derm tissues, including axial mesoderm tissues, such as
notochord and prechordal mesoderm (Ang et a., 1994;
Simeone et al., 1995). The earlier expression of Otx2,
compared to Otx1, and its expression in axial mesoderm tissues
that possess neural patterning capabilities suggests that this
gene could be involved in the patterning of anterior neural
tissues.

To begin to dissect the roles of Otx2 in vivo, we have
generated a homeobox deletion in the gene using homol ogous
recombination in ES cells. This mutation results in early gas-
trulation defects. Homozygous Otx2hd mutant embryos also
lack the prechordal mesoderm and notochord precursors by the
headfold stage. By E8.25, rostral deletion of the neural tube
anterior to rhombomere 3 was clearly apparent. These defects
are consistent with multiple roles for Otx2 in gastrulation and
the patterning of rostral brain in mice.

MATERIALS AND METHODS

Targeting vectors

A 1 kb mouse Otx2 partial cDNA probe was used to isolate two over-
lapping genomic clones, containing the entire coding region of the
Otx2 gene from a 129SV/J genomic library. To construct the targeting
vector, pPNTO2, a 1.7 kb Bgll1-Xbal piece of 5 homology was first
subcloned into the BamHI-Xbal site of pPNT (Tybulewicz et .,
1991). The 3' 4.4 kb homology Sul fragment was subsequently
cloned into the Xhol site of the above vector, with the PGKneo and
PGKtk cassettes in the opposite transcriptional orientation compared
to the endogenous Otx2 gene.

Generation of the mutation

The culture, selection and electroporation with Notl-linearized
pPNTO2 of R1 ES cells was carried out as described (Wurst and
Joyner, 1993). ES cell colonies that were resistant to 150 pg/ml of
G418 and 2 pm gancyclovir were analyzed by Southern blotting for
homologous recombination events. Genomic DNA from these cell
lines was digested with Spel and EcoRI and probed with a 2.0 kb
Hindll1-Xbal 3' flanking probe and a 1.7 kb Bglll-Xbal 5 internal
probe. Hybridization was carried out in 50% formamide, 200 mM
phosphate buffer (pH 7.3), 1 mM EDTA, 10 mg/ml of BSA, and 7%
SDS at 63°C.

Chimeras were generated by blastocyst injection and ES-morulla
aggregation with targeted ES lines. Chimeric males were bred to
CD1 females to establish F1 heterozygotes. Embryos from F1 het-
erozygous intercrosses were typed either by Southern analysis or by
PCR of yolk sac DNA. To detect a 1.3 kb band present in the wild-
type allele but deleted in the Otx2hd allele, the following primers
were used: sense strand (5-ATGATGTCTTATCTAAAGCAAC-
CGCCTTACG-3) and antisense strand (5'-TCATTGGGT-

CATCAGTATAAACCA-3'). The Otx2"d mutant allele was detected
as a 650 bp neo fragment using a set of primers corresponding to
sense strand oligonucleotide in the neo gene (5-ATCTCCTGT-
CATCTCACCTTGC-3") and antisense PGK poly(A) sequence (5'-
ACCCCACCCCCACCCCCGTAGC-3'). Samples were amplified
for 35 cycles (94°C 40 seconds; 55°C 1 minute; 72°C 1.5 minutes)
for the wild-type alele and for 40 cycles (94°C for 1 minute; 65°C
for 1 minute; 72°C for 2 minutes) for the mutant allele. Amplified
bands were visualized by agarose gel electrophoresis and ethidium
bromide staining.

In situ hybridization, immunohistochemistry and histology
Whole-mount in situ hybridization was performed as described pre-
viously (Conlon and Herrmann, 1993). For histology and section in
situ hybridization, embryos were fixed overnight in 4% paraformalde-
hyde in PBS. They were then processed and embedded in wax and
sectioned at 7 um. Slides were then dewaxed, rehydrated and stained
with hematoxylin and eosin. In situ hybridization of sections was
performed as described by Guillemot and Joyner (1993). The RNA
probes used were:- Flk-1 (Yamaguchi et al., 1993), a 1.0 kb Pem-1
cDNA containing the entire protein coding sequence, gsc (Blum et
a., 1992), Liml (Barnes et a., 1994), Brachyury (Hermann, 1991),
Mox-1 (Candia et a., 1992), HNF-33 (Ang et a., 1993), Emx-2
(Simeone et al., 1992b), a 2.1 kb BF-1 cDNA containing the entire
protein coding sequence, Netrin-1 (Serafini et a., 1994); Krox-20
(Wilkinson et a., 1989b) and Hoxb-1 (Wilkinson et al., 1989a).

Whole-mount immunocytochemistry was performed according to
the method of Davis et a. (1991), except that embryos were fixed in
4% paraformaldehyde in PBS for 2 hours. The En-2 antiserum was
used at a dilution of 1:50. The secondary antibody was peroxidase-
coupled goat anti-rabbit (Jackson laboratory) which was used at a
dilution of 1:200.

RESULTS

Targeted disruption of Otx2in ES cells by
homologous recombination

A positive/negative targeting vector containing 1.7 kb of 5 and
4.4 kb of 3' genomic sequences (Fig. 1A), was designed to
delete the homeodomain region of Otx2, and replace it by the
PGKneo cassette from the pPNT vector (Tybulewicz et al.
1991). Therefore the PGKneo insertion should truncate the
Otx2 coding sequence immediately after the first exon which
contains 32 amino acids. This alleleisreferred to as the Otx2d
alele.

The linearized targeting vector was electroporated into ES
cells (Nagy et al., 1993) and clones were selected for resis-
tance to G418 and gancyclovir. 350 double resistant clones,
obtained after electroporation of the pPNTO02 targeting
vector, were analyzed by Southern blot using a5’ internal and
a 3 external probe. Five cell lines, including 5-23, and
TE123, yielded the 3.5-kb Spel band and 13.2-kb EcoRI band
expected from a homologous recombination event (Fig. 1B).
Using a genomic probe spanning exon 2 (Fig. 1A), the
deletion of the homeobox region was confirmed in the
genomic DNA of homozygous Otx2"d mutants by Southern
blot analysis (data not shown).

The 5-23, TE123 and C-12 targeted ES cell lines were used
to generate chimeras by either ES cell-morulla aggregation
(Nagy et al., 1993) or by blastocyst injection. These chimeras
transmitted the mutation to their progeny. Mice generated from
al three lines showed identical phenotypes. The analysis
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A Xbal Py Fig. 1. Targeted disruption qf the
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] 1 - ] hd kb upon Spel digestion with the 5'
[I- Polenee I 7// ooz probe. Digestion of genomic DNA
with EcoRlI shifts the restriction
fragment identified by the 3' external probe from 12 to 13.2 kb. The
sequences amplified by PCR to identify the wild-type and Otx2" alleles
areindicated as hatched boxes. B, Bglll; E, EcoRl; S, Spel; St, Stul.
B oo Q o o bX] (B) Southern blot analysis of DNA from control line 5-22 and targeted ES
&N LN lines, 5-23 and TE123. The sizes of the DNA bands are indicated in
1016 = 10 It kilobases (kb). Both 5 and 3' probes detected predicted restriction
: fragments for the mutant (m) and wild-type (wt) allele.
i (C) Genotyping of yolk sacs of E8.5 embryos from heterozygous
3 intercrosses of Otx2hd heterozygous mice. Embryos were scored
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Fig. 2. Phenotype of Otx2
homozygous embryos. A,C,E
show wild-type or
heterozygous embryos and
B,D,F,G show homozygous
embryos at E7.5-8.5. (A,B)
E7.5 embryos. In mutant
embryos, aconstriction is seen
between embryonic and
extraembryonic regions (arrow
in B), and the embryonic
portion (B) is smaller than in
wild-type embryos (A).

(C,D) E7.7.5 embryos.
Headfolds seen at the anterior
end of normal embryos (arrow
in C) at this stage are not
visible in mutant embryos (D).
(E,F,G) E8.5 embryos.
Examples of less severely (F)
and severly (G) affected
homozygous mutants. The
curved arrow points to the

abnormal anterior neural tube (F). The severely affected mutant embryos are completely excluded from the yolk sac (G). em, embryonic
region; ex, extraembryonic region; hf, headfold; so, somites, ys, yolk sac. Anterior isto the left. Scale bar, 100 um.
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reported hereis primarily from the 5-23 line. All analyseswere
carried out on a mixed CD1/129 background.

The Otx2"d mutation leads to embryonic lethality

When heterozygous animals were crossed with wild-type CD1
females and their progeny was genotyped at 3 weeks of age,
heterozygous mice were obtained with at a frequency of
141/311, less than the expected 50% ratio. These heterozygous
mice appeared normal and were fertile. However, when off-
springs from heterozygous intercrosses were harvested at E9.5
ane E10.5, a small fraction (8/149) of normal size embryos
showed an open neura tube defect at the forebrain and
midbrain levels. Caudal to the midbrain region, these embryos
looked identical to wild-type embryos (data not shown). All
these embryos have been genotyped to be heterozygous
animals. The Otx2hd mutation thus result in a heterozygous
phenotype that is weakly penetrant on the CD1/129 back-
ground, and this heterozygous phenotype may explain the
slightly lower number of heterozygous animals obtained at 3
weeks of age. This phenotype will be analyzed in more detail
elsewhere.

When intercrosses of Otx2hd heterozygous animals were
analyzed at birth, no homozygous newborn animals were
found, indicating that Otx2 is required for embryonic devel-
opment (Table 1). To characterize the embryonic lethality, we
analyzed litters from heterozygous intercrosses from E7.25 to
E10.5. Homozygous mutant embryos were present between
E7.25 and E9.5 at roughly the expected frequency of 25%,
however, at E10.5, the proportion of mutants obtained declined
to 17% and these mutant embryos were either severely growth
retarded or being resorbed (Table 1). Thus, the Otx2hd mutation
leads to embryonic lethality around E10.5. The results from a
typical genotyping analysis of yolk sacs from E8.5 embryos
generated from Otx2™ heterozygous intercrosses is illustrated
in Fig. 1C.

Morphological and histological analysis of the
Otx2hdhomozygous phenotype

By E7.25-E7.5 (mid- to late-streak stage), homozygous
embryos were morphologically distinguishable from normal
embryos. The abnormal looking embryos were smaller in the
embryonic portion than their littermate (Fig. 2A,B), and these
embryos were confirmed to be homozygous mutant by PCR
analysis (Table 1). Sections through mutant embryos at this
stage demonstrated clearly that these embryos had initiated
gastrulation and mesoderm had formed all around the embryo.
Embryonic ectoderm, mesoderm and endoderm cells are
present in mutant embryos, however some of the ectoderm
cells appeared disorganized and lost their characteristic epi-
thelia structure (Fig. 3A-C).

In the extraembryonic region, the yolk sac looked
abnormal and displayed a characteristic ruffled appearance in
the endoderm layer (Fig. 3B,C), which reflected a reduced,
discontinuous underlying extraembryonic mesoderm layer.
The yolk sac was also constricted in the position normally
occupied by the amnion, thus isolating the extraembryonic
from the embryonic region (Fig. 3A-C). The allantois was
poorly developed and formed around ball of cells, in contrast
toitsfairly long and extended appearance in normal embryos
at this stage. It was aso often disconnected from the

Table 1. Genotype of mice resulting from Otx2d
heter ozygous inter cr osses

Stage ++ Otx2nd/+ Otx2"d/Otx2hd (%)
75 12 27 13 (25)
85 24 43 22 (25)
95 16 32 14 (23)
105 15 23 8 (17)*
Postpartum 18 36 0

*Embryos were either severely growth retarded or being resorbed.

embryonic portion of the conceptus (Fig. 3C and data not
shown).

At E7.75 (headfold stage), the headfolds forming at the
rostral end of wild-type embryos were not apparent in
homozygous mutant embryos (Fig. 2C, D). At E8.5 (somite
stage), variations in the phenotype of the mutants were found.
We have divided the mutants at this stage into a less severe
class, which includes embryos enclosed in the yolk sac, and
a more severe class whereby the embryos are completely
excluded from the yolk sac (Fig. 2G). In the less severely
affected class of mutants, there was also fairly good devel-
opment of somites posteriorly and a rudimentary heart
(Fig. 2F and data not shown). At the anterior end, the neural
tube looked extremely abnormal with either numerous folds
or a single fused structure instead of open neural folds
(Figs 2F, 5E). Compared to wild-type or heterozygous
embryos, no forebrain or midbrain tissue could be identified
suggesting that deletion of neural tissue had occurred anteri-
orly. The somites were not always normal; in some embryos
they were fused at the midline or were irregularly shaped
(Fig. B5E). The more severely affected homozygous mutant
embryos were smaller than the first class of mutants, wrapped
up anteriorly in definitive endoderm and showed improper
segmentation of mesoderm into somites (Fig. 2G). Some of
the mutantsin this class were very thin and spiral-shaped and
showed no sign of organogenesis and segmentation of
mesoderm into somites (data not shown). The two different
classes of mutants occurred at approximately the same
frequency.

Defects in gastrulation and extra-embryonic
structures in Otx2"¥homozygous embryos

The small size and abnormal morphology of E7.25 embryos
demonstrated that defects had aready occurred in homozy-
gous mutants at this early stage. To determine if defects
occurred in the primitive streak, we analyzed the expression
of the genes goosecoid (gsc) and Brachyury. goosecoid is a
homeobox gene expressed in the anterior primitive streak
region in mid- to late-streak stage embryos (Fig. 4A and
Blum et al., 1992). goosecoid-expressing cells were found
ectopically located in the proximal region of homozygous
mutants in one case and was absent in three other embryos
analysed (Fig. 4B and data not shown). Previous studies have
demonstrated that gsc is expressed transiently in the anterior
primitive streak in wild-type embryos (Blum et al., 1992).
Since it is difficult to accurately stage the homozygous
mutant embryos due to their abnorma morphology, we
cannot distinguish whether the mutant embryos that fail to



express gsc do so because they are older than the |ate-streak
stage or because Otx2 is required for the maintenance of gsc
expression at this early stage. The Brachyury gene is
expressed along the entire proximal-distal extent of the
primitive streak at the mid- to late-streak stage (Hermann,
1991). In some homozygous mutants, Brachyury expression
was only found in the proximal region in a similar position
as gsc-expressing cells in Otx2"d homozygous mutants (data
not shown), while others showed almost complete extension
but a thickening of the region of the primitive streak |abeled
(Fig. 4F). Together, these results demonstrate that Otx2d
homozygous mutants show severe early gastrulation defects,
characterized by a lack of proper primitive streak organiz-
ation.

To assess the presence in mutants of the different extraem-
bryonic tissues, we analysed the expression of the extraem-
bryonic markers FIk1 and Pem. FIK1 is expressed in wild-
type E7.5 embryos in nascent mesoderm of the proximal
part of the primitive streak, extraembryonic yolk sac
mesoderm, and proximoanterior embryonic mesoderm (Fig.
3E and Yamaguchi et al., 1993). Flk-1 expression in homo-
zygous mutant embryos at this stage was detected in all
these tissues indicating that specification of mesoderm
derived from the proximal primitive streak is occurring
normally. However, in some cases there was abnormal
accumulation of mesoderm cells in the proximal region
between the embryonic and extraembryonic regions (Fig.
3H). Pem is a homeobox gene expressed specifically in
extraembryonic tissues (Fig. 3F and Lin et al., 1994). All the
Pem-expressing tissues (yolk sac, chorion, primitive
endoderm and ectoplacental cone) could be recognized in the
mutant embryos, but the yolk sac looked abnormal in the
mutants between the embryonic and extraembryonic regions

(Fig. 31).

Prechordal mesoderm and notochord are severely
affected in Otx2Md mutant embryos

To determine if the different populations of embryonic
mesoderm tissues were present in mutants at E8.5, the
markers Brachyury, Mox-1 (Candia et al., 1992) and Liml
(Barnes et al., 1994) were used to identify axial, paraxial and
lateral mesoderm cells, respectively. Both Mox-1 and Lim-1
expression could be detected in mesoderm cells of mutant
E8.5 embryos, indicating that the homozygous mutants
contain paraxial and lateral mesoderm cells (Fig. 4J,L). Mox-
1 expression in the somites in posterior regions was similar
in homozygous mutants and their littermates (Fig. 4l,J).
Anteriorly however, Mox-1 expression spread across the mid-
line, as expected from the observed fusion of somites. In four
out of five embryos analyzed, Brachyury expression in
homozygous mutants was absent in the anterior midline, at
the normal position of the notochord (Fig. 4M,0). In one
case, Brachyury-expressing cells were present anteriorly but
appeared to bud off and diverge from the axial notochord
(Fig. 4N). Thus, axial mesoderm cells are severly affected in
Otx2hd homozygous embryos, while paraxial and lateral
mesoderm cells do develop more normally. The appearance
of fused somites is consistent with axial mesoderm defects
since it has also been seen in other notochordless mouse
mutants and notochordless chick embryos (Dietrich et al.,
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1993; Ang and Rossant, 1994; Teillet and le Douarin, 1983;
Rong et al., 1992).

We next tested whether axial mesoderm defects occurred at
earlier stages than those examined above. Liml, Brachyury,
and HNF-30 (Ang et al., 1993; Monaghan et al., 1993; Sasaki
and Hogan, 1993) are all expressed in the node and head-
process in wild-type embryos at E7.5 (Fig. 4C,E,G). HNF-3f3
and Liml are also expressed in midline cells anterior to the
notochord known as prechordal mesoderm cells (Fig. 4C,G —
arrows). In homozygous mutants, all three genes were
expressed in the node and in a few cells extending anteriorly
at a short distance from the node (Fig. 4D,F,H). This was in
sharp contrast to wild-type embryos in which labelled head-
process cells had migrated much further anteriorly (Fig.
4C,E,G). In particular, the anterior-most midline expression of
Lim-1 and HNF-33 in the prechordal mesoderm cells were
missing in the mutants (arrows in 4D and H). These results
suggest that the defects in axial mesoderm cells observed at
E8.5 are due to a failure in the generation of these cells at
earlier stages. Prechordal mesoderm fail to develop and
notochord development isincomplete in E7.5 Otx2d homozy-
gous embryos.

Deletion of anterior brain regions rostral to
rhombomere 3

To determine precisely how much rostral brain tissue was
deleted in mutant embryos, severa A-P region-specific neura
markers were used to characterise Otx2"d homozygous
embryos. For these studies, we used only E8.25-E8.5 mutant
embryos from the less severe class, where the head is free of
underlying yolk sac and is not surrounded by endoderm tissue.
At E8.5, the forkhead-related gene, BF1 (Tao and Lai, 1992),
and the homeobox gene, Emx-2, which are normally specifi-
cally expressed in the telencephalon, and part of the dien-
cephalon for Emx-2 (Simeone et al., 1992b), were not
expressed in the neural tube of homozygous mutant embryos,
thus demonstrating the absence of these tissues in mutant
embryos (data not shown). Lack of HNF-33 and netrinl
(Seréfini et a., 1994), in the rostral portion of the neural tube
of mutants embryos demonstrated the absence of ventra
midbrain tissue (Fig. 5B,E and data not shown). Furthermore,
we analyzed mutant embryos for En protein expression by
whole-mount antibody staining. No expression of En was
observed in three E8.5 mutant embryos, indicating that the
midbrain and anterior hindbrain regions were missing in
homozygous mutants (Fig. 5A,D). These results demonstrate
that forebrain, midbrain and anterior hindbrain are missing in
Otx2hd homozygous mutants.

To further characterize at what level in the hindbrain
deletion had occurred, homozygous E8.5 mutants of the less
severely affected group were analyzed for expression of two
hindbrain markers, Hoxb-1 (Wilkinson et a ., 1992a) and Krox-
20 (Wilkinson et al., 1992b). Hoxb-1 was expressed in rhom-
bomere 4 and the posterior spinal cord in both mutant and wild-
type animals (Fig. 5C,F). Krox-20 was expressed in two bands
across the neural tube in mutants as in wild-type or heterozy-
gous embryos. However in mutants the first band of expression
occurred close to or at the anterior-most end of the embryo
(Fig. 5B,E and data not shown). These results demonstrate that
in homozygous mutants, neural tissues anterior to rhombomere
3 have been deleted.
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Fig. 3. Sections of wild-type and mutant embryos in decidua analyzed by histology or
in situ hybridization. Near sagittal sections of late streak stage wild-type (A) or
homozygous mutant embryos (B,C). Embryonic ectoderm (ect), mesoderm (me) and
endoderm (en) cells can be seen in sections of homozygous mutants, however some of
the ectoderm cells looked disorganised and lost their characteristic epithelial structure
(arrowhead). The yolk sac endoderm cells appeared ruffled in homozygous mutants
(B,C) compared to wild-type embryos (A) and separated the extraembryonic from the
embryonic regions (arrows in B,C). The allantois (al) was often disconnected from the
embryo in mutants unlike normal embryos (C). (D-1) Oblique sections of wild-type
and mutant embryos analysed with the FIk1 and Pem1 probes. (E,H) Adjacent sections
of wild-type and mutant embryos showing accumulation of Flk-1-expressing
mesoderm cellsin the proximal region of the mutant embryo (arrow in H). Peml
expression was detected in extraembryonic tissues both in wild-type (F) and mutant
embryos (1). Scale bar, 100 um. ect, ectoderm; me, mesoderm; en, endoderm; xm,
extraembryonic mesoderm; am, amnion; a, allantois; epc, ectoplacental cone; ch,
chorion.

Fig. 4. Whole-mount analysis of mesoderm
markers in wild-type or heterozygous embryos
(A,C,E,G,I,K,M) and homozygous mutant
embryos(B,D,F,H,JL,N,O) at E7.25-E8.5
(anterior isto the left in A-H, and M-O or to
thetopinI-L). (A,B) gsc expressionin E7.25
embryos. (A) gsc expression in anterior
primitive streak cellsin normal embryos.

(B) gsc-expressing cells were present but only
in the proximal region of the mutant embryo.
(C,D) Liml expression in E7.25 embryos.

(C) In normal embryos, Liml is expressed in
the mesodermal wings, node, head process and
prechordal mesoderm cells (arrow in C). In
mutants, Lim1 is expressed in the same areas
except there was no expression in the
prechordal mesoderm region (arrow in D).
(E,F) Brachyury expression in E7.75 embryos
at the headfold stage. (E) Brachyury is
expressed in the primitive streak, node and
head process in normal embryos. (F) In mutant
embryos, Brachyury expression is expanded in
the primitive streak (open arrowhead), in the
node (arrow) and in a few headprocess cells
extending anteriorly from the node
(arrowhead). (G,H) HNF-33 expression in
E7.75 embryos. (G) In E7.75 wild-type
embryos, HNF-33is expressed in the node,
head process and prechordal mesoderm
(arrow). (H). In mutant embryos, HNF-38is
expressed in the node, in a shortened
headprocess but not in the prechordal
mesoderm area (arrow). (1,J) Mox-1 expression
in E8.5 embryos. (I) Mox-1 is expressed in the
somitic mesoderm of wild-type embryos. (J) In
mutants, Mox-1 expression anteriorly is spread
across the midline (arrow). (K, L) Liml
expression in E8.5 embryos. Liml is expressed
in the lateral mesoderm of normal embryos (K)
and mutant embryos (L). (M,N,O) Brachyury
expression in E8.5 embryos. In normal
embryos, Brachyury is expressed in the
notochord and in the posterior primitive streak
region. In mutant embryos, Brachyury-
expressing cells are displaced from the midline
anteriorly (arrowheadsin N), or missing from
the anterior and trunk regions (O). However,
Brachyury was expressed in the primitive
streak of mutants (N,0). Scale bar, 100 pm.
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Fig. 5. Whole-mount RNA in situ
hybridization and antibody staining
of anteroposterior CNS markersin
E8.5 wild-type or heterozygous
embryos (A,B,C) and E8.5
homozygous mutant embryos
(D,E,F). (A,D) Enisexpressed in
normal embryos (A), but is missing
from mutant embryos (D). (B,E).
Krox-20 and Netrin-1 expression in
embryos. Expression of Krox-20 is
detected in both rhombomeres 3 and
5 in wild-type (white arrowsin B)
and mutant embryos (white arrows
in E). Netrin-1 expression was not
seen in the CNS but was expressed
in the fused somitic mesoderm of
mutant embryos (black arrowhead).
(C,F) Hoxb-1 expression in
embryos. Hoxb-1 is expressed in
rhombomere 4 and posterior spinal
cord in both normal (C) and mutant
embryos (F). Scale bar, 100 um.
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DISCUSSION

Deletion of the homeobox region of the Otx2 gene produced
an embryonic lethal phenotype in mice. The phenotype was
characterized by severe gastrulation defects, absence of pre-
chordal mesoderm, reduced notochord production and severe
anterior truncations. All mutant embryos were severely growth
retarded or resorbed by E10.5, presumably because the sepa-
ration of embryonic and extraembryonic regions resulted in
defective yolk sac circulation. Given that Otx2 is broadly
expressed at the pre-streak and early streak stage embryos, and
is later restricted to anterior structures, this phenotype impli-
cates Otx2 in several different aspects of early postimplanta-
tion patterning.

Early gastrulation defects in Otx2"'¥homozygous
mutants

In the mid- to late-streak stage mutant embryos, the incom-
plete elongation of the primitive streak, the accumulation of
mesoderm cells between embryonic and extraembryonic
region of the embryo and the ectopic location of gsc-express-
ing cellsin the proximal region, indicate that Otx2 is required
in some manner for the normal organization of the streak.
Otx2hd homozygous mutants also showed defects in extraem-
bryonic structures. The ruffling in the yolk sac is most likely
caused by defects in the migration and accumulation of
extraembryonic mesoderm.

The smaller size of the embryonic portion of mutant
embryos at the mid-streak stage suggests that proliferation of
the epiblast tissue could also be affected or delayed in absence
of Otx2. To examine whether cell proliferation in the epiblast
is affected at this early stage, BrdU incorporation experiments
will be performed. In addition, the severe constriction observed
between embryonic and extraembryonic regions in Otx2"d
mutants suggest that other processes besides proliferation are
also affected in the mutants. A very similar extraembryonic-
embryonic constriction was a so observed in HNF-33 mutants
(Ang and Rossant, 1994; Weinstein et al., 1994) and to alesser
extent in Lim-1 mutants (Shawlot and Behringer, 1995), both
of which also affect node and notochord development, sug-
gesting that alteration of these processes is somehow involved
in the generation of the constriction.

Otx2is required for proper prechordal mesoderm
and notochord development

We have demonstrated that the prechordal mesoderm is
missing in Otx2"d homozygous mutant embryos at the headfold
stage using Lim-1 and HNF-33 genes as markersfor thistissue.
These results demonstrate that Otx2 is an essentia regulator of
prechordal mesoderm development. Recent phenotypic studies
on Liml homozygous mutants have also demonstrated an
essential rolefor the Lim1 gene in prechordal mesoderm devel-
opment. Since Otx2 and Lim1 are both expressed in prechordal
mesoderm in headfold stage embryos and are required for its
development, it will be interesting to study whether these two
genes might function in the same genetic pathway.

Defects in notochord development were also observed in
Otx2hd homozygous embryos. In the late streak and headfold
stage embryos, there was limited midline extension of the head
process. In later embryos, the notochord formed only at the
most posterior end in some cases, while in other cases,

notochord cells were present but misplaced lateral to the
midline. Anterior notochord normally express Otx2 at the
midbrain level (Ang et a., 1994), perhaps explaining the
anterior notochord defects observed in mutant embryos.
However abnormalities in the development of notochord cells,
which normally do not express Otx2 at the hindbrain and trunk
levels, cannot be readily explained. It seems likely that the
failure of later notochord development reflects earlier defects
in headprocess development. Interestingly, studies of Otx2 in
Xenopus and chick have demonstrated Otx2 expression in the
organizer tissue of these species, namely dorsal blastopore lip
and the Hensen’ s node respectively (Pannese et al., 1995; Blitz
et al., 1995; Bailly-Cuif et a., 1995). Thus, by analogy to the
situation seen in these species, Otx2 might be expressed in the
presumptive node at the anterior end of the primitive streak in
early streak stage mouse embryos (Lawson et a., 1991), this
expression being obscured by the simultaneous widespread
expression of Otx2 in the epiblast at this stage. Lost of Otx2 in
this structure may be responsible for the notochord defects at
later stages.

Otx2is required for rostral brain development
during mouse embryogenesis

Otx2hd homozygous mutants that failed to become enclosed by
visceral yolk sac by E85 due to the severe constriction
between embryonic and extraembryonic regions, were
extremely abnormal and in some cases seemed to lack any
axial organization. However, the less severely affected
embryos that were still enclosed in the yolk sac, allowed delin-
eation of specific anterior defects in the mutants.

By EB8.25, deletions in the anterior neural tube rostral to
rhombomere 3 were clearly apparent in these homozygous
mutants. Loss of forebrain, midbrain and anterior hindbrain
was demonstrated using early molecular markers for these
tissues such as BF1, Emx-2 and En. This phenotype could have
been predicted, given the anterior expression of Otx2 and its
relationship to the Otd gene in Drosophila. Loss of function
mutationsin otd in flies lead to deletion of anterior head struc-
tures (Finkelstein et al., 1990). These results support evol-
utionary conservation of the function of these genes in head
development in flies and mice.

Thisinterpretation of the phenotype assumes that Otx2 acts
autonomously in the anterior CNS and is required for the
specification of these regions. However, this hypothesis
cannot readily explain why structures posterior to the
expression domain of Otx2 are also deleted. Otx2 expression
caudally marks the mid-hindbrain boundary. However,
deletions of the hindbrain region, containing the En-express-
ing domain of the metencephalon and close to the anterior
border of rhombomere 3, occur in mutant embryos. This
could either be due to an early expression of Otx2 in cells
fated to become hindbrain at the late-streak stage or to a
dependence of anterior hindbrain development on more
rostral neural tube. Comparison of the fate-map studies of late
streak stage embryos with the domain of Otx2 expression at
this stage suggest that this domain does not include hindbrain
territories (Tam, 1989). However a more extensive study is
necessary to exclude this possibility.

Alternatively, loss of anterior neural tissue could be an
indirect consequence of the loss of notochord and prechordal
mesoderm in the Otx2"d homozygous mutants. Classical



embryological studies have demonstrated a role for both these
tissues in the induction and patterning of the neura tube
(reviewed by Slack and Tannahill, 1992; Doniach, 1993; Ruiz
i Altaba, 1994). A role for the prechorda mesoderm was
supported by the phenotype of Lim1 null homozygous mutants
(Shawlot and Behringer, 1995). In contrast, a role for the
notochord tissue in A-P neura tube patterning has not been
confirmed by mutant studies in mice. Mouse embryos lacking
the HNF-33 gene do not devel op a notochord, yet they showed
expression of rostral brain markers (Ang and Rossant, 1994;
Weingtein et al., 1994). Together, these results suggest an
essential role for the prechordal mesoderm, but not the
notochord, in patterning of the anterior neural tube in mice.
Furthermore, the Lim1 mutant phenotype is remarkably similar
to that of the Otx2"d homozygous mutants, in that deletions of
the anterior neural tube occur at about the same anteropos-
terior level (Shawlot and Behringer, 1995). Thus, loss of rostral
brain tissues observed in Otx2"d homozygous mutants could be
a consequence of the lack of prechordal mesoderm develop-
ment.

To distinguish between these hypotheses, we are planning
to recombine mesoderm tissue from homozygous mutant
Otx2"d embryos with ectoderm tissue from wild-type embryos
to determine if the mutant mesoderm tissue can induce
expression of anterior neural markers such as En genes. The
reverse experiment of recombining ectoderm tissue from
Otx2hd homozygous embryos and mesoderm from wild-type
embryos will be performed to determine if the Otx-2 negative
ectoderm tissue can respond to inducing signals from the
mesoderm. The use of the in vitro tissue recombination assay
(Ang and Rossant, 1993, 1994) to analyze Otx2"d mutants
should allow us to dissect the roles of Otx2 in the ectoderm
and mesoderm tissues at the late-streak stage.

In conclusion, Otx2"d homozygous mutants show complex
defectsin gastrulation, axial mesoderm and rostral brain devel-
opment that implicate Otx2 in the pathways of primitive streak
organization, axial mesoderm development as well as anterior
head development. Further experiments will be required to
dissect out these different roles.

We would like to thank Dr André Dierich and Dr Marianne Lemur
for generating the germline chimeras with the TE123 ES cell line. We
are grateful to Dr Frangois Guillemot for performing sectioned in situ
hybridization experiments, and for critical reading of the manuscript
and to Isabelle Tilly and Christine Engel for excellent technical assis-
tance. We wish to thank Drs R. Behringer, B. G. Hermann, K.
Kaestner, R. Krumlauf, A. P. McMahon, E. M. de Robertis, M.
Tessier-Lavigne, D. G. Wilkinson and C. V. E. Wright for gifts of
probes. S.-L.A. was supported by a fellowship from the Fondation de
laRecherche Médicale, O. J. holds a Univerisity of Toronto Open fel-
lowship, and J. R. is a Terry Fox Research Scientist of the National
Cancer Ingtitute of Canadaand an International Scholar of the Howard
Hughes Institute. Thiswork was supported by funds from the Institute
National de la Santé et de |la Recherche Médicale, the Centre National
de la Recherche Scientifique, and the Centre Hospitalier Universitaire
Régional and grants from the Medical Research Council of Canada
and Bristol-Myers Squibb Ltd.

REFERENCES

Ang, S.-L. and Rossant, J. (1993). Anterior mesendoderm induces mouse
Engrailed genesin explant cultures. Development 118, 139-149.

Otx2 in mesoderm and neural tube patterning 251

Ang, S-L.and Rossant, J. (1994). HNF-3isessential for nodeand notochord
formation in mouse development. Cell 78, 561-574.

Ang, S-L.,Wierda, A.,Wong, D., Stevens, K. A., Cascio, S., Rossant, J. and
Zaret, K. S. (1993). The formation and maintenance of the definitive
endoderm lineage in the mouse: involvement of HNF-3/forkhead proteins.
Development 119, 1301-1315.

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, 979-989.

Bailly-Cuif, L., Gulisano, M., Broccali, V. and Boncinelli, E. (1995). c-otx2
isexpressed in two different phases of gastrulation and is sensitiveto retinoic
acid treatment in chick embryo. Mech. Dev. 49, 49-63.

Barnes, Joseph D., Crosby, J. L., Jones, C. M., Wright, C. V. E. and Hogan,
B. L. M. (1994). Embryonic expression of Lim-1, the mouse homolog of
Xenopus XLim-1, suggests a role in lateral mesoderm differentiation and
neurogenesis. Dev. Biol. 161, 168-178.

Beddington, R. S. P. (1994). Induction of a second neural axis by the mouse
node. Development 120, 613-620.

Blitz, I. C. and Cho K. W. Y. (1995). Anterior neurectoderm is progressively
induced during gastrulation: the role of the Xenopus homeobox gene
orthodenticle. Development 121, 993-1004.

Blum, M., Gaunt, S. J., Cho, K. W. Y., Steinbeisser, H., Blumberg, B.,
Bittner, D. and De Robertis, E. M. (1992). Gastrulation in the mouse: the
role of the homeobox gene goosecoid. Cell 69, 1097-1106.

Candia, A. H., Hu, J., Crosby, J., Lalley, P. A., Noden, D., Nadeau, J. H.
and Wright, C. V. E. (1992). Mox-1 and Mox-2 define a novel homeobox
gene subfamily and are differentially expressed during early mesodermal
patterning in mouse embryos. Development 116, 1123-1136.

Conlon, R. A. and Herrmann, B. G. (1993). Detection of messenger RNA by
in situ hybridization to postimplantation embryo whole mounts. In Methods
in Enzymology, Guides to Techniques in Mouse Development vol. 225. (ed.
P. M. Wassarman and M. L. DePamphilis), pp. 373-383. New York:
Academic Press.

Dalton, D., Chadwick, R. and McGinnis, W. (1989). Expression and
embryonic function of empty spiracles: a Drosophila homeobox gene with
two patterning functions on the anterior-posterior axis of the embryo. Genes
Dev. 3, 1940-1956.

Davis, C. A,, Holmyard, D. P., Millen, K. J. and Joyner, A. L. (1991).
Examining pattern formation in mouse, chicken and frog embryos with an
En-specific antiserum. Development 111, 287-298.

Dietrich, S, Schubert, F. R. and Gruss, P. (1993). Altered Pax gene
expression in murine notochord mutants: the notochord isrequired to initiate
and maintain ventral identity in the somite. Mech. Dev. 44, 189-207.

Doniach, T. (1993). Planar and vertical induction of anteroposterior pattern
during the development of the amphibian central nervous system. J.
Neurobiol. 24, 1256-1275.

Finkelstein, R., Smouse, D., Theresa, M. C., Spradling, A. C. and
Perrimon, N. (1990). The orthodenticle gene encodes a novel homeo
domain protein involved in the development of the Drosophila nervous
system and ocellar visual structures. Genes Dev. 4, 1516-1527.

Finkelstein, R. and Boncinelli, E. (1994). From fly to mammalian forebrain:
the story of otd and Otx. Trends Neurosci. 9, 310-315.

Guillemot, F. and Joyner, A. L. (1993). Dynamic expression of the murine
achaete-scute homolog (MASH-1) in the devel oping nervous system. Mech.
Dev. 42, 171-185.

Herrmann, B. G. (1991). Expression pattern of the Brachyury gene in whole-
mount mutant embryos. Development 113, 913-917.

Krumlauf, R. (1994). Hox genesin vertebrate development. Cell 78, 191-201.

Lawrence, P. A. and Morata, G. (1994). Homeobox genes: Their function in
Drosophila segmentation and pattern formation. Cell 78, 181-189.

Lawson, K. A., Meneses, J. J., and Pedersen, R. A. (1991). Clonal analysisof
epiblast fate during germ layer formation in the mouse embryo. Devel opment
113, 891-911.

Lin, T.-P., Labosky, P.A., Grabel, L. B., Kozak, C. A., Pitman, J. L.,
Kleeman, J. and MacL eod, (1994). The Pem homeobox gene is X-linked
and exclusively expressed in extraembryonic tissues during murine
development. Dev. Biol. 166, 170-179.

Monaghan, A. P., Kaestner, K. H., Grau, E. and Schutz, G. (1993).
Postimplantation expression patterns indicate a role for the mouse
forkhead/HNF-3 a, 3 and y genes in determination of the definitive
endoderm, chordamesoderm and neurectoderm. Devel opment 119, 567-578.

Nagy, A., Rossant, J., Nagy, R., Abramow-Newerly, W. and Roeder, J. C.
(1993). Viable cell culture-derived mice from early passage embryonic stem
cells. Proc. Natl. Acad. Sci. USA 90, 8424-8428.



252  S.-L. Ang and others

Pannese, M ., Polo, C., Andreazzali, M., Vignali, R., Kablar, B., Barsacchi,
G. and Boncindlli, E. (1995). The Xenopus homologue of Otx2 isamaternal
homeobox gene that demarcates and specifies anterior body regions.
Development 121, 707-720.

Rong, P. M., Teillet, M.-A., Ziller, C.and Le Douarin, N. M. (1992). The
neural tube/notochord complex is necessary for vertebral but not limb and
body wall striated muscle differentiation. Development 115, 657-672.

Ruizi Altaba, A. (1994). Pattern formation in the vertebrate neural plate. TINS
17,233-243.

Sasaki, H. and Hogan, B. |. M. (1993). Differential expression of multiplefork
head related genes during gastrulation and axial patterninthe mouse embryo.
Development 118, 47-59.

Serafini, T., Kennedy, T., Galko, N., Mirzayan, C., Jessell, T. and Tessier-
Lavigne, M. (1994) The netrins define a family of axon outgrowth-
promoting proteins homologousto C. elegans UNC-6. Cell 78, 409-424.

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

Simeone, A., Acampora, D., Gulisano, M., Stornaiuolo, A. and Boncinelli,
E. (1992a). Nested expression domains of four homeobox genes in
developing brain. Nature 358, 687-690.

Simeone, A., Gulisano, M., Acampora, D., Stornaiuolo, A., Rambaldi, M.
and Boncinelli, E. (1992b). Two vertebrate homeobox genes related to the
Drosophila empty spiracles gene are expressed in the embryonic cerebral
cortex. EMBO J. 11, 2541-2550.

Simeone, A., AcamporaD., Mallamaci, A., Stornaiuolo, A., D' Apice, M. R.,
Nigro, V. and Boncinelli, E. (1993). A vertebrate gene related to
orthodenticle contains a homeodomain of the bicoid class and demarcates
anterior neuroectoderm in the gastrulating mouse embryo. EMBO J. 12,
2735-2747.

Simeone, A., Avantaggiato, V., Moroni, M. C., Mavillo, F., Arra, C.,
Cotdli, R., Nigro, V. and Acampora, D. (1995). Retinoic acid induces
stage-specific antero-posterior transformation of rostral central nervous
system. Mech. Dev. 51, 83-98.

Slack, J. and Tannahill, D. (1992). Mechanism of anteroposterior axis
specification in vertebrates. Lessons from amphibians. Development 114,
285-302.

Spemann,H. (1938). Embryonic Development and Induction. Yale University
Press.

Tam, P. P. L. (1989). Regionaization of the mouse embryonic ectoderm:
alocation of prospective ectodermal tissues during gastrulation.
Development 107, 55-67.

Tao, W. and Lai, E. (1992). Telencephalon restricted expression fo BF-1, a
new member of the HNF-3/forkhead genefamily, in the developing rat brain.
Neuron 8, 957-966.

Teillet, M.-A. and Le Douarin, N. M. (1983). Consequences of neural tube
and notochord excision on the development of the peripheral nervous system
inthe chick embryo. Dev. Biol. 98, 192-211.

Tybulewicz, V. L. J., Crawford, C. E., Jackson, P. K., Bronson, R. T., and
Mulligan, R. C. (1991). Neonatal lethality and lymphopeniain mice with a
homozygous disruption of the c-abl proto-oncogene. Cell 65, 1153-1163.

Waddington, C. H. (1933). Induction by the primitive streak and its
derivativesin the chick. J. Exp. Biol. 10, 38-46.

Weinstein, D. C., Ruizi Altaba, A., Chen, W. S., Hoodless, P., Prezioso, V.
R.,Jessal, T. M., Darnell, J. E., Jr. (1994). The winged-helix transcription
factor HNF-38isrequired for notochord development in the mouse embryo.
Cell 78, 575-588.

Wilkinson, D. G., Bhatt, S., Cook, M., Boncindli, E. and Krumlauf, R.
(1989a). Segmental expression of Hox-2 homeobox genes in the developing
mouse hindbrain. Nature 341, 405-409.

Wilkinson, D. G., Bhatt, S, Chavrier, P., Bravo, R. and Charnay, P.
(1989h). Segment-specific expression of azinc-finger geneinthe developing
nervous system of the mouse. Nature 337, 461-464.

Wurst, W. and Joyner, A. L. (1992). Production of targeted embryonic stem
cell lines. In Gene Targeting: A Practical Approach, (ed. A. L. Joyner), pp.
31-62. Oxford: Oxford University Press.

Yamaguchi, T. P., Dumont, D. J., Conlon, R. A., Breitman, M. L. and
Rossant, J. (1993). flk-1, an flt-related receptor kinase is an early marker for
endothelial cell precursors. Development 118, 489-498.

(Accepted 25 September 1995)



