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Homeobox gene transcription factors direct multiple functions during development. They are involved in
early patterning of the embryo as well as cell specification, cell differentiation, and organogenesis. Here we
describe a previously uncharacterized murine homeobox gene, Sax2, that shows high similarity to the Dro-
sophila S59/slouch and murine Saxl genes. We show that Sax2 gene expression occurs early during embryo-
genesis in the midbrain, the midbrain-hindbrain boundary, the ventral neural tube, the developing eye, and the
apical ectodermal ridge of the limb. To determine the role of Sax2 during development, we generated a
knockout mouse line by replacing part of the Sax2 coding sequences with the lacZ gene. The Sax2 null allele
mutants exhibit a strong phenotype indicated by growth retardation starting immediately after birth and
leading to premature death within the first 3 weeks postnatal. Intriguingly, our studies also demonstrated a
striking autoregulation of the Sax2 gene in both positive- and negative-feedback mechanisms depending on the

specific cell type expressing Sax2.

Homeobox genes play crucial roles during development as
has been most extensively described for the Hox genes in Dro-
sophila. In addition to the Hox genes, there are more than 20
homeobox gene families, most of which are involved in the
development or cell type specification within the developing
embryo. Homeobox genes have an established role in govern-
ing the development of the nervous system, and early during
embryogenesis homeobox genes are involved in patterning of
the future brain and the spinal cord. While the Hox genes are
expressed in the spinal cord and the hindbrain with a rostral
border of expression in rhombomere 2, members of other
homeobox gene families (e.g., Dlx, Emx, Otp, and Otx) are
involved in directing the development of the rostral brain.
Early on, the brain is divided into the forebrain, midbrain, and
hindbrain regions, and these regions undergo further subdivi-
sions throughout development. Recently much attention has
been focused on the midbrain-hindbrain boundary region, the
isthmic organizer, one of the two major organizers responsible
for the development of the brain. It has been shown that
several homeobox genes are involved in establishing the isth-
mic organizer. Antagonistic expression of the homeobox genes
Ot2 and Gbx2 defines the precise position of the isthmic
organizer, while other homeobox genes such as Pax2/5 and
Enl/2 are required for the isthmic organizer activity (reviewed
in references 43 and 54). Homeobox genes also play an impor-
tant role in the developing neural tube, especially in the pat-
terning and cell fate specification of the ventral neural tube.
The dorsal-ventral patterning of the ventral neural tube is
dependent on inductive signals derived from the floor plate
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and the notochord, mediated largely by the secreted protein
sonic hedgehog (Shh). Shh induces the differentiation of five
distinct neural subtypes at defined positions in the ventral
neural tube that are identified by the combinatorial expression
of a group of homeodomain proteins. These homeodomain
proteins can be divided into two classes by their pattern of
regulation: class I homeobox genes are repressed and class II
homeobox genes are activated by Shh. Pairs of class I and class
II homeodomain proteins are expressed in mutually exclusive
progenitor domains defining the boundaries of these domains,
and their cross-repressive interaction defines the neuronal sub-
type identity (reviewed in references 5, 27, and 38).

The homeobox gene Sax2 and its predicted translation prod-
uct show high similarity to the Drosophila S59/slouch gene and
the mouse Sax/ gene (11, 44, 45). Aside from mouse and
Drosophila, members of this family have been described in
chicken (41), Caenorhabditis elegans (19), flatworms (35), Xe-
nopus (26), and humans (32). In mammals there appear to be
only two Sax genes forming the NK/ gene family, which is part
of the NKL gene cluster (20). Other gene families of this
cluster include the Hmx, Msx, and other NK gene families.
Expression patterns for the NKI gene family have been de-
scribed in Drosophila, mouse, and chicken. Drosophila S59/
slouch gene expression occurs about 5 h after fertilization in
mesoderm cells that develop into muscle founder cells. In
addition, the Drosophila S59/slouch gene is expressed in the
developing nervous system and to a lesser extent in the midgut
(11). The mouse Sax! gene is expressed early in the ectoderm
lateral to the primitive streak, and later SaxI expression is
restricted to distinct areas of the spinal cord; it is especially
high in rhombomere 1 and in the pretectum (45). It has been
shown that Sax] mRNA is most abundant in day 10 embryos
and gradually decreases in day 12 and 14 embryos (44). The
expression pattern of Sax] suggests two different functions for
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the gene during development; an early involvement in the
determination of the posterior neuroectoderm and a later in-
volvement in the specification of specific subsets of neurons
(45). The similarities in the expression pattern and the amino
acid sequence among the Drosophila S59/slouch and the mouse
Sax1 genes and the Sax2 gene led us to speculate that Sax2 may
also play an important role in the development of the nervous
system. We used RNA in situ hybridization on paraffin sections
to determine the expression pattern for the Sax2 gene during
embryogenesis. Here we show that the onset of Sax2 gene
expression occurs as early as embryonic stage E10.5 in the
ventral central nervous system and overlaps with the expres-
sion pattern of the Sax!/ gene. To further investigate the role of
Sax2 during development, we generated a Sax2 knockout
mouse line by inserting the lacZ gene into the coding sequence
and analyzed the expression pattern in the Sax2-lacZ null al-
lele. B-Galactosidase staining, like the RNA in situ hybridiza-
tion results, revealed the expression of Sax2 in the limb, the
eye, the ventral neural tube, and different specific subsets of
cells in the developing rostral brain during embryogenesis.

MATERIALS AND METHODS

Generation of a loss-of-function allele for Sax2 with lacZ. Genomic cloning of
Sax2 was previously reported (7). Plasmid p1083 was generated by cloning an
18-kb NorI fragment into the Sall site of vector pTZ18R. An 11.5-kb XholI-Sall
fragment containing the Sax2 gene was subcloned into the XholI-Sall sites of the
Bluescript KS vector (pRS1). BspEI sites located in the predicted second exon
and the second intron were used to create the targeting construct. The construct
PpRS1 was linearized with BspEI, and the oligonucleotide 5'-CCGGGTACGTA
GGAATTCCATATGC was inserted to modify the BspEI sites and to add SnaBI
and Ndel sites. A Xhol-Sall fragment containing the IRESlacZ/floxedneo cassette
(kindly provided by Carla Tribioli) was treated with Klenow enzyme to create
blunt ends. This fragment was inserted into the SnaBI site of pRS1, resulting in
construct pRS14. The right orientation of the insert was determined by DNA
sequencing.

ES cell culture and chimeric mouse production. To generate targeted gene
disruption in embryonic stem (ES) cells, 10 ng of DNA of pRS14 was linearized
by Asel and electroporated into 107 cells as described previously (53). Positive
clones were selected by growing the ES cells in the presence of G418 at concen-
trations in the range of 150 to 450 pg/ml. Altogether, 192 G418-resistant clones
were selected and analyzed by Southern blotting using a 5’ external probe
(Spel-Xhol [see Fig. 2B]), resulting in a 6.6-kb band for the wild-type clone and
an 8.8-kb band for the mutant clone. Positive ES cell lines were microinjected
into C57BL/6J blastocysts, and the resulting male chimeras were backcrossed to
C57BL/J6 females for a mixed genetic background. For B-galactosidase staining,
embryos were collected at stages E8.5 to E14.5 as previously described (14).

c¢DNA cloning. mnRNA was isolated from embryos at stage E11.5 (Qiagen), and
reverse transcription-PCR (Expanding Long Template PCR System; Roche)
reactions were performed using specific oligonucleotides corresponding to se-
quences just downstream of the homeobox (5’ AGGCGCTGACACCAGCGCG
CCG) and 325 bp downstream of the predicted start codon (5'TCCTGGGGC
GGAGCGGGCAGGGCGG). Using these oligonucleotides, a partial cDNA
was obtained and subcloned into the pT-Adv vector (AdvanTage cloning kit;
Clontech).

RNA in situ hybridization. Sagittal, transverse, and coronal sections of wild-
type and Sax2 null allele mutant embryos at stages E10.5 to E18.5 were prepared
as previously described (51, 53). Embryo tissues were fixed in 4% paraformal-
dehyde overnight, washed in phosphate-buffered saline, dehydrated through
graded ethanol, given by two changes of Americlear (Fisher), and embedded in
Paraplast (Fisher) overnight under vacuum. Sections of 7 pm were cut and
floated onto Plus+ slides (Fisher), dried, and stored at 4°C. As a probe, construct
p1083 was linearized with the restriction enzyme Sfil and antisense RNA was
synthesized in the presence of 35S UTP using T7 RNA polymerase for in situ
hybridization on sections of wild-type embryos. Autoradiography was performed
by dipping the slides in a 1:3 ratio of H,O:Kodak NBT2 emulsion, air drying, and
exposing for 3 to 7 days. Slides were developed in Kodak D19 and counterstained
with hematoxylin. For RNA in situ hybridization experiments comparing wild-
type and Sax2 null allele mutants, we used the partial cDNA (RS19) and con-

Sax2 IS REQUIRED FOR POSTNATAL VIABILITY 9047

struct RS37. Construct RS37 consists of a 2.8-kb Nsil fragment, containing
sequences starting 1 kb upstream of the first exon to the second intron, subcloned
into Bluescript KS vector. RS19 and RS37 were linearized with BamHI and
EcoRI, respectively, and RNA was synthesized using T7 RNA polymerase.

RESULTS

Determination of the Sax2 expression pattern during em-
bryogenesis. The Drosophila S59/slouch gene and the murine
Saxl gene are expressed early during embryogenesis (11, 45).
Owing to the high similarity between these genes and the Sax2
gene, we predicted the possibility of an evolutionarily con-
served expression pattern. To determine the spatial-temporal
pattern of Sax2 gene expression during embryogenesis, we
performed RNA in situ hybridization on paraffin sections of
embryos spanning developmental stages from postimplanta-
tion to birth. Sax2 gene expression can be detected as early as
embryonic stage E10.5 in the ventral mesencephalon, meten-
cephalon, and ventral neural tube, as shown in Fig. 1a, panels
A to F. The Sax2 gene continues to be expressed from this
embryonic stage onward, predominantly in the ventral neural
tube and the mid/hindbrain boundary region, as shown in Fig.
la, panels G and H and Fig. 1b, panels A to L. In the later
stages, E12.5 to E16.5 Sax2 gene expression in the brain is
detected more specifically in the pons and medulla oblongata
(Fig. 1b).

Coexpression analysis of Sax2 with other developmental and
cell-type-specific marker genes. Sax2 gene expression occurred
in the isthmic organizer (the mid/hindbrain boundary region)
(Fig. 1a and b), one of the two major organizers responsible for
the development of the brain. This region is also important for
the specification of two subsets of neurons, the majority of the
dopaminergic neurons and a subset of the serotonergic neu-
rons (21). Dopaminergic neurons are localized in the dien-
cephalon and telencephalon and, most importantly, in the ven-
tral midbrain, in the substantia nigra pars compacta and the
ventral tegmental area. The two groups of serotonergic neu-
rons reside in the rostral hindbrain and more caudal regions,
respectively. Serotonergic neurons are projected from the ra-
phe nuclei into the central nervous system, with the medium
and dorsal raphe nuclei being the two major nuclei projecting
into the brain (21). To determine whether Sax2 expression in
the midbrain-hindbrain boundary region colocalizes with do-
paminergic or serotonergic neurons, we performed RNA in
situ hybridization on adjacent transverse paraffin sections of
embryos at stage E13.5. As cell-specific marker genes, we em-
ployed serotonin transporter (ST) and Pet! for serotonergic
neurons (4, 37) and Nurrl, Ptx3, and tyrosine hydroxylase (TH)
for dopaminergic neurons (3, 31, 47). As shown in Fig. 1c, ST
is expressed in the medial and dorsal raphe nuclei (panels C
and D) and Pet] is expressed in the medial raphe nucleus
(panels E and F), which is in close proximity to Sax2 expression
(panels A and B), suggesting a possible involvement of Sax2 in
serotonin-producing neurons. The marker genes for dopami-
nergic nuclei are expressed predominantly in the hypothala-
mus region (panels G to L) and show no overlapping expres-
sion pattern with Sax2. We also compared the expression
patterns of Sax! and Sax2. As described previously (45) the
Saxl gene is expressed in the mesencephalon, tegmentum,
diencephalon, and pretectum. Comparing adjacent transverse
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FIG. 1. Analysis of the Sax2 expression pattern (a and b) Sax2 expression pattern during embryogenesis. RNA in situ hybridization on sagittal
(A and B) and transverse (C to L) paraffin sections of wild-type embryos at embryonic stages 10.5 to 12.5 (a) and stages 14.5 to 16.5 (b) is shown.
The embryonic stage is indicated in the upper right corner of each dark-field panel. The first and third columns of panels show light-field
microscopy; the second and fourth columns show dark-field microscopy. Sax2 gene expression already occurs at E10.5 in the ventral mesenceph-
alon, the metencephalon, and the ventral neural tube, as shown in panels A and B on sagittal sections and panels C to F on transverse sections.
Sax2 gene expression remains active at least up to embryonic stage E14.5 in the ventral neural tube (panels G and H) and up to embryonic stage
E15.5 in the tegmentum of the pons (b, panels A to D, I, and J). Sax2 gene expression also occurs in the medulla oblongata, as shown for embryos
at E14.5 (b, panels E and F) and E16.5 (b, panels K and L). Panels M to O indicate the angle of sections at the described embryonic stages.
Abbreviations: brp, basal regions of pons; ca, cerebral aqueduct; cs, corpus stratum; di, diencephalon; drg, dorsal root ganglion; hy, hypothalamus;
1, lens; lv, lateral ventricle; mes, mesencephalon; met, metencephalon; md, mandibular branch of first branchial arch; mo, medulla oblongata; nc,
nasal cavity; nl, neural lumen; ns, nasal septum; nt, neural tube; ov, otic vesicle; p, pons; pv, prevertebrae; r, retina; rmo, rostral medulla oblongata;
sc, spinal cord; t, telencephalon; th, thalamus; tp, tegmentum of pons; tv, telencephalic vesicle; v, ventral; II1, third ventricle; IV, fourth ventricle.
(c): Coexpression analysis in the midbrain-hindbrain region. RNA in situ hybridization on adjacent transverse paraffin sections of embryos at stage
E13.5 is shown. ST and Pet] RNA probes are marker genes for serotonergic neurons; Nurrl, Ptx3, and TH RNA probes are marker genes for
dopaminergic neurons. The first and third columns show light-field microscopy; the second and fourth column show dark-field microscopy. The
Sax2 gene is expressed in the tegmentum of the pons (panels A and B) in close vicinity to serotonergic neurons as marked by S7 and Pet] (panels
C to E) gene expression. Nurrl, Px3, and TH are expressed predominantly in the hypothalamus, as shown in panels G to L. Panels M to P show
the comparison of the expression patterns of Sax/ (panels O and P) and Sax2 (panels M and N). Sax! is expressed predominantly in the pons and
to a lesser degree in the medulla oblongata (panels O and P). While Sax! expression overlaps with the expression of Sax2 in these areas, Sax2
exhibits a broader expression pattern. Abbreviations: cc, central canal; drn, dorsal raphe nucleus; hy, hypothalamus; mo, medulla oblongata; mrn,
medial raphe nucleus; ST, serotonin transporter mRNA; TH, tyrosine hydroxylase; tp, tegmentum of the pons; tv, telencepahlic vesicle; 111, third
ventricle; IV, fourth ventricle.

paraffin sections for SaxI and Sax2 gene expression, we found overall expression pattern for Sax2 is broader relative to Sax!
that Sax! is expressed strongly in the tegmentum of the pons (panels M and N).
and to a lesser extent in the medulla oblongata (panels O and Generating a loss-of-function Sax2 null allele by lacZ knock-

P). Sax2 gene expression also occurs in these areas, but the in. The loss-of-function mutant for the Drosophila S59/slouch
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gene causes 90% death at different stages during embryogen- tween the fly and mouse phenotypes might be explained by the
esis (25). In contrast to the Drosophila mutant, the Sax! loss- overlapping expression patterns of murine Sax/ and Sax2 and
of-function null mice do not exhibit an overt phenotype (P. a possible functional equivalence between these genes. To
Gruss, personal communication). This stark discrepancy be- determine the role of Sax2 during development, we generated
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a loss-of-function mutant mouse line. Cloning and the chro-
mosome localization of Sax2 were previously described (7). An
18-kb NotI fragment containing the Sax2 gene was cloned into
the Sall site of the pTZ18U vector, resulting in construct
p1083. Comparing a sequence of more than 6 kb obtained from
construct pl1083 with existing genomic databases, combined
with our cDNA sequence analysis, predicted an mRNA of
1,074 bp derived from four exons containing a homeobox lo-
cated in the third exon and an N-terminal conserved element,
the EH1 motif, involved in transcriptional repression located
in the second exon (44). The predicted mRNA was confirmed
by a 744-bp cDNA clone obtained by RT-PCR using mRNA
from embryos at stage E11.5 and specific primers correspond-
ing to sequences in the second exon spanning 70 bp upstream
of the cloning site for the targeting vector and downstream of
the homeobox in the third exon (data not shown).

To generate the Sax2 targeting vector, we inserted an
IRESlacZ/floxedneo cassette into the BspEI sites located in the
second exon and second intron of the Sax2 gene (Fig. 2A). The
targeting vector was electroporated into ES (R1) cells, and 27
of 192 ES clones were confirmed positive by Southern blotting.
Four of these ES clones were microinjected into blastocysts to
generate chimeras. Of 24 chimeric males, 16 transmitted the
gene through the germ line.

Phenotype of Sax2 null mice. Sax2 heterozygous pups were
indistinguishable from wild-type animals at all stages of devel-
opment and postnatal life. Intermating of Sax2 heterozygous
animals yielded homozygous mutant newborns in the predicted
Mendelian ratios. At birth, homozygous pups were indistin-
guishable from their wild-type or heterozygous littermates up
to 2 days postpartum; subsequently, homozygous pups were
easily recognizable owing to their smaller size (Fig. 2C and D).
The homozygous pups continued to grow much more slowly
than their littermates, and 85% of the homozygous pups died
within the first 3 weeks of birth (Fig. 2C and data not shown).
Although homozygous mice were runted, they did not exhibit
any obvious abnormal behavior or motor skills. All Sax2 null
pups showed normal suckling behavior, and milk was found in
their stomachs. At 2 or 3 days prior to their death, Sax2 null
pups became lethargic and showed signs of wasting. The few
homozygous animals surviving to adulthood were fertile, but
all the offspring from homozygous intermatings died within 4
days postnatally.

We examined whether the mutant mice exhibited gross be-
havioral or neurological differences by performing several tests
including the contact righting test and reaching reflex test for
neurological reflexes, the jar-circling test for hyperactivity and
adaptation to a new environment, the gait test for motor abil-
ities, and the forelimb grip test for neuromuscular abnormal-
ities. In all cases, with the exception of the forelimb grip test,
the mutants did not show any statistically significant differences
in their behavior or performance. The grip test revealed that
the Sax2 null mutants were able to grip the suspension bar but
could not hold on as long as the wild-type pups. While wild-
type mice could hang from the bar for up to 90 s, the maximum
time for the mutants never exceeded 30 s. From our observa-
tions, it is unclear at present whether this difference in behav-
ior is due to neuromuscular abnormalities or is related to a
secondary effect owing to an evident malnutrition of the Sax2
null animals.
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To exclude the notion that the phenotype we obtained was
influenced by the presence of the PKGneo selection cassette,
we intermated Sax2 heterozygous animals with a Cre recom-
binase-expressing mouse line (34) that exerts Cre activity as
early as the zygote-blastomere stage of mouse embryogenesis.
Loss of the neo gene in the resulting heterozygote offspring was
confirmed by Southern blotting. Sax2 heterozygotes segregat-
ing free of the Cre transgene were selected in subsequent
generations. Intermatings of Sax2 heterozygous animals carry-
ing only the IRESlacZ reporter (Fig. 2A) produced offspring
exhibiting the same phenotype as described above (data not
shown), indicating that the PGKneo cassette did not contribute
to the observed phenotype.

Analysis of lacZ gene expression in heterozygous and ho-
mozygous Sax2 embryos. To further examine the expression
pattern of Sax2 and to analyze possible effects of the loss-of-
function mutation, we compared the lacZ expression pattern of
heterozygous and homozygous embryos by B-galactosidase
staining. Embryos were collected at stages E8.5 to 14.5 for
B-galactosidase staining as previously described (14). Similar
to the RNA in situ hybridization results, 3-galactosidase stain-
ing revealed expression of the Sax2 gene in the ventral neural
tube, the hindbrain, the midbrain, the eyes, and the apical
ectodermal ridge (AER) (Fig. 3). lacZ gene expression was
first detected at stage E10 in the AER of the forelimb (data not
shown). At embryonic stage E10.5, B-galactosidase staining
was also detected in the AER of the hindlimb (Fig. 3B and D)
and to a lesser degree in the ventral neural tube (Fig. 3B). The
same expression pattern was observed in embryos at stage
E11.5 (Fig. 3E to H). At embryonic stage E13.5, lacZ gene
expression still persisted in the AER remnant, but at that time
it was found only in the cells distal to the region of the devel-
oping digits and not in the interdigital region (Fig. 3I and J,
inserts). Sax2-directed lacZ expression in the neural tube oc-
curred in two distinct columns located on either side of the
midline of the neural tube (Fig. 3K and L). Expression of lacZ
in the lens and hindbrain was first seen at embryonic stage
E12.5 (data not shown) and showed its highest expression level
at stage E13.5 (Fig. 3K to P). lacZ gene expression in the limb
and neural tube was stronger in homozygous than in heterozy-
gous embryos, which would be expected owing to gene dosage
effects; expression in the midbrain-hindbrain boundary region
and especially in the eye was strikingly down regulated in the
Sax2 homozygous nulls (Fig. 3K, L, O, and P). In addition to
lacZ expression in the ventral neural tube, we detected B-ga-
lactosidase staining in the ventral midbrain of Sax2 homozy-
gous null embryos but not in the heterozygous embryos (Fig. 31
and J). Unlike in the eye and midbrain-hindbrain boundary
region, where lacZ gene expression was down regulated in the
Sax2 null embryos, in the ventral midbrain lacZ expression was
up regulated in the Sax2 null homozygous embryo. B-Galacto-
sidase staining was still detected at embryonic stage E14.5 and
later in all the tissues described above (data not shown) in a
manner similar to the RNA in situ hybridization results for
Sax2.

Determination of Sax2 gene function. The Sax2 gene expres-
sion pattern and the postnatal lethal phenotype of the loss-of-
function mutant suggested a critical role for the Sax2 gene
during embryogenesis and postnatal maturation. Sax2 loss-of-
function mutants exhibit a highly reduced growth rate starting
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at birth and ending in the death of 85% of the homozygous
offspring within the first 3 weeks. We also observed that en-
dogenous Sax2 or lacZ from the mutant allele is regulated
differently in different tissues, e.g., down regulated in the eyes
and upregulated in the ventral midbrain (Fig. 3). Examining
the developing limb in the Sax2 null embryos, we found no
obvious difference compared to wild-type embryos. Staining of
dissected forelimbs and hindlimbs derived from wild-type and
homozygous 8-day-old pups with Alizarin Red and Alcian Blue
(52) confirmed delayed but normal development of the limb
skeleton in the Sax2 mutants (data not shown). The expression
pattern of the eye, the neural tube, and the brain was further
analyzed by RNA in situ hybridization employing specific
marker genes for each tissue.

Analysis of Sax2 gene expression in the developing eye. Sax2
gene expression in the developing eye is first detected at em-
bryonic stage E12.5 (data not shown), coinciding with the onset
of primary lens fiber cell differentiation (13), and Sax2 expres-
sion becomes highest at embryonic stage E13.5, as determined
by B-galactosidase staining (Fig. 3M to P). Furthermore, trans-
verse sections of paraffin-embedded (-galactosidase stained
embryos at stage E13.5 revealed that lacZ expression occurs in
the proximal region of the lens fibers (Fig. 4A and B), with a
high expression level in heterozygous embryos and a very weak
expression level in homozygous embryos. Performing RNA in
situ hybridization using a probe corresponding to the 5’ end of
the Sax2 mRNA (which is present in both the wild-type and
Sax2 null alleles), we confirmed the expression pattern and the
down regulation of Sax2 gene expression in the developing
Sax2 null eye (Fig. 4C and D), suggesting a positive autoreg-
ulation mechanism for Sax2 gene expression in these cells. To
further determine whether other genes involved in the devel-
opment of the eye, in particular in lens development, are af-
fected by the Sax2 loss-of-function mutation, we analyzed sev-
eral genes involved in the development of the eye, specifically
in the development of the lens fibers by RNA in situ hybrid-
ization, as shown in Fig. 4E to P. While Alk6 (13), Bmp4 (15),
and Fgfl (9) were expressed predominantly in the lens fiber
cells (Fig. 4E to J), Hmx1 (53), Ncadherin (55), and Pax6 (8)
were also expressed in the neural retina (Fig. 4K to P). All the
genes used for the RNA in situ hybridization show an over-
lapping expression pattern with the Sax2 gene in the lens fiber
cells, but, surprisingly, none exhibits any change in expression
in the Sax2 null embryos, suggesting that Sax2 lies either down-
stream or in a separate developmental pathway from the genes
investigated here.

Analysis of Sax2 gene expression in the ventral neural tube.
RNA in situ hybridization experiments on wild-type embryos
and B-galactosidase staining revealed Sax2 gene expression in
the ventral neural tube as early as E10.5; the highest level of
expression was achieved by E13.5. Transverse paraffin sections
of B-galactosidase-stained embryos at E13.5 revealed four col-
umns in the ventral neural tube. The specification of different
neuronal cell types in the ventral neural tube results from a
range of signals and interactions among different homeobox
genes. These activities are mediated in part by the secreted
protein Shh, which is produced by the notochord and the floor
plate (reviewed in references 5, 27, and 38). At the time of
cellular differentiation in the ventral neural tube, the combi-
natorial expression of homeodomain proteins identifies five
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groups of progenitor cell types; VO, V1, V2, MN, and V3.
These homeodomain proteins can be divided into two classes;
members of class I are repressed at a certain concentration of
Shh, and class II homeodomain proteins are dependent on Shh
expression for activation (reviewed in references 5 and 24).
The data we obtained from the lacZ expression analysis sug-
gested that Sax2 gene expression occurs in the vicinity of the
motor neurons and the V2 interneurons. The question arose
whether Sax2 might itself be a member of one of these classes
and/or might interact with other members and therefore be
involved in the neuronal differentiation process in the ventral
neural tube. To answer this question and to further determine
the specific expression domain of Sax2, we performed RNA in
situ hybridization experiments with genes expressed in the dif-
ferent neuron cell types, namely, Engrailed] (Enl) (30) in the
V1 group, HB9 (2) and Islet 2 in the MN group (22), Lim3 (50)
in both the MN and V2 groups, and Pax6 (12) in the V0, V1,
V2, and MN groups. HB9 and Islet2 genes were expressed
laterally and ventrally compared to the Sax2 gene expression
pattern, excluding the MN group as expression domain for
Sax2 (Fig. 5C, D, and G to J). Lim3 was also expressed in these
areas, but in addition its expression occurred more dorsally and
overlaps with Sax2 gene expression (Fig. 5C, D, K, and L).
While Pax6 gene expression also showed some overlap with
Sax2 gene expression (Fig. SM and N), neither Enl nor Shh
gene expression colocalized with Sax2 gene expression (Fig.
5E, F, O, and P). These results suggest that Sax2 gene expres-
sion is restricted to the V2 interneuron subgroup. Surprisingly,
none of the genes examined here showed a difference in their
expression pattern in the Sax2 null mutant relative to wild-type
embryos, suggesting that there is no direct regulatory interac-
tion between these genes and Sax2. However these data do not
exclude a function for Sax2 in the differentiation of the ventral
neural tube downstream of these genes and, more specifically,
in the further differentiation of the V2 interneurons into its
V2a and V2b subgroups, possibly by interacting with ho-
meobox gene Chx10 and/or the zinc finger transcription factors
GATAZ2/3 (reviewed in reference 38).

Analysis of Sax2 gene expression in the brain. In addition to
Sax2 gene expression in the limbs, eyes, and ventral neural
tube, Sax2 is expressed in the midbrain-hindbrain boundary
region and in two very distinct areas in the ventral midbrain.
Coronal paraffin sections of B-galactosidase-stained brains of
embryos at stage E18.5 revealed lacZ gene expression ventral
to the fourth ventricle. While B-galactosidase staining was very
strong in the homozygous brain, there was, interestingly, no
corresponding staining in the same area in the heterozygous
brain (Fig. 6A and B). To determine whether this observation
resulted from the differential accumulation of the B-galactosi-
dase protein or whether lacZ gene expression is up regulated in
the Sax2 null mutants, we performed RNA in situ hybridization
on coronal section of wild-type, heterozygous, and homozy-
gous embryonic brain sections of stage E18.5 embryos, using a
probe corresponding to the 5’ end of Sax2 mRNA which is
present in both the Sax2 wild-type and mutant alleles. While no
signal was detected on sections of the wild-type brain (Fig. 6C)
and next to no signal was detected in the heterozygous brain
(Fig. 6E), the homozygous brain exhibited very strong Sax2
expression (Fig. 6F), suggesting either negative autoregulation
of Sax2 gene expression in this tissue or possibly the migration
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of Sax2 gene-expressing cells into this region in the mutants.
Our data suggest that it is more likely that Sax2 gene expres-
sion is undergoing autoregulation (release from repression) in
this tissue and that the extent of repression is dependent on the
allele-mediated dosage of Sax2 protein present in individual
cells, since intermediate levels of Sax2 mRNA expression were
observed in the heterozygotes relative to the wild-type and
Sax2 null embryos.

Both the lacZ gene expression pattern and RNA in situ
hybridization data suggest the colocalization of Sax2 gene ex-
pression with two midbrain nuclei, the red nucleus and the
oculomotor nucleus. Both nuclei derive from the medial arc,
and both are part of the motor system, but they have very
different functions (1). The oculomotor nucleus contains mo-
tor neurons that control eye movement and the parasympa-
thetic regulation of accommodation and pupil contraction. In
contrast, the red nucleus does not contain motor neurons but
is a cerebellum-related nucleus mediating motor cortex and
cerebellar outflow to the spinal cord in the control of limb
movements. To determine whether Sax2 expression occurs in
either of these nuclei, we performed RNA in situ hybridization
experiments with Emx2 as a marker gene for the red nucleus
(1, 6) and Motopsin as a marker gene for the oculomotor
nucleus (1, 23). Neither of these two genes showed an over-
lapping expression pattern with Sax2; in fact, Motopsin was
expressed in the cells immediately lateral and adjacent to the
Sax2-expressing cells along the midline (Fig. 6G, H, I, J, and M
to P). Furthermore, our data show that there is no significant
difference in the expression pattern of Emx2 and Motopsin in
the Sax2 null embryos relative to the wild-type ones. Compar-
ing the Sax2 gene expression pattern to other cell groups de-
scribed in the midbrain, we also examined marker genes for the
dorsal and lateral thalamus. We employed SorCS2 (42) and
Pax6 (39) as markers for cells of the dorsal thalamus and
Calretinin (17) as markers for cells for the lateral dorsal thal-
amus. While SorCS2 and Calretinin were not expressed in the
same cells where Sax2 expression occurred, Pax6 exhibited
overlapping expression with Sax2 (Fig. 6K, L, and Q to T). The
results we obtained from the SorCS2 and Calretinin expression
analysis rule out the dorsal and lateral dorsal thalamus as
expression sites for Sax2. This does not contradict our results
from the Pax6 gene expression analysis, since Pax6 has a
broader expression pattern than SorCS2 and Calretinin and is
expressed in many additional cell groups in the developing
brain. Even so, Pax6 and Sax2 gene expression do overlap in
the ventral midbrain; and within these cells there is no change
in expression of Pax6 in the Sax2 null brain, indicating that
Pax6, although involved in many developmental processes, is
not a direct downstream target of Sax2 function.
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As we have shown in Fig. 1c, panels A to F, Sax2 is expressed
in close proximity to the S7 and Pet] genes, two marker genes
for serotonergic neurons. Among the functions ascribed to
serotonergic neurons are the regulation of anxiety, affection,
aggression, drug abuse, and food uptake (reviewed in refer-
ence 16). Because of the close proximity of Sax2 gene expres-
sion to serotonergic neurons, it is possible that the loss of the
Sax2 gene product might affect food uptake and therefore
contribute to the observed phenotype. We performed an RNA
in situ hybridization analysis on transverse paraffin sections of
embryos at stage E16.5 to further examine the cells expressing
Sax2 and to explore the possibility of an interaction between
Sax2 and these serotonergic genes. Sax2 gene expression oc-
curred in the midbrain-hindbrain boundary adjacent to cells
expressing ST (Fig. 6U to X). While Sax2 gene expression was
down regulated in the homozygous null brain compared to the
wild type (which concurs with the lacZ expression data shown
in Fig. 3K and L), there was no significant difference in the
level of expression of the ST gene in the Sax2 nulls. These data
suggest that Sax2 is not directly interacting with S7; however,
they do not exclude the possibility that there is an interaction
between Sax2-expressing cells and serotonergic neurons, since
it is possible that the decrease in the level of Sax2 protein in the
homozygous mutant in the midbrain-hindbrain boundary re-
gion acts downstream from ST or possibly has an effect on
other factors involved in the sensory neuron pathway.

DISCUSSION

Sax2 null allele phenotype. Many homeobox genes play an
important role during embryogenesis, especially in the devel-
opment of the nervous system. We have shown that the ho-
meobox-containing gene Sax2 is expressed early during devel-
opment of the limbs, the eyes, the ventral neural tube, the
ventral midbrain, and the midbrain-hindbrain boundary re-
gion. This expression pattern implied an important function
for Sax2 during embryogenesis; however, Sax2 null pups were
born in a Mendelian distribution, suggesting that the loss of the
Sax2 gene product does not critically affect embryonic viability.
Shortly after birth, Sax2 null pups exhibited a reduced growth
rate, resulting in pups half the size of their littermates and
premature death of 85% of the pups within the first 3 weeks
following birth. The reduced growth rate might result from
behavioral or physiological defects, yet Sax2 null pups showed
no difference in their suckling behavior and in overall mobility
compared to their littermates, most probably ruling out the
notion that severe behavioral defects are responsible for the
phenotype. Newborn Sax2 null allele mutants are indistin-
guishable from their littermates and develop their distinct

FIG. 3. lacZ gene expression analysis in Sax2 heterozygotes and homozygotes during embryogenesis. Sax2 heterozygous and homozygous
embryos at stages E10.5, E11.5, and E13.5 were stained for lacZ gene expression as whole mounts. (A to H) At embryonic stage 10.5 and E11.5,
expression is strongest in the AER and to a lesser degree in the ventral neural tube. (I and J) At E13.5, lacZ gene expression still persists in the
AER remnant but is restricted to the cells distal to the digits and is not found in the distal interdigital zone. (K and L) lacZ gene expression is
also found in the neural tube and the midbrain-hindbrain region. In the limb and neural tube, no difference in the intensity of B-galactosidase
staining is observed. (M to P) The lacZ gene is also expressed in the eyes, the lens fiber, of Sax2 heterozygote embryos (M and O) but not in Sax2
homozygous embryos (N and P). (J) In addition to the midbrain-hindbrain region, B-galactosidase staining is found in the ventral midbrain (J).
Abbreviations: aer, apical ectodermal ridge; fl, forelimb; hb, hindbrain; hl, hindlimb; If, lens fiber; mb, midbrain; mhb, midbrain-hindbrain

boundary; nt, neural tube; rmb, roof of midbrain.
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FIG. 4. Analysis of Sax2 expression in the developing eye. (A and B) Sections of B-galactosidase whole-mount staining of embryo stage E13.5
followed by paraffin embedding. (C to P) RNA in situ hybridization on transverse paraffin sections of embryo stage E13.5. RNA in situ
hybridization using a probe corresponding to the 5" end of Sax2 RNA shows high levels of expression in the heterozygous embryo (C) and very
little expression in the homozygous embryo (D), confirming the data obtained by B-galactosidase staining (A and B). The expression limits of Sax2
are indicated by arrows in panel C, and are reduced in panel D. Panels E to P show the in situ hybridization results for genes involved in the
development of the eye, especially in the development of the lens fiber. None of the genes examined showed any difference in their expression
pattern between heterozygous and homozygous embryos. Abbreviations: A, anterior; ¢, cornea; ir, intra-retinal space; If, lens fiber; n, nerve; p,

pigment; P, posterior; 1, retina.

wasting phenotype only postnatally, suggesting possible
changes in their metabolism and/or environment after birth.
Mutants with mutations of the growth hormone receptor/bind-
ing protein gene (56), Pax7 gene (46), VGF gene (18), and Twist
genes (49) exhibited a similar phenotype of reduced postnatal
growth rate. Mice lacking the growth hormone receptor/binding
protein gene were born indistinguishable from their littermates,
but by 3 weeks after birth the homozygous mice were signifi-
cantly smaller. Aside from their regressing growth rate, these
mice were viable and fertile. Growth retardation in this case
might result from the increased levels of growth hormones in
serum in the mutant mice (56). Mice lacking the basic loop-
helix transcription factor Twist are similar to the Sax2 mutants,
exhibiting postnatal growth retardation and dying within 3 to 4
weeks after birth. The phenotype appears to be caused by the
loss of a negative-feedback mechanism associating Twist pro-

tein with the NF-kB subunit p65 and the repression of the
cytokine promoters (49). At birth, cytokine expression, espe-
cially the expression of the cytokines tumor necrosis factor
alpha and interleukin-1B is very high, possibly reflecting an
immune response to the stress of delivery and changes in the
environment after birth (40). The Twist gene product down
regulates this high expression rate of cytokines, and cytokine
levels remain unnaturally high in 7wist null mutants, leading to
premature death (49). It is possible that Sax2 gene expression
is required in a similar way to Twist gene expression in order to
adjust the expression of target genes to the changed metabo-
lism and/or environment after birth.

Sax2 gene expression and different mechanisms of autoreg-
ulation depending on cell type. Correct spatiotemporally reg-
ulated expression of transcription factors is crucial during de-
velopment. Misexpression of developmental control genes can
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FIG. 5. Analysis of Sax2 expression in the ventral neural tube. (A and B) Sections of B-galactosidase whole-mount staining of embryo stage
E13.5 followed by paraffin embedding. (C to P) RNA in situ hybridization on transverse paraffin sections of embryo stage E13.5. The B-galacto-
sidase staining results suggest a strong increase in lacZ gene expression of in the ventral neural tube of the homozygous embryo (A and B). RNA
in situ hybridization using a probe corresponding to the 5" end of the Sax2 RNA reveals equal expression levels of these cells in both types of
embryos, indicating that B-galactosidase levels may not always reflect corresponding mRNA levels (C and D). Panels E to P show in situ
hybridization experiments using marker genes for motorneurons, HB9, Islet2, and Lim3 (G to L), ventral interneurons, Enl (E and F), indicated
by arrows, and genes more generally involved in the patterning of the ventral neural tube such as Shh and Pax6 (M to P). Lim3 (K and L) and
Pax6 (M and N) expression patterns overlap with the Sax2 (C and D) expression domain. None of the genes examined here significantly changed
their expression pattern between heterozygous and homozygous embryos. Abbreviations: cc, central canal; D, dorsal; nc, notochord; rp, roof plate;

V, ventral.

lead to severe defects and premature death. Analysis of Sax2
gene expression revealed different regulatory mechanisms in
different tissues during embryogenesis, suggesting an impor-
tant function for Sax2 during development. While the level of
Sax2 gene expression does not change in the limbs and the
neural tube of Sax2 mutants, Sax2 expression is down regulated
in the Sax2 null midbrain-hindbrain boundary region and most
obviously in the Sax2 null eyes. In contrast, no Sax2 gene
expression is observed in the ventral midbrain in wild-type
mice, but a very high Sax2 expression level is observed at both
the Sax2 RNA and the B-galactosidase levels in the null mu-
tant, confined to two distinct areas of the ventral midbrain.
Both these expression patterns suggest autoregulation of the
Sax2 gene by a negative-feedback (repression) mechanism in

the ventral midbrain and a positive-feedback (activation)
mechanism in the midbrain-hindbrain boundary region and the
eyes. The specific regulation of Sax2 gene expression in mul-
tiple tissues implies diverse roles for the Sax2 gene during
development.

Autoregulation in either a positive- or negative-feedback
manner has been shown for several homeobox genes in Dro-
sophila and mammals. The organizer-specific homeobox gene
goosecoid is one example of autoregulation by a negative-feed-
back mechanism. goosecoid contains two palindromic goosec-
oid binding elements, DE and PE, in its promoter region. It
was shown in Xenopus embryos and mouse P19 teratocarci-
noma cells that goosecoid protein binds the more proximal
element and represses its own transcription. It is suggested that
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FIG. 6. Analysis of Sax2 expression in the embryonic brain. (A and B) Sections of B-galactosidase staining of embryonic brains at stage E18.5. (C and
E to T) RNA in situ hybridization on coronal paraffin sections of embryonic brains at stage E18.5. (U to X) RNA in situ hybridization on transverse
paraffin sections of embryo stage E16.5. (D) Schematic sagittal view of an embryonic brain at stage E18.5. In this figure, WT indicates both +/+ and +/—
embryos. B-Galactosidase staining of embryonic brains revealed high expression of the lacZ gene in the midbrain ventral of the fourth ventricle of the
homozygous embryo (B); no expression was detected in this area in the heterozygous brain (A). These results were confirmed by RNA in situ
hybridization using a probe corresponding to the 5" end of Sax2 RNA; no hybridization signal was detected in the wild-type brain (C), and a very weak
signal was detected in the heterozygous brain (E), while the homozygous brain exhibited a very strong signal (F). To determine the specific region of Sax2
expression, marker genes for the oculomotor nucleus (I and J), red nucleus (M to P), and thalamus (Q to T) were employed as well as Pax6 (K and L).
Panels U to X show a comparison of Sax2 and ST expression patterns in heterozygous and homozygous brains. Abbreviations: A, anterior; cc, central
canal; drn, dorsal raphe nucleus; mo, medulla oblongata; mrn, medial raphe nucleus; np, nucleus proprius of posterior commissure; on, oculomotor
nucleus; p, pons; P, posterior; rn, red nucleus; ST, serotonin transporter mRNA; IV, fourth ventricle; WT, +/+ and +/— embryos.
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specific cofactors are required to inhibit repressor activity and
lead to increased transcription (10). Several members of the
Hox gene family are regulated in a positive-feedback mecha-
nism. Hox genes are very important in the patterning of the
anteroposterior axis and in the development of the nervous
system. Different Hox genes are expressed in a specific spatio-
temporal order to establish the segmentation of the hindbrain,
and it has been shown, especially for Hoxa3 and Hoxa4, that
cross- and auto-regulation of these genes is required for their
function (29, 36). Further studies are required to determine
the cis-acting DNA elements involved in the positive- and
negative-feedback mechanisms for the Sax2 gene.

Repressive role for Sax2 during development of the central
nervous system. Homeobox genes are critical transcription fac-
tors involved in the regulation of many processes during de-
velopment by either activation or repression of target genes
(reviewed in reference 28). The specification of their regula-
tory function depends on interactions with specific cofactors.
As we have shown above, Sax2 is regulating its own expression
in a positive- and negative-feedback mechanism depending on
the specific cell type examined. How does Sax2 gene regulation
relate to its function, and how does it modulate the expression
of other genes? The Sax2 gene, as well as the Sax/ gene,
contains, in addition to the homeobox, a repressor element, the
EHI1 motif (44), upstream of the homeobox. This motif is also
present in all members of the Engrailed, Msh/msx, NK2, and
goosecoid homeoprotein classes (48). It was shown that the
EH1 motif plays an important role in the patterning of the
ventral neural tube. The ventral neural tube is divided into five
neural subgroups that are determined by two classes of ho-
meobox genes; class I is repressed by specific Shh protein
concentrations, while class II requires Shh protein for its acti-
vation. Cross-regulatory interactions between corresponding
pairs of class I and class II genes determine the borders of the
neural subgroups (reviewed in references 5, 27, and 38). Most
of these homeobox genes contain an EH1 motif that is bound
by the corepressors Groucho/TLE, which are expressed in the
ventral neural tube at the time when neural patterning occurs
(33). The presence of an EH1 motif in the Sax2 gene indicates
a possible function as a transcription repressor but does not
exclude an additional activator function. Homeobox genes can
play a dual role as repressors or activators of transcription of
their target genes depending on their interaction with specific
cofactors (reviewed in reference 28).
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