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Abstract

Members of the 75z gene family encode putative zinc fingers transcription factors that are broadly expressed during mouse embryogenesis.
Tshz1 is detected from E9.5 in the somites, the spinal cord, the limb buds and the branchial arches. In order to assess the function of 7s4z/ during
mouse development, we generated 75/z/-deficient mice. 75/z1 inactivation leads to neonatal lethality and causes multiple developmental defects.
In the craniofacial region, loss of 75hz/ function leads to specific malformations of middle ear components, including the malleus and the
tympanic ring. T¥hzI '~ mice exhibited Hox-like vertebral malformations and homeotic transformations in the cervical and thoracic regions,
suggesting that 7shz/ and Hox genes are involved in common pathways to control skeletal morphogenesis. Finally, we demonstrate that 75hz/ is

required for the development of the soft palate.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

The Tshz genes were formerly identified in Drosophila as
regulators of tissue patterning (Bessa et al., 2002; Erkner et al.,
1999; Fasano et al., 1991; Mathies et al., 1994; Pan and Rubin,
1998; Singh et al., 2002). Three Tshz-related genes, Tshzl,
Tshz2 and Tshz3, have been isolated in vertebrates (chick,
mouse, human) based on sequence homology. Our recent
finding that the murine 734z genes are able to rescue trunk
defects in tsh-deficient flies demonstrated that they are
functional homologs of Drosophila teashirt (Manfroid et al.,
2004). The structural organization of the Tshz proteins has been
well conserved during evolution and the Tshz protein family is
characterized by the presence of 3 conserved atypical zinc
finger motifs that have been shown to bind DNA in in vitro
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experiments (Alexandre et al., 1996). Moreover, Tsh behaves as
a transcriptional repressor in transfected mammalian cells
(Manfroid et al., 2004; Waltzer et al., 2001). In Drosophila,
several studies have revealed tight but complex regulatory
relationships between Tsh and Hox proteins during morphogen-
esis (de Zulueta et al., 1994; Fasano et al., 1991; Mathies et al.,
1994; McCormick et al., 1995; Roder et al., 1992). Like Hox
proteins, Tsh displays homeotic functions and it has been shown
that tsh-loss and gain-of-function mutants exhibit homeotic
transformation of segmental identity along the antero-posterior
axis of the embryo (de Zulueta et al., 1994; Fasano et al., 1991).

However, the biological function of the 7shz genes during
mammalian development remains unknown. In mice, the three
Tshz genes are expressed in several tissues and developing
organs during embryogenesis (Caubit et al., 2000). In the body
part of the embryo, as well as during forebrain development,
Tshz genes are expressed in overlapping or exclusive domains
(Caubit et al., 2000, 2005). These results suggest that the
different 7shz genes probably accomplish non-redundant
functions during development.
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Among members of the 7shz family, only T7shzl is
expressed in neural crest-derived mesenchymal cells of the
first and second branchial arches. Tshzl is also strongly
expressed in the somites, along the antero-posterior axis of the
embryo, from which the axial skeleton develops. The
expression of 7shz/ in the branchial arches is detected in
cell populations that will give rise to components of the
middle ear. Skeletal development in the branchial arches
requires molecular interactions between the epithelial and the
mesenchymal compartments (Santagati and Rijli, 2003). In
this context, it has been shown that mesenchymal expression
of Tshzl during branchial arch development is controlled by
signaling molecules from the overlying epithelium and that
Tshzl behaves as a downstream effector of Fgf8 and Bmp4
signaling (Long et al., 2001). Together these data suggest that
TshzI could play a role in developmental processes, including
the formation of the axial skeleton and the development of
branchial arch derivatives.

In this study, we investigated the function of 7shz/ during
mouse development by generating 7s/z[-deficient mice. Tshz/
inactivation leads to neonatal lethality and Tshz/ ™~ newborns
exhibit a strong defect of the soft palate. We observed vertebral
malformations in the cervical and thoracic regions of the axial
skeleton of 7shzl-null newborns, reminiscent of phenotypes
previously described in Hox mutant mice. Finally, analysis of
the craniofacial region of 7shzI-null mice revealed that Tshz/
deficiency specifically leads to malformations in the middle ear
components. Together, these results demonstrate that 7shzl/
gene is necessary for normal development of specific structures
in mouse.

Materials and methods
Gene targeting of the Tshzl locus

DNA fragments from the 75Az/ locus were isolated from a 129/Ola mouse
genomic library screened by a 0.8 kb EcoRI/Xhol fragment digested from an
EST clone (dbest id: AAS589598). For the targeting construct, two fragments
flanking exon 2 were sub-cloned into the pBS-neo-loxP vector described
elsewhere (Core et al., 1997). The 0.5 kb EcoRV/Xmnl fragment containing the
first 300 bp of exon 2 was fused to an EGFP coding sequence (Clontech Lab.).
However, the GFP protein was not properly translated from the targeted allele,
due to a mutation that prematurely inserts a stop codon. The 5.5 kb BamHI
fragment contained genomic DNA located 3’ to the 7s/4z/ transcription unit. The
HSV-TK sequence (McKnight, 1980) was cloned into the targeting vector as a
negative selection gene. E14 (129/0la) ES cells were electroporated by 20 pg of
recombinant plasmid. Homologous recombinants were tested by hybridization
of Hindlll-digested genomic DNA using a Hindlll/BamHI fragment as an
external probe. The neomycin sequence was used as a probe to check unique
integration event and the 5.5 kb BamHI fragment was used to control for correct
recombination 3’ to the locus.

Generation of Tshzl-null mice

Male chimeras were generated after injection of TshzI™~ ES cells into
C57BL/6J blastocysts and mated to C57BL/6J females. F1 heterozygous
offspring were inter-crossed to obtain homozygous mice for 7s4z/ mutation.
Alternatively, F1 heterozygous males were crossed to CD-1 females to generate
Tshz1 mutants on CD-1 genetic background. Genotyping was done by PCR on
genomic DNA. Two primers from the neomycine sequence allowed amplifica-
tion of a 478-bp fragment from the recombinant allele (5'-GGAAGG

GACTGGCTGCTATTG-3’ and 5’-CGATACCGTAAAGCACGAGG-3'), two
primers from exon 2 allowed amplification of a 190-bp fragment from the wild
type allele (5'-GACGAGCTGTCACCTGTTCA-3" and 5-GATGGTGGT-
CATGGATAGGC-3’). PCR conditions were as follows: 1 cycle at 94 °C for
5 min, 30 cycles at 94 °C for 45 s, 60 °C for 30 s, 72 °C for 45 s.

Skeletal preparations
Whole mount skeletons were stained as described (Core et al., 1997).
Histological analysis and in situ hybridization

Skinned fetuses and newborns were fixed in 4% paraformaldehyde,
dehydrated, cleared and embedded in paraplast. Serial sections at 10 um were
stained with hematoxylin/eosin. For cartilage and bone detection, sections were
treated successively by the following solutions: 10 min in Weigert hematoxylin,
differentiated a few seconds in 70% ethanol/1% HCI, 10 min in 1% Alcian blue
8GX in 1% glacial acetic acid, 10 min in 1% phosphomolybdic acid and then
30 min in 0.5% Sirius red in 30% picric acid.

RNA in situ hybridization on whole mount embryos and sections was
performed as described (Henrique et al., 1995; Tiveron et al., 1996). The probes
used were BapxI (Lettice et al., 2001), Chfal (Ducy et al., 1997), DIx3
(Morasso et al., 1996), GFP (a gift from F. Watrin), Gsc (Gaunt et al., 1993),
Hoxa2 (Hunt et al., 1991), Hoxa3 (Gaunt, 1987), Hoxd4 (Bel-Vialar et al.,
2000), Hoxc8 (Bel et al., 1998), Lhx6 (Grigoriou et al., 1998), MsxI (Robert et
al., 1989), Sall3 (Ott et al., 1996), Sox9 (Morais da Silva et al., 1996) and Tshz1
(Caubit et al., 2000).

Results
Targeted inactivation of Tshzl gene

The mouse 75hz1 locus is composed of 2 exons separated by
a 69-kb-long intron, the first exon encoding only 13 amino
acids of the protein. In order to inactivate 7shz/, we deleted
most of exon 2 that encodes 1068 amino acids, including the
zinc finger motifs (Fig. 1A). Heterozygous animals were viable,
fertile and undistinguishable from the wild type littermates.
Heterozygous males and females were inter-crossed to
generated homozygous progeny. Litters were genotyped by
PCR as illustrated in Fig. 1C. Although the GFP reporter gene
introduced in the targeting construct fails to produce fluorescent
protein (see Materials and methods), we were able to detect
Tshz1-GFP fusion transcripts by in situ hybridization using a
GFP riboprobe. As shown in Fig. 1D, the expression pattern
of GFP in E10.5 TshzI””~ embryos reproduced that of
endogenous Tshzl. The targeted allele contains only a short
stretch of 7shz/ coding sequence, devoid of putative functional
domains of the protein, and should therefore behave as a null
allele. The lack of Tshzl expression in null mutants was
verified by in situ hybridization on whole mount embryos at
mid embryogenesis (Fig. 1D) or on tissue sections at late stages
(data not shown).

Tshzl inactivation leads to neonatal lethality

Homozygous pups were obtained at a normal mendelian
ratio at birth. However, none of the homozygous animals
survived beyond PO (Table 1). Careful examination of the
Tshz1-deficient pups revealed that homozygous mutant mice
exhibited a bloated abdomen and that no milk was present in
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Fig. 1. Targeted disruption of 75/4z1. (A) Schematic representation of a portion of the 75Az/ locus from the wild type (top) and the targeted (bottom) alleles. The T¥hz 1
open reading frame (ORF) is depicted as light dotted bars. Hatched bars represent the GFP ORF; black bars represent the neomycine resistance selection cassette (pTK-
neo); dark dotted bars represent the herpes simplex virus thymidine kinase gene cassette (HSV-tk). The location of the 5" external probe used for Southern blotting is
indicated as a white bar. Restriction sites: B, BamHI; H, HindIll; RV, EcoRV; Xm, Xmnl. (B) Genomic DNA from ES cells was digested by HindlIII and hybridized
using the 5’ external probe. The fragments generated from the wild type (wt) and the recombinant (mut) alleles are indicated on the left side of the panel. (C) PCR-
based genotyping of animals from a F1 litter at PO. Lane 1 corresponds to the DNA size marker (M). Lanes 2 and 5 correspond to wild type animals, lanes 3, 4 and 6
correspond to heterozygotes and lanes 7 and 8 correspond to homozygotes. (D) In situ hybridization on wild type (+/+) and T¥hz/ homozygous (—/—) whole mount
embryos at 10.5 dpc using 7shz/ (left and middle) and GFP (right) as riboprobes. Note the absence of the Tshz/ transcript in the Tshz/ ™~ embryo. The GFP
expression pattern in 7shzI "~ embryo mimics that of TsAz1 in wild type embryo with expression in the first and second branchial arches (arrows), in the neural tube

and the somites and in the limb bud (1).

their stomachs (Fig. 2A). Dissection of the abdomen revealed
that the gastro-intestinal apparatus was filled with air, from the
esophagus to rectum, in addition to the peritoneal cavity (Figs.
2B, C). In addition, mutant pups suffered from respiratory

Table 1
TshzI mutants die at birth

Genetic background No. of No. of dead pups at P0O/total

al(l)ltj :1) Wild type  Heterozygous Homozygous
H - —-
Mixed 129/0laxB6 53 117 1/22 14/14
Mixed 129/0laxCD-1* 112 1/28 1/58 26/26

? Progenies obtained after 6 generations of backcross on CD-1 strain.

distress. They frequently opened their mouth to seek air and
we noticed high-speed contractions at the level of the
diaphragm. Homozygous mutant newborns were unable to
feed. Mutant analysis was initially performed on littermates of
the F1-F2 generation established on C57BL/6J genetic
background. It has been well documented that the genetic
background can modulate the penetrance of mutant pheno-
types (Barthold, 2004). Therefore, we tried to bypass the
precocious lethality by crossing the 7shzI heterozygotes with
CD-1 mice, a more robust outbred strain. Changing the
genetic background did not influence lethality (Table 1) or
other TshzI-null associated phenotypes, even after six
generations of breeding. We chose to pursue our mutant
analysis with the CD-1 strain for which litters are more
numerous than C57BL/6J line.
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Fig. 2. Neonatal lethality of 7shz/-deficient mice. (A) 7shzI-deficient mice
(=/-) die at birth and are characterized by a bloated abdomen (arrow head),
compared to wild type newborns (+/+). Note the absence of milk in the
stomach of (—/—) pup (arrow). (B, C) Enlarged focus of abdomens revealed
that the intestine and the stomach (st) are completely filled of air in the (—/—)
newborn compared to (+/+).

Palatal defects in Tshzl-deficient mice

In order to evaluate whether the inactivation of 7shzl
function could alter organogenesis, we performed a gross
morphological analysis of 7shz/ " mutants from E17 to PO.
The different organs were present and appeared normal and no
tissues seemed to be disorganized. To understand the causes of
the massive air entry through the esophagus in the Tshzl ™~
newborns, we focused our analysis on the oral cavity.
Interestingly, we detected a strong and fully penetrant defect
in the region of the nasopharyngeal opening (Fig. 3). In wild
type animals, the palate is composed of two parts: the hard
palate in the anterior two/thirds and the soft palate in the
posterior third. The hard palate corresponds to the bony
component of the structure whereas the soft palate is composed
of the palatal muscles and palatal aponeurosis, which is
actually the extended tendon of the tensor veli palatini muscle.

The soft palate separates the nasopharynx from the oropharynx
and acts as a flap-valve to allow continuity between these two
regions during breathing or to separate them during swallow-
ing. Caudal to the soft palate, the epiglottis allows the passage
of air through the larynx and prevents food and liquid entry
into the trachea during swallowing. Histological staining of
sections revealed shortening of the soft palate in the Tshzl /"~
newborns (Figs. 3A, B), leading to a premature and enlarged
entrance to the pharynx (Figs. 30-T). Additionally, in the
posterior region, the palatal structure of 7shzl ~~ animals
appeared thicker than control embryos and ended abnormally
distant from the epiglottis with a bulbous shape. Moreover, the
epiglottis appeared abnormal, presenting a flattened and
stunted shape (Figs. 3P, Q, S, T). We inspected the morphology
of the mouth and oral cavity of TshzI "~ mutants at PO (data
not shown) and confirmed that the hard palate had fused
properly giving rise to a normal pattern of rugae whereas the
posterior part of the palate (velum) was missing. Examination
of the Alizarin red and Alcian blue staining of PO skulls
showed that the palatine processes of the maxilla and the
horizontal plates of the palatine bones, which compose the
bony part of the palate, were not affected in the 75hz/ mutant
(data not shown). We examined the morphology of the oral
cavity at earlier embryonic stages during formation of the
secondary palate (Figs. 3C—N). We observed that the palatal
shelves failed to fuse in their caudal most part in E14.5 Tshzl ™~
embryos (Figs. 3G, H) whereas rostrally, fusion occurred
normally (Fig. 3F). Later, after completion of fusion, the
posterior extension of the palate was still lacking (Fig. 3N),
demonstrating that the shortening of the soft palate did not result
from developmental delay in the course of palate formation. We
then looked at the expression of 7s4z/ in the developing palate
from E12.5 to E14.5 and noticed that 754z was not detected in
the palatal shelves (data not shown), suggesting that the
contribution of this gene to the formation of the posterior palate
takes place during early embryogenesis within the branchial
arches.

Skeletal abnormalities in TshzI-deficient mice

In Drosophila, teashirt (tsh) and Hox genes cooperate
during embryogenesis to establish trunk segmental identities
(de Zulueta et al., 1994; Roder et al., 1992). Drosophila
embryos lacking zsh function are lethal and present homeotic
transformation in the trunk epidermis. In vertebrates, Hox
genes play an essential role in specification of the axial

Fig. 3. Development of the palate in wild type and 7shz/-deficient animals. (A, B) Histological analysis of sagittal head sections from wild type (—/—) and Tshzl "~ (=/—)
newborns. The posterior palate (velum) is shorten in 754z homozygotes and leads to an enlarged entrance to the pharynx (B, arrow head), whereas in (+/+) the extremity
of the posterior palate is closed to the epiglottis (A). Note the thick and bulbous shape of the posterior part of the mutant palate (B, arrow). (C to T) Series of frontal
sections from ventral (left) to dorsal (right), focused on the palatal region of wild type (+/+) and mutant (—/—) embryos. Palate formation in 14.5 dpc wild type (C to E)
and mutant (F to G) embryos. In (+/+), the palatal shelves (ps) have elevated to the horizontal position above the tongue (t) and have fused at the midline. In (—/-), fusion
has normally occurred in the anterior part (F) but palatal shelves progressively failed to fused in the posterior part (G, arrow; H, asterisk). At 15.5 dpc (I to N), when the
fusion is completed, the palate (p) separates the naso-pharynx (np) from the oropharynx (op) (I to K). Note the absence of the soft palate in Zshz/~~ embryos (L to N)
resulting in abnormal communication between the naso- and oropharynx (N). The arrow in panel M reveals a partial fusion between the palatal shelves in a preceding
section. (O to T) Sections from 17.5 dpc wild type (O to Q) and ¥4z~ (R to T) embryos. The epiglottis (ep) appears flattened in the 754z mutant (arrow). Cartilages

were revealed by Alcian blue staining. b, brain.
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skeleton. 7shzl is expressed in the somites along the antero-
posterior axis of the embryo with an anterior limit of
expression coinciding with the occipital—cervical boundary

(Caubit et al., 2000). Comparative analysis of 7shz/ and Pax-
9 expression domains demonstrated that 7shz/ was expressed
in the sclerotome that gives rise to the future vertebrae (data
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not shown). In order to evaluate the potential contribution of ~ We observed that Tshz/ ™~ mice displayed a number of
Tshzl in axial skeleton patterning, we examined skeletal pre- different malformations of the cervical vertebrae, predomi-
parations of control and mutant newborns (Fig. 4) (Table 2). nantly at the level of the axis (C2). The most penetrant

"

L M

Fig. 4. Skeletal malformations in 75hz/-deficient mice. Bones and cartilages were revealed respectively by Alizarin red and Alcian blue staining. All panels correspond
to animals at PO except for (D to G) that correspond to 16.5 dpc fetuses. Lateral views of cervical vertebrae of wild type (A) and TshzI "~ (B, C) skeletons. In wild type
(+/+), 7 vertebrae are present in the cervical region with the first two vertebrae, the atlas (at) and the axis (ax) adopting a specific shape. In 7shz/ mutant (—/—),
vertebrae exhibit abnormal fusion of the neural arches (asterisks). The most frequent fusion occurs between the second (ax) and the third vertebrae as illustrated in
panel B. In some cases, stronger defect resulting from dorsal fusions between the first 3 vertebrae is observed (C). (D—F) Ventral and (E-G) lateral views of cervical
vertebrae. In (—/—), ectopic ossification leads to the abnormal fusion of the anterior arch of the atlas (aaa) to the basioccipital bone (ba) (F—G, arrow head and arrow),
compared to (+/+) (D, E). (H, I) Superior views of atlas and axis. In (+/+), the two vertebrae are structurally independent (H) whereas in (—/—) the odontoid process (op)
of the axis is now fused to the dorsal facet of anterior arch of the atlas (aaa) (I, arrow). In addition, the aaa is misshapen (arrow head). (L, M) Ventral views of the
sternum. In (+/4), ribs from T1 to T7 are attached ventrally to the sternum (L), whereas ribs from T8 to T13 end freely. In (—/—), rib 8 is attached to the sternum at the
same site of ribs 6 and 7 (M). Ribs 1, 6, 7 and 8 are indicated. Global views of the ear apparatus dissected from (+/+) (J) and (—/—) (K) mice. (N, O) Structural
components of the middle ear. Dermal bones and cartilages are affected in (—/—) animals. The tympanic ring (ty) is shorter and thicker compared to (+/+) (N), the gonial
bone (g) is altered and exhibits variable hypoplasia, the malleus body (M) is narrower and lacks the manubrium (m) and the processus brevis (pb) (O, arrow head). The
incus (i) is normal as well as the stapes (s) which is properly positioned into the oval window (J, K).
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Table 2
Summary of skeletal abnormalities in 75hz1 ~ mutants
Genotypes
+/+ (n=8) +/— (n=38) —/= (n=12)
Middle ear defects 0 0 12
Ventral fusion basioccipital-aaa* 0 0 4
Ventral fusion C1-C2 0 1" 3
Abnormal neural arch at C2 0 1 11
Neural arches fusion at C2—C3 0 0 9+2%
8 vertebro-sternal ribs 1* 1*+17 5

Values in columns correspond to number of animals. *Anterior arch of atlas.
Unilateral. "Same individual.

phenotype concerned the neural arch of C2, which is wider in
the 7shzl mutants than in control mice. In addition,
homozygotes exhibited a bilateral (75%) or unilateral (16%)
fusion of the dorsal cartilage between the neural arches of C2
and C3 (Figs. 4A, B). Less frequently, fusions between C1 and
C2 or Cl1, C2, and C3 were detected on both sides of the dorsal
cartilage (Fig. 4C). Caudally, the morphology of the C4 to C7
cervical vertebrae appeared normal and thus seemed to be
unaffected by the lack of the 75Az/ function. In the ventral part
of the cervical region, Tshz/~~ mutants presented abnormal
fusions at a lower frequency. In 33% of Tshz/ ™~ mice, we
noted an ectopic ossification that fused the caudal edge of the
basioccipital bone to the anterior arch of the atlas (C1) (Figs.
4D-Q@). Interestingly, a similar fusion has been previously
described in Hoxd4 deficient mice (Horan et al., 1995). In
wild type mice, C1 and C2 vertebrae are unconnected but the
odontoid process of the axis (C2) projects anteriorly into the
fovea dentis, a circular facet of the atlas, creating a rotary
joint. In the absence of Tshz1, the atlas and the axis were often
fused ventrally by an ectopic cartilaginous bridge with
variable penetrance between the odontoid process and the
anterior arch of the atlas (Figs. 4H, I). In addition, the anterior
arch of the atlas was misshapen, appeared broader and was
often split in the dorsal edge. In the thoracic region of wild
type mice, ribs 6 and 7 were attached to the sternum at the
same cartilaginous site between the 5th sternebra and the
xyphoid process, and the 8th pair of ribs ends freely. In 5 out
12 Tshzl ™"~ mice, the 8th pair of ribs was abnormally attached
to the sternum with the 6th and 7th ribs (Figs. 4L, M). In 2 out
5 of these animals, an ectopic ossification center developed,
giving rise to an additional sternebra between ribs 7 and 8
(data not shown). These results reveal the anterior transforma-
tion of the T8 vertebra, which acquires T7 identity in the
absence of 7shzI. A similar homeotic phenotype has been
observed in Hoxc8 and Hoxc4 deficient mice (Boulet and
Capecchi, 1996; Le Mouellic et al., 1992). More caudally,
Tshzl function seems to be dispensable to skeletal morpho-
genesis since we did not detect any malformation in lumbar
and sacral vertebrae. In addition, although 7shz/ is expressed
in the limb bud mesenchyme, the ossified and cartilaginous
structures of the limbs developed correctly in 754z/ mutants
(data not shown).

To determine whether the vertebral defects observed in
Tshzl™~ mutants could result from a deregulation of Hox

gene expression, we analyzed the expression pattern of
Hoxd4 and Hoxc8 in TshzI”~ embryos. No alteration in the
anterior—posterior limit and in the level of Hoxd4 and
Hoxc8 expression was detected in the somitic mesoderm in
the absence of 7shz! (Fig. 5), indicating that 7¥hz/ does not
control the maintenance of Hox genes expression in the
somites.

Tshz1 is required for formation of the middle ear

We have previously described the expression pattern of
TshzIl in the branchial arches during embryogenesis (Caubit
et al., 2000). Tshzl is expressed from E9.5 in the neural crest-
derived mesenchyme in the posterior part of the mandibular
arch and the anterior part of the second arch (BA2). In
addition, 7shzl is expressed within a thin layer in the
proximal portion of the epithelium lying between the
maxillary and mandibular components of the 1st branchial
arch (BA1). In this study, we examined in more detail the
expression pattern of 7¥hz/ by in situ hybridization on tissue
sections at different embryonic stages in the branchial arches
and derived structures.

The craniofacial skeleton largely derives from the neural
crest cells that migrate and differentiate into the branchial
arches (Santagati and Rijli, 2003). We examined bones and
cartilages in the skull of TshzI ™~ newborns to detect potential
craniofacial defects. Strikingly, we found fully penetrant
malformations in the craniofacial skeleton, specifically in
middle ear components. We did not detect any malformation
of the other ossified or cartilaginous structures. The middle ear
apparatus is composed of three ossicles that are generated by
endochondral ossification, the malleus, incus and stapes and of

Fig. 5. Expression of Hox genes in 7Tshzl-deficient embryos. In situ
hybridization on whole mount embryos at 10.5 dpc using (A, B) Hoxd4 and
(C, D) Hoxc8 riboprobes. The anterior limits of expression of both Hoxd4 and
Hoxc8 are set at the same somitic boundary in (A, C) wild type (+/+) and (B,
D) Tshzl-null (—/—) embryos as indicated by arrows. Six to seven embryos of
each genotype were used for each probe. fl, forelimb.
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two membranous bones, the tympanic ring and the gonium
(Mallo, 2003). The malleus is composed of a main body with
different processes attached to it, including the manubrium and
the processus brevis. The manubrium is a key component of
the middle ear apparatus as it connects the ossicle chain with
the tympanic cavity through its insertion into the tympanic
membrane. In the Zshz/~ mice, the malleus presented an
abnormal shape accompanied by the lack of the manubrium
and processus brevis (Figs. 4N, O). The proximal part of the
malleus developed normally except that the main body was
significantly narrower. The distal part was completely
disrupted and ended prematurely with a claw-like tip. In
addition, the tympanic ring was strongly shortened, thicker
than normal and ended with a blistered shape. The gonial bone
presented variable hypoplasia and abnormal shape. By
contrast, the incus and the stapes developed normally as did
the joints between the 3 ossicles, and the stapes was correctly
inserted into the oval window (Figs. 4J, K). Histological
analysis of the ear region (Fig. 6) confirmed the shortening
and the abnormal position of the tympanic ring, which was
displaced laterally. In the manubrial area, the Tshzl ™/~ ear
exhibited a small rounded cartilaginous structure between the
external acoustic meatus (EAM) and the tubo-tympanic recess
(Figs. 6A, C). The formation of the EAM was induced

T

Fig. 6. Histological analysis of the middle ear of wild type and 7sAzI-deficient
fetuses. Frontal sections from ventral (A—C) to dorsal (B-D) at 17.5 dpc.
Membranous (red) and endochondral (blue) bones are distinguished respectively
by Sirius red and Alcian blue staining. (A, B) In wild type (+/+), the manubrium
(m) of the malleus (M) is inserted between the external acoustic meatus (eam)
and the middle ear cavity. (C, D) In Tshzl-null fetuses (—/—), the manubrium is
absent (arrow) in dorsal view. Note, in ventral view (C), the presence of a small
cartilaginous structure (arrow) which corresponds to the craw-like tip of the
malleus, as illustrated in Fig. 40. The tympanic ring (ty) is absent in ventral view
and displaced laterally in dorsal view (arrow head). The extremity of the eam is
correlated to the position of the tympanic ring (B—D, asterisks). Lateral is to the
left, anterior to the top.

Fig. 7. Expression of 7shzI and Sox9 during early middle ear development. (A)
Tshzl expression in the mesenchyme of the branchial arches at 11.5 dpc.
Transverse section, dorsal to the top. The arrow indicates the first pharyngeal
cleft. Md, mandibular; BA2, second and BA3, third arches. (B) T¥hzl
expression in frontal section at 12.5 dpc, anterior to the top. The arrow
indicates the meatal plug. Tshz! is expressed on both sides of the meatus and
around the malleal primordium. (C—F) Comparative analysis of 754z (C, E) and
Sox9 (D, F) expression at 12.5 dpc. Adjacent sagittal sections. Anterior to the
top, dorsal to the left. Sox9 is expressed in the malleal primordium (M) and in
the developing Meckel’s (Me) and Reichert’s (Rc) cartilages. 7shz/ is expressed
complementary to Sox9 in the mesenchyme surrounding the developing malleus
(E), the Me and Rc cartilages (C, arrows) and in the mesenchyme adjacent to the
meatus, on both sides.

appropriately in the Z%z/ " mutant but was shorter as a
likely consequence of the lateral displacement of the tympanic
ring (Figs. 6B, D).

The middle ear defects induced by the lack of Tshzl
function in embryos were closely correlated with the
expression pattern of 7¥hz/ in the branchial arches (Fig.
7A). To assess whether middle ear defects could be result of
a mis-specification of mesenchymal progenitors in branchial
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arches, we examined branchial arch development in Tshzl "~
embryos between E9.5 and E11.5. The morphology of the
branchial arches appeared normal as illustrated in Fig. 1,
and, furthermore, we were unable to detect any change in
the expression pattern of a number of genes involved in the
specification of these structures (Supplementary Fig. 1).
Together, these results indicate that 7¥4z/ is not required to
control the early patterning of the first and second branchial
arches but rather specifically controls the development of the
middle ear.

From EI12.5, Tshzl was expressed in the mesenchyme of
the developing middle ear, within areas surrounding the
condensing malleus and tympanic ring and on both sides of
the EAM (Figs. 7B, C, E). Comparative analysis using Sox9,
an early marker of cartilage differentiation, demonstrated that
Tshzl was excluded from the cartilaginous condensation but
rather bordered and surrounded the future cartilages (Figs.
7C-F). The overt differentiation of the malleus occurs
between E12 and E14.5 (Mallo et al., 2000). We then
examined the expression pattern of Sox9 in the Tshzl ™/~
developing middle ear at these different stages. At E14.5
(Figs. 8A—-D), Sox9 mRNA was detected at normal level in the
chondrogenic zones of the middle ear. However, we observed
that the spatial domain of Sox9 expression was clearly altered
in the differentiated malleus in 7shz/ mutant embryos. While
in wild type embryos, the manubrium was distinguishable
from the main body of the malleus and extended medially to
contact the tympanic membrane (Figs. 8A, C), in Tshzl
mutant embryos the malleal structure developed as a compact
masse without identifiable manubrium and processes (Figs.
8B, D). As soon as E12.5, the expression domain of Sox9 was
strongly reduced in size, leading to a smaller malleal
primordium in the absence of 75/z/. These results demonstrate
that 7¥hzl does not control the transcriptional level of Sox9
and then the differentiation of chondrogenic precursors but
rather seems implicated ecarlier in the formation of the
condensing malleal primordium.

Since other mutants exhibit malformations of the middle ear
apparatus, we examined, in ZhzI "~ embryos, the expression of
genes known to play a role in the formation of the malleus, the
EAM and the tympanic ring. In Goosecoid (Gsc)-deficient
mice, the EAM fails to develop, the tympanic ring is absent and
the malleus is greatly affected and lacks the manubrium
(Rivera-Perez et al., 1995; Yamada et al., 1995). Mice lacking
Msx1 function present malformations of the malleus mainly
characterized by the absence of the processus brevis (Zhang et
al., 2003). Milder anomalies were detected in BapxI-null
mutants where the width of the malleus was slightly reduced
and the gonium and anterior tympanic ring were hypoplastic
(Tucker et al., 2004). In the absence of Tshzl, MsxI and Gsc
were still expressed in the mesenchyme surrounding the
developing malleus (Figs. 9A—D). Likewise, the expression of
Bapx1 around the Meckel’s cartilage and surrounding the
malleus was unaffected in 7shz/ " embryos (Figs. 9E—H). We
concluded that the middle ear defects generated in the absence
of Tshzl were not due to the deregulation of Msx/, Gsc or
Bapx1 during the formation of this structure.

Fig. 8. Expression of Sox9 in the developing malleus of 7shz/-deficient
embryos. (A, C) Wild type (+/+) and (B, D) Tshz/ homozygous (—/—) embryos
at 14.5 dpc. Transverse sections; dorsal to the top, lateral to the left. In (+/+), the
expression of 754z around the chondrogenic area (A) of the developing malleus
is complementary to that of Sox9 (C). (B) Expression of GFP and (D) Sox9
reveals the structural alteration of the manubrial chondrogenic area (arrow head)
in (—/—) embryos. m, manubrium; Me, Meckel’s cartilage; oc, otic capsule; tt,
tubo-tympanic recess. (E, F) Earlier, at E12.5, the expression domain of Sox9 in
the malleal condensation area presents a size reduction in Tshzl-null mutant
embryos (F) compare to wild type (E). Frontal sections, rostral to the top, lateral
to the left. The arrow indicates the first branchial cleft.

Since the gonium and the tympanic ring arise from dermal
ossification, we examine the expression of Chfal/Runx2 as a
marker of developing bones, in 7shz/-null embryos. In mice,
expression of Chfal has been described by EI2.5 in
mesenchymal tissue around the condensation of the Meckel’s
cartilage (Ducy et al., 1997), but no expression in the
primordia for the gonium and the tympanic bone was depicted.
However, it has been described that the primordium for the
tympanic ring forms by E13.5 as a condensation ventral to the
first pharyngeal cleft, lateral to the Meckel’s cartilage (Mallo
and Gridley, 1996). The analysis of the expression pattern of
Cbfal between E12.5 and E13.5 in Tshzl '~ embryos (Figs.
91-L) showed that although the expression surrounding the
Meckel’s condensation is unaffected, we observed the
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alteration of a Chfal expressing area lying caudal to the tubo-
tympanic recess and lateral to the Meckel’s cartilage, within a
mesenchymal region where 7s4z/ is normally expressed (Fig.
7C). At E12.5, Cbfal is undetectable in this area in the
absence of T¥hzl and is weakly detected later on at E13.5,
suggesting that expression of Chfal could be downregulated
or simply delayed in the 7shz/-null mutant. This Chfal
expressing domain was adjacent to Bapx/ expressing domains

that have been described to correspond to the condensing
tympanic bone and gonium (Tucker et al., 2004). This result
suggests that the malformation of the tympanic ring and
gonium in the 7¥4z/ mutant could result from a mis-regulation
of Cbfal.

Discussion

In this study, we described the first functional analysis in
mouse of a member of the 7¥4z gene family. We demonstrated
that the invalidation of 7shzl induces neonatal lethality,
accompanied by a range of developmental defects. First,
TshzI™"~ newborns exhibit a specific defect of the soft palate.
Second, TshzI ™/~ axial skeletons present malformations of
several vertebrae in the cervical and thoracic regions reminis-
cent of Hox mutant phenotypes. Finally, the 754z /-null mutation
induces restricted malformations of structural components of
the middle ear apparatus. Together, these results demonstrate
that 75hz1 plays an essential role in multiple processes during
mouse development.

Tshzl is required for the formation of the soft palate

Shortly after birth, TshzI " animals exhibit a distended
abdomen resulting from massive air entry through the
digestive tract. It has been reported that targeted deletion
of a number of developmental genes presented a phenotype
of neonatal lethality accompanied by an air-filled digestive
tract that in some cases leads to a distension of the
abdomen. For the majority of these mutants, the accumula-
tion of air in the stomach and intestine was correlated with a
cleft of the secondary palate (Bi et al., 2001; Peters et al.,
1998; Qiu et al., 1997; Satokata and Maas, 1994; Shamblott
et al.,, 2002; ten Berge et al., 1998; Winograd et al., 1997).
However, in other mutants, the phenotype of bloated
abdomen was associated with other developmental defects
such as ankyloglosia (Morita et al., 2004) or respiratory
failure due to lung and tracheal defects (Aubin et al., 1997).
Finally, a bloated abdomen was associated with an anomaly
of the soft palate in Hoxa3 mutant mice (Chisaka and
Capecchi, 1991). In Hoxa3 deficient mice, the soft palate is
truncated and thus is unable to function as a flap to separate
the nasopharynx to the oropharynx. Moreover, the epiglottis
cartilage is structurally altered and the muscles surrounding
the throat appear disorganized. These defects, combined with

Fig. 9. Analysis of gene expression in the developing ear of 7shzI-deficient
embryos. In situ hybridization on wild type (A, C, E, G, I, K) and Tshzl™~
(B, D, F, H, J,J) embryos. The mesenchymal expression of Msx/ (A, B) and Gsc
(C, D) surrounding the developing malleus (m) is unaffected in the absence of
Tshzl. Frontal sections E13.5. In situ for Bapx! on sagittal sections at E13.5
(E, F) and transverse sections at E14.5 (G, H) showing normal expression
around the Meckel’s cartilage (Me) and the manubrium of the malleus (asterisk).
(I-L) Expression of Chfal on sagittal sections. Normal expression was detected
around the Meckel’s cartilage at E12.5 (I, J) and E13.5 (K, L). However,
expression of Chfal in a group of mesenchymal cells (large arrowhead) caudal
to the tubo-tympanic recess (tt) is undetectable at E12.5 (J) and strongly reduced
at E13.5 (L) in the absence of 7s/z1. eam, external acoustic meatus.
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breathing failure, probably lead to a dysfunction of the air
passages into the throat in Hoxa3 mutants. On the other
hand, Sall3, a member of the Spalt gene family, encoding a
zinc finger protein, has also been reported to affect the
posterior palate when inactivated in mice. However, in spite
of these malformations, no phenotype of aerophagia was
described (Parrish et al., 2004). Here we show that the
inactivation of Tshzl leads to premature truncation of the
soft palate during palate formation. Strikingly, the palatal
defect observed in the Tshzl-null mutant resembles that of
Hoxa3 and Sall3 mutants. It is interesting to note that, in
Drosophila, Hox and spalt genes genetically interact with
teashirt (Roder, 1992; Roder et al., 1992). This raises the
possibility that, in mouse, 754z may be implicated with
Hoxa3 and/or Sall3 in a common pathway to control proper
development of the posterior palate. In a first attempt to
investigate this point, we examined the expression of Sall3
and Hoxa3 in TshzI-null embryos (Supplementary Fig. 2).
Sall3 and Hoxa3 were properly expressed in the posterior
palate and the floor of the pharynx respectively (Gaunt,
1988; Parrish et al., 2004).

Very few genes have been reported to affect the posterior
palate (velum) when mutated in mice and little is known
about the early development of this structure. The soft palate
has a layer of fibrous tissue, the palatine aponeurosis, which
is attached to the posterior edge of the hard palate. All
muscles of the soft palate are attached to this aponeurosis,
which corresponds actually to the expanded tendon of the
tensor veli palatini muscle. These muscles originate from
cranial mesoderm or occipital somites that migrate into the
branchial arches. Tshzl is not expressed in the developing
palate from E12.5 onward. However, earlier in embryogen-
esis, TshzI is expressed in branchial arch mesenchyme. It is
thus likely that the palatal defect of 7shz/ mutant mice is a
consequence of the absence of 7shz/ within the branchial
arches. During the expansion of the branchial neural crest
populations, interfaces are established with underlying
mesoderm: the myogenic mesodermal core tissue is sur-
rounded by the neural crest cells (NCC) and interactions
between these two populations are required for organizing the
myogenic as well as the skeletal and endothelial derivatives
(Noden and Francis-West, 2006; Trainor and Tam, 1995;
Tzahor et al., 2003). In this context, we propose that 7shz/
may play a role in controlling interactions between the ecto-
mesenchyme and the underlying mesoderm to trigger the
differentiation of particular branchial myogenic structures
such as the future muscles of the palate.

Tshzl is required for axial skeletal morphogenesis

The vertebral column and the ribs develop from the
sclerotomal compartment of differentiated somites. We show
here that 7¥hz!/ inactivation leads to vertebral malformations in
the axial skeleton, in agreement with its expression in the
sclerotome during embryogenesis. This result demonstrates that
Tshzl function is necessary for normal patterning of the axial
skeleton. However, although Tshz! is expressed throughout the

trunk somites, alterations of the T¥hzI "~ skeleton are restricted
to the cervical and thoracic vertebrae while the lumbar and
sacral vertebrae developed correctly. The 7shzl mutation
predominantly affects vertebrae at the morphological transition
between occipital and cervical regions, which is consistent with
the position of the anterior border of 75z expression domain
within the somitic mesoderm (Caubit et al., 2000). We have
previously shown that 7sAz2 transcripts are also detected in the
developing somites in a more caudal domain. Consequently, the
absence of malformations in the posterior region of the vertebral
column could be due to overlapping functions of 7shz2 and
Tshzl. Inactivation of Ts/z2 will be a useful tool to substantiate
this point in the future.

It is noteworthy that the morphological changes of vertebrae
in 7shzl mutants are reminiscent of vertebral malformations
induced by loss-of-function mutations that alter Hox genes
expression, such as Hoxd4 (Horan et al., 1995), Hoxc4 (Boulet
and Capecchi, 1996) and Hoxc8 (Le Mouellic et al., 1992). In
Drosophila, Teashirt protein is involved in the Hox network
to control the development of various tissues. In the trunk
region, it has been shown that Tsh is a downstream target of the
trunk-specific Hox proteins (Mathies et al., 1994; McCormick
et al., 1995), but also that Tsh behaves as a cofactor of Hox
proteins to promote trunk versus head identity (de Zulueta et al.,
1994; Roder et al., 1992). It could be thus possible that in mice,
Tshzl and Hox genes are involved in common pathway to
control the morphogenesis of the axial skeleton. Therefore, we
propose that Tshzl and some Hox proteins may interact to
control common target genes to specify vertebral identity.
Supporting this hypothesis, preliminary results from GST-pull
down assays suggest that Tshz and some Hox proteins
physically interact (I. Manfroid, unpublished data). In addition,
in a nonexclusive hypothesis, 7s4z/ may be a downstream
target of Hox proteins during the differentiation of somitic
mesoderm.

Tshzl is important for middle ear development

In mammals, the auditory system is composed of three
distinct parts of different embryological origins. The outer and
middle ears develop from the first and second branchial arches
(Mallo, 2003) whereas the inner ear, which is the sensory
component of the system, derives from the otic placode (Mallo,
2003; Morsli et al.,, 1998). Our present results clearly
demonstrate that 74z is necessary for middle ear development
and plays a role in the formation of key structures that allow the
organization of a functional tympanic membrane. A hypothe-
tical model has emerged from the literature, suggesting that the
assembling of a functional tympanic membrane requires the
coordinate development of different structures (Mallo and
Gridley, 1996; Mallo et al., 2000). First, the tympanic ring is
suspected to coordinate the invagination of the first pharyngeal
cleft to form the EAM. The anatomical position of the EAM is
consequently linked to that of the tympanic ring. Secondly, the
EAM may provide signaling activities that are necessary to
induce the development of the manubrium of the malleus by
controlling chondrogenic differentiation of the underlying
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mesenchyme. In particular, signals from the EAM are able to
induce Sox9 expression in the mesenchyme of the developing
manubrial area although at a distance from the epithelium.
Molecular links are therefore required to transmit the signals
from the epithelium to the distant mesenchyme. It is remarkable
that loss of 7s¥hz! function affects both the development of the
tympanic ring and the malleal manubrium. This result suggests
that 7shzIl may play a role in the different steps coordinating
development of the middle ear apparatus. 75hz[ is expressed
in the mesenchyme adjacent to the epithelium of the EAM and
in mesenchymal tissue surrounding the malleus and manu-
brium primordia, but is downregulated in the chondrogenic
areas. Explant culture experiments have shown that 7shz/
expression in the first branchial arch is under the control of
epithelial factors, including Fgf8 and Bmp4 (Long et al.,
2001). These data suggest that 7shz/ is implicated in some
aspect of the reciprocal interactions between the branchial
arch-derived mesenchyme and the overlying epithelium that
control induction of the tympanic ring and the manubrium. We
show that inactivation of 75zl leads to the deregulation of
Cbfal in mesenchymal condensation that presumably gives
rise to the tympanic ring. This result suggests that the malleal
defects induced in the 75hz/-null mutant could be the
consequence of the primary malformation of the tympanic
ring. However, the primordium of the tympanic ring is first
apparent at E13.5 (Mallo and Gridley, 1996) and we showed
that the malleal condensation is affected as soon as E12.5 in
the absence of TshzI. Therefore, we cannot exclude that in
addition 7shzl could play a direct role in the formation of the
malleus.

The development of the skeletal structures involves
sequential phases; migration of the pre-skeletal mesenchymal
cells to the final site of skeletogenesis; then condensation of
these cells, resulting from interactions with the surrounding
epithelial cells, that finally leads to differentiation of chondro-
blasts or osteoblasts (Hall and Miyake, 2000). We propose that
Tshz1 could play a role at the condensation stage, which is a
crucial stage in skeletogenesis, by establishing the boundary
and/or the size of the condensation. Indeed, Tshz/ is expressed
in mesenchyme surrounding condensations, a critical position to
modulate expansion of condensation size.

Usually, regulatory genes expressed in the branchial arches
during embryogenesis lead to several malformations within
craniofacial cartilaginous and ossified structures when mutated.
Here we show that inactivation of 7shz/ leads to specific
alteration of the middle ear apparatus. This result suggests that
Tshzl function is not required for early patterning of the
branchial arches but rather is specifically required to control the
development of middle ear components. 7shz/ thus probably
acts downstream of the regulatory genes known to be implicated
in the patterning and the differentiation of branchial arches-
derived structures or acts as specific cofactor of regulatory
molecules to ensure middle ear formation.

Congenital aural atresia (CAA) is a rare developmental
anomaly of the ear, characterized by a conductive hearing loss
with variable degree (Cremers et al., 1988; Strathdee et al.,
1995). The ear abnormalities linked to CAA involve develop-

mental failure of the external auditory canal, malformation of
the tympanic membrane, the ossicles and the middle ear cavity.
However, the inner ear of the patients appears to develop
normally. Thus, CAA results from the abnormal development of
the first and second branchial arches and the first branchial cleft.
CAA has been frequently reported in patients with chromoso-
mal anomalies on the long arm of chromosome 18 (18q) (Cody
et al., 1999; Keppler-Noreuil et al., 1998; Kline et al., 1993).
Recently, CAA syndrome was linked to a 2.3-Mb deletion on
chromosome 18q22.3—18q23 (Dostal et al., 2006), delineated
by the polymorphic markers D18S489 and D18S554. Although
9 genes have been mapped in this genomic region, none of them
have been implicated in the cause of this syndrome. We found
that the human 7SHZI1 (SDCCAG33) gene maps in this critical
interval, 0.4 Mb distal to DI18S489. We show here that
inactivation of 75hz/ in mouse leads to a severe middle ear
phenotype, mimicking defects observed in the CAA syndrome
in human. Therefore, we propose TSHZ1 as one good candidate
gene for CAA syndrome.
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