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In Hoxa-2−/− embryos, the normal skeletal elements of the
second branchial arch are replaced by a duplicated set of
first arch elements. We show here that Hoxa-2 directs
proper skeletal formation in the second arch by preventing
chondrogenesis and intramembranous ossification. In
normal embryos, Hoxa-2 is expressed throughout the
second arch mesenchyme, but is excluded from the
chondrogenic condensations. In the absence of Hoxa-2,
chondrogenesis is activated ectopically within the rostral
Hoxa-2 expression domain to form the mutant set of
cartilages. In Hoxa-2−/− embryos the Sox9 expression
domain is shifted into the normal Hoxa-2 domain.
Misexpression of Sox9 in this area produces a phenotype
resembling that of the Hoxa-2 mutants. These results

indicate that Hoxa-2 acts at early stages of the
chondrogenic pathway, upstream of Sox9 induction. We
also show that Hoxa-2 inhibits dermal bone formation
when misexpressed in its precursors. Furthermore,
molecular analyses indicate that Cbfa1is upregulated in the
second branchial arches of Hoxa-2 mutant embryos
suggesting that prevention of Cbfa1 induction might
mediate Hoxa-2 inhibition of dermal bone formation
during normal second arch development. The implications
of these results on the patterning of the branchial area are
discussed.

Key words: Branchial arches, Hoxa-2, Sox9, Cbfa1, Skeletogenesis,
Mouse
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INTRODUCTION

Cranial neural crest cells play a pivotal role in the developm
of the craniofacial area (Noden, 1988; Le Douarin et al., 199
These cells delaminate from the dorsal part of the develop
neural tube and migrate into the branchial arches a
frontonasal mass where they contribute to a wide variety
tissues, including bone and cartilage (Noden, 1988; Le Doua
et al., 1993). Cell tracing studies in mouse and chick embr
have shown that neural crest cells originating from differe
rostrocaudal levels migrate into specific areas of the develop
face (Lumsden et al., 1991; Serbedzija et al., 1992; Osu
Yamashita et al., 1994). For instance, the first branchial arc
populated by neural crest migrating from the caudal midbr
and the first two rhombomeres, while rhombomere 4 neu
crest cells populate the second branchial arch. After arriva
these neural crest cells in the branchial arches, a serie
epithelial-mesenchymal interactions guide their furth
development into a variety of structures specific for the vario
regions (Carlson, 1994). The core and symphysial portions
Meckel’s cartilage, as well as the dentary bone, derive from 
distal part of the first branchial arch. The proximal part of t
first arch (Table 1) gives rise to the squamous bone, the do
ent
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end of Meckel’s cartilage, two of the middle ear ossicle
(malleus and incus) and the tympanic ring, which supports th
tympanic membrane. From the second branchial arch, the th
of the middle ear ossicles, the stapes, develops together w
the styloid process and the lesser horn of the hyoid bone (Ta
1).

Two alternative mechanisms underlie the development 
craniofacial skeletal elements. Endochondral elements deve
through the formation of cartilage templates, later replaced b
bone tissue (endochondral ossification), whereas dermal 
intramembranous) elements result from the osteoblas
differentiation of cells located within the condensing
mesenchyme which lay down osteoid tissue (intramembrano
ossification). Skeletogenesis initiates with the induction o
control genes that specify an osteogenic or chondrogenic fa
in previously undifferentiated mesenchymal cells. These gen
include Sox9for cartilage (Bell et al., 1997; Ng et al., 1997)
and Cbfa1 for dermal bone (Ducy et al., 1997; Komori et al.,
1997; Otto et al., 1997). Epithelial-mesenchymal interaction
are thought to play an important role in skeletal induction i
the craniofacial area (Hall and Miyake, 1995), acting either b
direct contact or through the release of diffusible factors
Subsequently, the morphogenesis of the areas fated to 
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Table 1. Skeletal derivatives from the first and second
branchial arches from wild-type and Hoxa-2−/− embryos

Wild-type Hoxa-2−/−

First branchial arch Malleus Malleus
Incus Incus
Tympanic ring Tympanic ring
Squamous bone Squamous bone

Second branchial arch Stapes Malleus*
Styloid process Incus*
Lesser horn hyoid Tympanic ring*

Squamous bone*
Otic capsule Oval window No oval window

*In mirror image arrangement.
skeletal pathways must be modulated to achieve the forma
of functional structures. In recent years, several genes h
been identified that play a role in the morphogenesis of 
craniofacial skeleton. Some of them, such as Endothelin-1,
Msx1, gsc and Mhox, may be involved in skeletal induction
processes (Kurihara et al., 1994; Satokata and Maas, 19
Rivera-Pérez et al., 1995; Yamada et al., 1995; Martin et 
1995); others, including Dlx1, Dlx2, Hoxa-2, as well as Mhox,
may play a role in the morphogenesis of the induced skele
(Gendron-Maguire et al., 1993; Rijli et al., 1993; Martin et a
1995; Qiu et al., 1995, 1997).

Gene inactivation experiments have shown that Hoxa-2
plays a central role in the development of the skeletal eleme
of the second branchial arch (Gendron-Maguire et al., 19
Rijli et al., 1993). In Hoxa-2null mutant embryos, the normal
second branchial arch derivatives are replaced by a duplica
set of proximal first branchial arch elements (Table 1). Th
Hoxa-2 appears to divert the morphogenesis of the skele
elements in the second arch from a first arch ground progr
Any explanation of this process must account for bas
differences in the morphogenetic plans of the first and sec
branchial arches. First, both endochondral a
intramembranous ossification occurs in the first branchial ar
while only endochondral ossification takes place in the seco
branchial arch. Second, all the second arch derivatives a
from a single cartilaginous condensation, Reichert’s cartila
whereas proximal derivatives of the first branchial arch ar
from several independent skeletogenic centers: endochon
condensations lead to the formation of the middle ear ossic
(malleus and incus), while the squamous bone and tympa
ring develop from their respective intramembranou
condensations. Multiple centers also occur in the seco
branchial arch of Hoxa-2 mutant embryos in which the
tympanic ring (and probably also the squamous bone) devel
from a condensation independently of the malleus and in
(Mallo and Gridley, 1996). Therefore, Hoxa-2 normally
reduces the condensation centers and permits o
endochondral ossification to occur in the second arch.

So far it is not known how Hoxa-2 directs the correct
morphogenesis in the second branchial arch. Considering
involvement of other Hox genes in establishing segmenta
identity in a variety of systems (Krumlauf, 1994) and the fa
that Hoxa-2 is expressed in the neural crest migrating to t
second but not to the first branchial arch (Krumlauf, 199
Prince and Lumsden, 1994; Mallo, 1997), it has been propo
that Hoxa-2 specifies, in the second arch neural crest,
tion
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developmental plan responsible for the formation of seco
arch-specific structures (Gendron-Maguire et al., 1993; Rijli 
al., 1993). A prediction from this hypothesis is that th
expression of Hoxa-2 in the first arch should result in the
development of second arch structures replacing those of 
first arch (Rijli et al., 1993). However, previous results from
our laboratory indicate that the retinoic acid-induced ectop
expression of Hoxa-2 in the first branchial arch results in
variable deletions of first arch proximal derivatives but no sig
of change in segmental identity was evident (Mallo an
Brändlin, 1997). This suggests that Hoxa-2acts as more than
a positive selector gene in second arch morphogenesis.

We investigated the mechanisms by which Hoxa-2 might
influence the morphogenesis of second arch elements. We 
that Hoxa-2 is widely expressed in the second arc
mesenchyme, but is excluded from the chondrogen
condensations. Furthermore, expression of Sox9in Hoxa-2−/−

embryos is shifted ventrally into the normal Hoxa-2expression
domain where it is normally not expressed. Using a transge
approach, we show that this change in Sox9 expression is
indeed responsible for the phenotype of the cartilagino
elements in the second arch of the Hoxa-2mutants. In addition,
Hoxa-2inhibits dermal bone formation in the second arch, an
this inhibition is mediated by the prevention of Cbfa1
expression in that area. 

MATERIALS AND METHODS

Transgenic constructs
Hoxa-2::SOX9 construct: a 0.8 kb BglII fragment of the Hoxa-2
genomic region containing the enhancer driving Hoxa-2expression in
the second branchial arch, in which the Krox-20 binding sites we
inactivated (Nonchev et al., 1996), was cloned upstream of t
minimal promoter from the adenovirus 2 late region (Conaway a
Conaway, 1988). The human SOX9cDNA (Wagner et al., 1994) and
the polyadenylation signal of SV40 were then introduced downstre
of the minimal promoter.

Msx2::Hoxa-2 construct: the murine Hoxa-2 cDNA was cloned
downstream of a 5.1 kb genomic fragment containing the Msx2
enhancer/promoter (Liu et al., 1994). The SV40 polyadenylatio
signal was inserted downstream of the Hoxa-2cDNA. 

The constructs were released from vector sequences, gel-puri
using the Qiaquick gel extraction kit (Qiagen) and injected at 
concentration of 2 ng/µl according to standard protocols (Hogan e
al., 1994).

Embryonic analyses
For the identification and analysis of the transgenes, DNA w
obtained from the viscerae of mouse fetuses according to the met
of Laird et al. (1991). DNA (5 µg) was digested with BamHI and the
fragments were resolved in 0.8% agarose gels, blotted to ZetaPr
GT membranes (BioRad) and hybridized with the appropriate 32P-
labeled probes according to standard methods (Sambrook et al., 19
Copy number was estimated by comparing the intensities of t
transgenic and endogenous bands.

The genotyping of embryos and fetuses from Hoxa-2+/−

intercrosses was performed by PCR as described by Gendron-Mag
et al. (1993).

Whole-mount in situ hybridization was performed according to th
method of Wilkinson (1992), radioactive in situ hybridization a
described by Smith and Gridley (1992), and non-radioactive in s
hybridization on paraffin sections as by Jostarndt et al. (1994) us
digoxigenin-labelled probes. The following probes were used: Cbfa1:
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ion of Hoxa-2, Sox9and neoduring the development of second arch
itu hybridization was performed on transverse sections from 12.0 (A-E),

d L-N) or 13.5 (I-K) d.p.c. embryos with probes for Hoxa-2
ox9(E,H,K,N) or neo(D). The Sox9probe was hybridized to sections
se used for Hoxa-2except in G and H, in which sections from similar
rent embryos were used; neowas analyzed on a similar area from
ryos. B,F,I and L are bright-field pictures of the fields shown in C, H, J
s a higher magnification of the boxed area in A. (A,C,G,J) Hoxa-2
xcluded from the stapedial condensation (white arrows) in the second

 (II). In the region of the otic capsule (o), Hoxa-2is expressed around
in the oval window (ow). (E,H,K) Sox9is expressed in all the developing
 area displaying a pattern complementary to that of Hoxa-2. (D) neois
from the stapedial condensation. (L,M,N) Hoxa-2expression is
 the developing styloid process (st) which is positive for Sox9
l micrographs are oriented rostral side up. i: incus; I: first branchial arch;
ndensation; v: primary head vein.
a 0.6 kb HindIII/PstI fragment of the cDNA (Ogawa et al., 1993)
obtained by RT-PCR; mouse Sox9: the same as described by Wrigh
et al. (1995), obtained by RT-PCR; human SOX9: a cDNA fragment
containing the whole coding region (Wagner et al., 1994); neo: a 0.6
kb PstI/XbaI fragment from pPGKneobpA
(Soriano et al., 1991); Hoxa-2: the same as
described by Mallo (1997); Mhox: a 0.6 kb
fragment containing the entire coding region
(Cserjesi et al., 1992), obtained by RT-PCR.

Skeletal preparations were performed as
described by Mallo and Brändlin (1997) on 18.5
days post coitum (d.p.c.) embryos.

RESULTS

As a step to understanding the role of Hoxa-
2 in the morphogenesis of the skeletal
elements derived from the second branchial
arch we analyzed its expression pattern,
particularly in relation to the structures
affected in Hoxa-2−/− mice. Although
previous analyses indicated that Hoxa-2 is
expressed in the second branchial arch
mesenchyme (Krumlauf, 1993; Prince and
Lumsden, 1994; Mallo, 1997), those studies
were performed at early developmental
stages, and no detailed analysis of Hoxa-2
expression during morphogenesis of the
second branchial arch structures was
conducted. Analysis at later developmental
stages (10.5-14.5 d.p.c.) revealed that Hoxa-
2 is widely expressed throughout the second
branchial arch mesenchyme (Fig. 1 and data
not shown). However, the condensations
forming the second arch skeletal elements,
although at the earliest stages they might
contain some Hoxa-2-expressing cells, were
mostly negative for Hoxa-2expression (Fig.
1 and data not shown). For instance, the
developing stapes can be initially identified in
the proximal region of the second arch as a
condensation surrounding the stapedial artery
(Anson and Cauldwell, 1942); this
condensation was negative for Hoxa-2
expression (Fig. 1A,C,G,J). Conversely,
Sox9, an early marker of chondrogenesis
(Wright et al., 1995), was expressed in this
condensation (Fig. 1E,H,K), confirming its
cartilage-forming nature. Later, when the
stapes interacts with the otic capsule to
become inserted in the oval window, Hoxa-2
is still expressed around it and extends its
expression through the prospective wall of
the otic capsule in the region of the oval
window (Fig. 1I,J). The expression of Sox9in
this area was again complementary to that of
Hoxa-2: Sox9was detected in the rest of the
otic capsule, but not in the oval window (Fig.
1K). The apparent complementarity of Hoxa-
2 and Sox9was also clear for other second
arch structures. The developing styloid

Fig. 1. Express
structures. In s
12.75 (F-H an
(A,C,G,J,M), S
adjacent to tho
regions of diffe
Hoxa-2+/− emb
and M. C show
expression is e
branchial arch
the stapes (s) 
cartilage of the
also excluded 
excluded from
expression. Al
s: stapedial co
,
t

process contained Sox9 transcripts, in agreement with its
endochondral nature (Fig. 1N), but was negative for Hoxa-2
expression (Fig. 1M).

The absence of detectable Hoxa-2expression in the skeletal
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Fig. 2.Expression of neoin the second arch of Hoxa-2−/− embryos.
In situ hybridization was performed on transverse sections of 13.5
d.p.c. Hoxa-2−/− embryos with a probe for neo. neoexpression is
seen in the region of the second branchial arch, including the
condensations forming the duplicated malleus (m*), Meckel’s
cartilage (me*) and tympanic ring (t*). The otic capsule (o) and the
normal malleus (m) and Meckel’s cartilage (me) are negative. A a
C show bright-field images of B and D, respectively. Micrographs 
oriented rostral side up. am*, duplicated external acoustic meatus

of Sox9in wild-type and Hoxa-2−/− embryos. Sox9expression was
pe and Hoxa-2−/− embryos in whole 10.5 dpc embryos (A,E) and in
s from 11.5 d.p.c. embryos (C,D,G,H). B and F are bright-field pictures
 in C and G, respectively. D and H show higher magnifications of the ear
C and G. (A,C,D) In the second branchial arch (II) of wild-type
al part of the Sox9signal (arrow) shows a perforated appearance, in close
e otic capsule (o). (E,G,H) In the Hoxa-2mutants, Sox9expression in
ial arch is altered. The dorsal part of its expression domain (arrow) shows
nce from that in the wild-type embryos and is located further away from

djacent to the first pharyngeal pouch (p). The white arrowheads in D and
tion of the endodermal epithelium associated to the second branchial

aryngeal pouch. Micrographs are oriented rostral side up. I: first
rimary embryonic vein.
condensations makes it unlikely that this gene directs 
morphogenesis of the second arch skeleton in a c
autonomous fashion. Instead, the complementarity of Hoxa-2
and Sox9expression domains (Fig. 1) and
the finding that Hoxa-2is expressed in the
oval window (Fig. 1J), a structure absent in
Hoxa-2−/− animals (Gendron-Maguire et
al., 1993; Rijli et al., 1993), suggest that
Hoxa-2 may inhibit skeletal formation in
this area.

Based on this hypothesis, we speculated
that the Hoxa-2 mutant phenotype might
derive from the development of skeletal
elements within the Hoxa-2 expression
domain. To test this prediction, we took
advantage of the finding that the expression
of neo from the Hoxa-2 null allele
(Gendron-Maguire et al., 1993) resembled
that of the native Hoxa-2 gene (Fig. 1D;
also reported by Rijli et al., 1993),
indicating a dominant effect of the Hoxa-2
second arch enhancer (Nonchev et al.,
1996) on the PGK promoter. In Hoxa-2
mutant embryos, neo expression was
observed in the condensations of the
second branchial arch that generate the
duplicated set of first arch elements (Fig.
2). By contrast, the corresponding
elements developing from the first arch,
which are physically connected to those of
the second arch (Gendron-Maguire et al.,
1993; Rijli et al., 1993), were negative for

Fig. 3.Expression 
analyzed in wild-ty
transverse section
of the fields shown
region of sections 
embryos, the dors
association with th
the second branch
a different appeara
the otic capsule, a
H indicate the loca
arch in the first ph
branchial arch; v: p
the
ell-

neoexpression (Fig. 2), emphasizing the specificity of the neo
expression pattern. These results support the notion that the
of second arch elements in the Hoxa-2 mutants arise from
mesenchymal cells of the Hoxa-2expression domain.

Sox9 expression is altered in the second branchial
arch of Hoxa-2−/− embryos
A variety of molecular and mutational studies have suggest
the involvement of Sox9 in the initial steps of cartilage
development (Foster et al., 1994; Wagner et al., 1994; Wrig
et al., 1995; Bell et al., 1997; Ng et al., 1997). It is therefo
possible that Hoxa-2 exerts its negative effects on cartilage
formation by modulating Sox9 expression. In the second
branchial arch, Sox9expression becomes detectable at 10
d.p.c. in the condensation of Reichert’s cartilage (Wright et a
1995; and Fig. 3A). Its expression domain is restricted to
central area in the branchial arch and shows in its dorsal p
the typical perforated appearance of the staped
condensation, which lies in close proximity to the otic vesic
(Fig. 3A,C,D). Analysis of Sox9expression in the second arch
of Hoxa-2mutant embryos revealed a different pattern, alread
evident at 10.5 d.p.c. (Fig. 3E). Careful examination of sectio
and whole-mount preparations indicated that the Sox9
expression domain is located more ventrally in the arch 
Hoxa-2−/− embryos (Fig. 3; and data not shown) within th
Hoxa-2expression region (compare Fig. 3G,H and Fig. 1A,C
The altered Sox9 expression in Hoxa-2−/− embryos was
particularly evident in the dorsal part of the Sox9expression
domain, where it was no longer close to the otic vesicle b
more ventrally located, adjacent to the first pharyngeal pou
(Fig. 3G,H), and its shape was different from that of the norm
stapedial condensation (Fig. 3E). These results indicate that

nd
are
.
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Misexpression of SOX9 in the Hoxa-2 domain
phenocopies Hoxa-2−/− fetuses
If the role of Hoxa-2in the morphogenesis of the cartilaginou
components of the second arch is to determine 
chondrogenic domain by restricting the area of Sox9induction,
it is possible that forced expression of Sox9in the rostral Hoxa-
2 domain might generate a phenotype resembling that of 
Hoxa-2−/− embryos. To test this possibility, we expressed SOX9
under the control of the Hoxa-2 second arch enhance
(Nonchev et al., 1996) in transgenic animals. We used
mutated version of this enhancer in which the Krox-20 bindi
sites are inactivated (Nonchev et al., 1996) to avo
complications from ectopic SOX9expression in the hindbrain
n
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Fig. 4.Skeletal preparations of wild-type, Hoxa-2−/− and Hoxa-
2::SOX9transgenic embryos. The skeletons of wild-type (A,B),
Hoxa-2−/− (C,D) and Hoxa-2::SOX9 transgenic (E,F) fetuses were
stained with alcian blue and alizarin red at 18.5 d.p.c. A,C and E
show the whole heads, and B,D and F, show the dissected ear
elements. An explanatory diagram for F is included. (B) The ear
region of wild-type embryos contain a malleus (m) still attached to
Meckel’s cartilage (M), the incus (i), stapes (s) and tympanic ring 
(D) In the Hoxa-2mutant, the stapes is missing and the rest of the
elements are duplicated (i, i*, m, m*, M, M*, t, t*). (F) In Hoxa-
2::SOX9 transgenic fetuses the region of the middle ear ossicles (i
blue in the diagram) shows a structure resembling that found in
Hoxa-2mutants. An extra cartilaginous mass is also present (in w
in the diagram). The tympanic ring (red in the diagram) is not
affected.
is
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The effects of the transgene on the craniofacial region var
with the integration copy number. Fetuses containing low co
numbers (up to 10) of the transgene were indistinguisha
from non-transgenic controls (not shown). Howeve
phenotypic alterations were observed in fetuses contain
higher copy numbers. Those alterations were restricted to 
region derived from the second arch, with the rest of t
craniofacial area showing a completely normal appearan
(Fig. 4). The normal second branchial arch elements we
absent and were substituted by a cartilaginous mass loca
between the otic capsule and the first arch skeletal element
the rostral side, extending caudally into the neck region (F
4E,F). The shape of these cartilaginous formations varied fr
one fetus to another without any obvious pattern. Interesting
the phenotype of these transgenic fetuses also included e
elements associated with the first arch cartilages with patte
reminiscent of the ear region of Hoxa-2mutants (Fig. 4D,F).
A cartilage resembling an incus in mirror image orientatio
with respect to its normal counterpart was present, associa
with a distal extension of the malleus and with an extend
cartilage located in a position similar to that of the duplicate
Meckel’s cartilage of the Hoxa-2mutant embryos (Fig. 4D,F).
Therefore, it seems that expression of Sox9within the Hoxa-2
domain is able to partially reproduce the Hoxa-2−/− ear
phenotype. Analysis of SOX9 expression in Hoxa-2::SOX9
transgenic embryos indicated that its expression in the sec
arch of these embryos is not restricted to the rostral Hoxa-2
domain, as Sox9is in the Hoxa-2−/− embryos, but encompasses
the whole Hoxa-2 expression domain in this arch (Fig. 5
compare with Fig. 3E). Therefore, although it cannot b
formally ruled out that SOX9misexpression induced the Hoxa-
2::SOX9 transgenic phenotype via interference with gener
patterning mechanisms, it is very likely that the cartilages 
the second arch of the Hoxa-2::SOX9fetuses resulted from a
dominant chondrogenic activity of SOX9in different areas of
this arch. In the most rostral areas, similar to the case in Hoxa-
2 null mutants, it would induce the observed Hoxa-2−/−-like
elements, while in more caudal and proximal regions of t
second arch it would generate the extra mass of cartilage.

Together, the results presented so far indicate that the Hoxa-
2-dependent alteration of Sox9 expression in the second
branchial arch plays an important role in the genesis of t
Hoxa-2 mutant phenotype. It can be concluded that Hoxa-2
influences the morphogenesis of the second arch cartila
specifying the Sox9 functional domain by an inhibitory
mechanism.

Hoxa-2 inhibits bone formation
In addition to the respecification of the cartilaginous skeleto
the Hoxa-2mutant phenotype includes the duplication of firs
arch bony elements (Gendron-Maguire et al., 1993; Rijli et a
1993). In Hoxa-2::SOX9 transgenic fetuses, these derma
elements were not affected (Fig. 4). Thus, the duplicat
tympanic ring and squamous bone of the Hoxa-2−/− embryos
probably do not result from a change in Sox9expression. We
previously showed that the duplication of the tympanic ring 
the Hoxa-2mutants results from the induction of an additiona
ossification center in the region of the second branchial a
(Mallo and Gridley, 1996). Because Hoxa-2appears to inhibit
cartilage formation, we asked whether it has similar effects 
the formation of intramembranous bone. We first express
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Fig. 5.Expression of SOX9in the second arch of Hoxa-2:SOX9
transgenic embryos. (A) The expression of the human SOX9gene
was analyzed on Hoxa-2:SOX9transgenic embryos at 10.5 d.p.c.; the
transgene drives expression of SOX9to the Hoxa-2domain in the
second branchial arch. Note the slight crosshybridization of the
human SOX9probe with its murine homolog. (B) Control wild-type
embryo showing the expression of Hoxa-2. Arrows indicate the
second branchial arch.

Fig. 6.Effect of Hoxa-2expression in dermal bones. Skeletons of
wild-type (A,D) or Msx2::Hoxa-2transgenic embryos (B,C,E,F)
were stained at 18.5 d.p.c. (B,C) The membranous bones of the
skulls of the transgenic embryos were affected. The most commonly
reduced or deleted were the interparietal (i), supraoccipital (s) and
parietal (p) bones. (C) Very high copy numbers of the transgene
induced nearly total deletion of the membranous bones of the
craniofacial area. (D,E,F) The tympanic rings (arrow) were also
typically reduced to various extents. f, frontal; m, mandible.
Hoxa-2under the control of the Msx2gene promoter. This gene
is expressed in the dermal bone precursors of the craniofa
area (MacKenzie et al., 1992) and a promoter fragment has b
identified that drives expression in most of the Msx2expression
domains (Liu et al., 1994). Skeletal preparations fro
Msx2::Hoxa-2transgenic embryos revealed a variable deficit 
bone formation in the region of the skull (Fig. 6). This varie
from small deficits in the interparietal bone and tympanic ri
to extensive deletions of several bones in the craniofacial a
In an extreme case, most of the membranous bones in 
craniofacial area were absent (Fig. 6C). Analysis of Hoxa-2
expression in transgenic embryos at earlier stages 
development showed that this gene was indeed ectopic
expressed in the areas where the affected bones develop (Fi
indicating a direct role of Hoxa-2 in the transgenic phenotype
Furthermore, the extent to which bone formation was affec
correlated with the transgene copy number, suggesting a di
relationship between the severity of the phenotype and Hoxa-2
expression levels. These results indicate that Hoxa-2inhibits the
formation of intramembranous bone in a dominant fashion
should be noted that in addition to deficits in bone formatio
chondrogenesis was also compromised in some of 
Msx2::Hoxa-2transgenic fetuses, in particular those presenti
strong dermal bone phenotypes (Fig. 6C). Given the nega
effects of Hoxa-2on chondrogenesis, it is likely that the failur
of some craniofacial cartilages to develop results from Hoxa-2
expression in their primordia. Some support for this idea
provided by the cartilage phenotype in the fetus showed on 
6C: cartilage derived from the first branchial arch, where t
Msx2 enhancer is very active (Liu et al., 1994), are strong
affected, while the nasal capsule, which originates from a reg
of low Msx2enhancer activity, is essentially conserved.

To determine whether the inhibitory effects of Hoxa-2 on
of
ally
g. 7),
.
ted
rect

. It
n,
the
ng
tive
e

 is
Fig
he
ly
ion

dermal bone formation have physiological relevance, w
analyzed neo expression during the development of the
duplicated tympanic ring in the second arch of Hoxa-2−/−

embryos. In fact, neo is expressed in the condensation tha
initiates this structure (Fig. 2D), indicating that the additiona
tympanic ring of Hoxa-2−/− embryos develops within the Hoxa-
2 expression domain. Thus, this gene might indeed inhibit th
formation of this bone in wild-type animals.

Cbfa1 expression is upregulated in the second
branchial arch of Hoxa-2−/− embryos
We next wanted to examine the mechanisms by which Hoxa-2
inhibits the formation of dermal bone. We focused first on gsc
and Mhox because they are required for the formation of th
tympanic ring (Rivera-Pérez et al., 1995; Yamada et al., 199
Martin et al., 1995) and thus, Hoxa-2could inhibit the formation
of a duplicated tympanic ring by modulating any of these gene
However, we showed previously that Hoxa-2does not affect the
expression of gsc(Mallo and Gridley, 1996), and the expression
of Mhox, which includes domains in the first and second
branchial arches, was also not affected by Hoxa-2(Fig. 8B,C).
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Fig. 7.Expression of Hoxa-2in the developing skull of Msx2::Hoxa-
2 embryos. Hoxa-2expression was analyzed on frontal sections of
13.5 d.p.c. wild-type (A,B) or Msx2::Hoxa-2transgenic embryos
(C,D). Expression of Hoxa-2is detected in the mesenchyme formin
the dermal bones of the skull (arrows) only in the transgenic
embryos.
We then asked whether Hoxa-2, which had a clear effect on the
expression of one of the earliest regulators of cartila
formation, Sox9 (Graves, 1997), might also affect the
expression of Cbfa1, a key regulator of membranous bon
Fig. 8.Expression of Hoxa-2, MHoxand Cbfa1in
wild-type and Hoxa-2−/− embryos. In situ
hybridization was performed on wild type (A,B,D,E,F)
and Hoxa-2mutant (C,G,H,I) whole mount embryos at
11.5 d.p.c. (A-E,G,H) or on transverse sections of 12.5
d.p.c. embryos (F,I). The probes used detected Hoxa-2
(A), MHox (B,C) and Cbfa1(D-I). E and H are higher
magnifications of the branchial area of the embryos
shown in D and G, respectively. (A) Hoxa-2is
expressed in the second arch region, caudal to the pit
of the prospective external acoustic meatus (p).
(B,C) In the region surrounding the meatal pit (p),
MHoxexpression is similar in wild-type (B) and
Hoxa-2mutant (C) embryos. In both cases, it is
expressed rostral and caudal to the pit. (D,E) In wild-
type embryos, a domain of expression for Cbfa1
(arrowhead) is detected rostral to the meatal pit (p).
(G,H) In the Hoxa-2mutants additional Cbfa1
expression is detected (arrowhead with asterisk)
caudal to the meatal pit (p). (F) When analyzed in
sections of wild-type embryos at 12.5 d.p.c. Cfba1is
detected (arrowhead) in the first arch associated to the
external acoustic meatus (am), in close proximity to
Meckel’s cartilage (me). Note that the medial surface
of the acoustic meatus (arrow), which is starting to
invaginate, is the caudal limit of first arch. (I) In Hoxa-
2 null mutants an additional Cbfa1expression domain
is detected (arrowhead with asterisk) associated with
the duplicated acoustic meatus (am*) in the second branchial arc
developing mandible.
ge

e

development (Ducy et al., 1997; Komori et al., 1997; Otto e
al., 1997). At 11.5 d.p.c. Cbfa1 is expressed in several
osteogenic domains of the wild-type embryo, including th
developing mandible and maxilla (Fig. 8D); in the ear region
expression was detected rostral to the pit where the exter
acoustic meatus originates (Fig. 8D,E). Analysis of sections
12.5 d.p.c. (Fig. 8F) confirmed that theCbfa1-expressing region
corresponds to the site where the tympanic ring is initiate
(Mallo and Gridley, 1996; Mallo, 1998). Cbfa1expression in
the second arch of wild type embryos is very low, bein
detectable only upon over development of the whole-mount 
situs (Fig. 8D,E; and not shown). In the Hoxa-2 mutant, an
additional expression domain with an intensity similar to tha
in the first arch, was observed caudal to the prospective exter
acoustic meatus (Fig. 8G,H) in an area where Hoxa-2 is
normally expressed (Fig. 8A). Analysis of sections at 12.5 d.p
(Fig. 8I) showed that this extra Cbfa1domain corresponds to
the region where the supernumerary tympanic ring develops
the Hoxa-2−/− animals (Mallo and Gridley, 1996; Mallo, 1998).
These results suggest that prevention of Cbfa1 expression
mediates the inhibition of dermal bone formation by Hoxa-2.

DISCUSSION

Hoxa-2 inhibits membranous bone and cartilage
formation
Previous studies have shown that the Hoxa-2gene is essential
for proper development of the skeletal structures derived fro
the second branchial arch (Gendron-Maguire et al., 1993; R
et al., 1993). When inactivated, the second branchial ar

g

h. The micrographs in F and I are oriented rostral side to the right. m,
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B. Kanzler and others
cartilages fail to develop and are replaced by a duplicate se
proximal first arch elements. Therefore, it has been sugge
that, like other Hoxgenes in a variety of developmental settin
(Krumlauf, 1994), Hoxa-2 provides the second arch with
regional identity (Gendron-Maguire et al., 1993; Rijli et a
1993; Hall and Miyake, 1995). Our present results suggest 
Hoxa-2 does not provide the second arch skeletal eleme
with an intrinsic and specific developmental plan since, exc
for a few cells at the earliest stages, this gene is not expre
in the condensations that initiate and form those eleme
Theoretically, it is still possible that Hoxa-2expression in those
cells is sufficient to give a specific plan to the second a
condensations. However, our results rather suggest that Hoxa-
2 influences the morphogenesis of the second branchial 
elements by preventing dermal bone and cartilage formatio
particular areas.

Cartilage is clearly induced in the second arch both in 
presence and absence of Hoxa-2. However, our data indicate
that the site of cartilage formation and the resulting set
structures differ depending on whether Hoxa-2is expressed. In
wild-type embryos, chondrogenesis occurs in a group of Hoxa-
2-negative cells in the core of the second branchial arch; 
chondrogenic center generates the stapes and other se
arch-derived cartilages. In Hoxa-2−/− embryos, chondrogenesi
is activated in a different subset of second arch mesenchy
cells, located more ventrally within the typical Hoxa-2
expression domain, resulting in a duplicated malleus and in
Several findings support such an interpretation. neo (which is
expressed from the mutant allele similar to Hoxa-2) is
expressed in the chondrogenic condensations located in
second arch of Hoxa-2−/− embryos. In addition, in Hoxa-2null
mutants theSox9expression domain in the second arch, 
particular its dorsal part, is shifted into the Hoxa-2 ‘territory’.
Finally, when SOX9was expressed under the control of th
Hoxa-2promoter in transgenic animals, the ear region of 
resulting fetuses contained cartilaginous elements resemb
those of Hoxa-2null mutants, indicating that upregulation o
SOX9 in the Hoxa-2 domain can indeed mimic part of th
Hoxa-2 mutant phenotype. Therefore, Hoxa-2 influences the
formation of cartilaginous elements in the second branch
arch by restricting the chondrogenic areas.

In addition to cartilages (malleus and incus), the duplica
set of first arch skeletal elements in the second arch of Hoxa-
2−/− embryos includes dermal bones (tympanic ring a
squamous bone) (Gendron-Maguire et al., 1993; Rijli et 
1993). Since no membranous ossification occurs in the sec
branchial arch of wild-type embryos, Hoxa-2must somehow
interfere with the formation of dermal bone occurring in t
second arch of Hoxa-2null mutants. This process is expecte
to involve mechanisms different from those affecting cartila
formation, because the tympanic rings and squamous bo
were not affected in Hoxa-2::SOX9 transgenic fetuses
containing Hoxa-2−/−-like cartilage elements in the second ar
region. This finding also makes it unlikely that Hoxa-2
normally respecifies bone condensations into the cartil
pathway. Instead, our experiments suggest that Hoxa-2inhibits
dermal bone formation in this area. The ability of Hoxa-2 to
inhibit bone formation is evident from our transgen
experiments in which this gene was ectopically expressed
several osteogenic areas. Furthermore, the supernume
tympanic ring arises in the second arch of Hoxa-2−/− embryos
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in the neo(i.e. Hoxa-2) expression domain, indicating that this
mechanism operates normally in the second branchial arc
Moreover, Cbfa1 is upregulated in the second branchial arch
of Hoxa-2−/− embryos. Thus, the absence of membranous bo
in the second arch of normal embryos is the result of inhibitio
in areas where it would be made in the absence of Hoxa-2.

The Hoxa-2mutant phenotype includes the deletion of the
oval window, located in the otic capsule (Gendron-Maguire e
al., 1993; Rijli et al., 1993). The absence of this structure is n
simply the consequence of the failure of the stapes to develo
because oval windows can be found in the absence of th
ossicle (Mallo, 1997). Our results provide a rationale for th
formation of this structure. Because Hoxa-2is expressed in the
area where the oval window is formed, it might render the cel
in that area unable to respond to the signals that induce t
cartilage surrounding the inner ear. The stapedial condensat
would then interact with this area and become inserted in t
window.

Our experiments indicate that Hoxa-2 acts at very early
stages of skeletogenesis since the expression of Sox9 and
Cbfa1, which are so far the earliest markers for the
chondrogenic and osteogenic pathways (Graves, 1997; Ducy
al., 1997), is affected by Hoxa-2 from the first moment these
genes can be detected. However, we cannot be certain ab
the molecular mechanisms of the Hoxa-2-mediated inhibition
of skeletal formation. One possibility is that Hoxa-2represses
directly Sox9 and Cbfa1 transcription. Alternatively, or in
addition, Hoxa-2could down regulate other genes that mediat
the induction of Sox9and Cbfa1in the second branchial arch.
Biochemical studies are necessary to distinguish between the
possibilities.

Patterning of the branchial area
Mutational analyses have shown that Hoxa-2 plays an
important role in patterning the second branchial arc
(Gendron-Maguire et al., 1993; Rijli et al., 1993), but exactl
how this gene exerts its role has remained unclear. Grafti
experiments in birds (Noden, 1983) have suggested that t
cranial neural crest is largely prespecified before its migratio
In this context it has been proposed that Hoxa-2provides the
neural crest cells with a differentiation program to form the
second arch elements (Gendron-Maguire et al., 1993; Rijli 
al., 1993). According to this view, wild-type and Hoxa-2−/−

embryos develop different skeletal structures in their secon
branchial arches because of the loss of this specifi
morphogenetic program in the mutants. However, our resu
do not support this view and suggest instead that Hoxa-2acts
later by preventing chondrogenesis and dermal bone formati
in specific areas.

We previously hypothesized that Hoxa-2 modulates the
response of the mesenchyme to skeletogenic signals provid
locally by the branchial arches (Mallo and Brändlin, 1997). In
the absence of Hoxa-2, the first and second branchial arches
would be endowed with similar developmental potential in
terms of their ability to respond to local patterning cues. In th
‘basic state’, equivalent areas of the first and second branch
arches would respond to one or several common skeleto
inducing signals located probably between both branchi
arches. Dermal bone and cartilage developing from tho
induced areas would form elements with first arch
characteristics and opposite polarity (Gendron-Maguire et a
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1993; Rijli et al., 1993). The presence of Hoxa-2modifies the
competence of the second arch mesenchyme to respon
inducing signals. Cells responding to those signals in 
absence of Hoxa-2are rendered unresponsive by an inhibito
action of this gene. As a result, dermal bone formation
completely inhibited and the cartilage-forming area is spatia
shifted into a Hoxa-2-deficient domain. As a consequence
typical second arch structures form. 

This hypothesis is consistent with our data and with t
Hoxa-2 null mutant phenotype. The area of the seco
branchial arch in which chondrogenesis is induced is differ
in wild-type and Hoxa-2 mutant embryos. In the mutan
situation, cartilage is induced in a region within the Hoxa-2
expression area. When this gene is present, cartilage is for
more dorsally in the second arch in a Hoxa-2-deficient region.
Thus, Hoxa-2 appears to restrict the domain of cartilag
formation inhibiting the mesenchymal response 
chondrogenic signals. Similarly, our results suggest that der
bone is not formed in the second arch because Hoxa-2blocks
the mesenchymal response to the corresponding signals. 

This interpretation also provides an explanation for t
mirror image disposition of the duplicated ear elements in 
Hoxa-2−/− embryos. If these elements are the result of skele
induction from a center located between the first two arch
signaling similarly to both arches, the induced elements 
likely to develop with opposite polarity. The existence of su
a signaling center, already suggested by Rijli et al. (1993)
supported by the expression of gsc in the first and second
branchial arches (Gaunt et al., 1993), although it is on
required in the first arch (Rivera-Pérez et al., 1995; Yamad
al., 1995).

An important step in further understanding the developme
of the branchial area will be the identification of the inducin
factors. Considering that the cartilage-forming area in t
Hoxa-2mutants is located closer to the signaling center th
that in normal embryos, it is possible that, at least for t
cartilage, diffusible molecules are involved in the inductio
which would be prevented from further diffusion upo
activation of responsive cells. Shhand members of the Wnt,
BMP and FGF gene families are prime candidates since th
have already been identified as signaling molecules in a var
of developmental settings (Echelard et al., 1993; Krauss et
1993; Riddle et al., 1993; Laufer et al., 1994; Yang a
Niswander, 1995; Vainio et al., 1993; Neubüser et al., 199
Furthermore, several of these genes are expressed in
branchial area (Parr et al., 1993; Heikinheimo et al., 1994; W
and Hogan, 1995; Helms et al., 1997; Neubüser et al., 19
where they have been shown to participate in morphogen
processes (Vainio et al., 1993; Helms et al., 1997; Neubüse
al., 1997). Endothelin-1is another candidate to play a role i
the induction process: the inactivation of this gene, whi
encodes a secreted peptide (Yanagisawa et al., 1988) wi
restricted expression between the branchial arches (Kurihar
al., 1994), results in craniofacial defects characterized 
extensive deletions of the skeletal derivatives of the branch
arches, without obvious effects on the rest of the craniofac
area (Kurihara et al., 1994).

Extension of the model to other areas and
evolutionary implications
A wide variety of homeobox-containing genes have be
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implicated in the development of skeletal elements in differe
body areas. It is possible that some of them function throu
mechanisms similar to those described here for Hoxa-2. For
instance, null mutations in MHox and Dlx2 produced
alterations in the proximal region of the branchial arche
(Martin et al., 1995; Qiu et al., 1995, 1997). In both cases, t
phenotype includes the altered development of the incus, wh
remains attached to an extra cartilage in the lateral wall of t
skull. It is thus possible that in particular areas, these gen
also modulate the responsiveness of the mesenchyme
chondrogenic signals in achieving the proper morphogene
of skeletal elements like the incus. In this respect, it should 
noted that in the absence of Dlx1 and Dlx2, Sox9was found to
be upregulated in the molar-forming area of the maxilla, 
region where Dlx1 and Dlx2 are normally expressed (Thomas
et al., 1997). For other genes, however, the null phenotyp
cannot be easily interpreted in terms of inhibitory mechanism
on chondrogenesis or osteogenesis. For instance, genetic 
suggest that more positive mechanisms mediate the function
Msx1 or gsc (Satokata and Maas, 1994; Rivera-Pérez et a
1995; Yamada et al., 1995), and differential proliferation rate
provide a simpler explanation for the role of Hox genes in the
morphogenesis of the axial skeleton (Condie and Capecc
1994). Therefore, homeobox-containing genes in general, a
Hox genes in particular, might act in different skeletogeni
areas according to different mechanisms.

Finally, modulation of skeletogenic competence migh
represent a general mechanism for the evolution of th
craniofacial area. It has been suggested that the Hoxa-2mutant
phenotype includes atavistic elements (Rijli et al., 1993), an
inactivation of MHox and Dlx2, which as discussed above
might also down regulate skeletogenesis, produced phenoty
that have been interpreted as the region of the middle e
adopting a configuration reminiscent of the reptilian jaw join
(Martin et al., 1995; Qiu et al., 1995, 1997), the homolog o
the middle ear in non-mammalian jawed vertebrates (Novace
1993). Therefore, these genes (and others) might be involv
in the evolution of this region by modulating the area
competent to respond to skeletal inducing signals. Th
availability of mutant strains for those genes will facilitate th
design of experiments to test these possibilities.

We are grateful to Gerd Scherer and Peter Südbeck for providi
us the human SOX9cDNA and to Tom Gridley for the genomic clone
containing the Hoxa-2 enhancer. We also thank Tom Gridley,
Bernhard Herrmann, Andreas Kispert, Heiner Schrewe and Dav
Solter for critical review of the manuscript.

REFERENCES

Anson, B. J. and Cauldwell, E. W. (1942). The developmental anatomy of
the human stapes. Ann. Otol. Rhinol. Laringol.51, 891-904.

Bell, D. M., Leung, K. K. H., Wheatley, S. C., Ng, L. J., Zhou, S., Ling, K.
W., Sham, M. H., Koopman, P., Tam, P. P. L. and Cheah, K. S. E.(1997).
SOX9directly regulates the type-II collagen gene. Nature Genet.16, 174-
178.

Carlson, B. M. (1994). Human Embryology and Developmental Biology. St.
Louis: Mosby-Year Book, Inc. 

Conaway, R. C. and Conaway, J. W.(1988). ATP activates transcription
initiation from promoters by RNA polymerase II in a reversible step prio
to RNA synthesis. J. Biol. Chem.263,2962-2968.

Condie, B. G. and Capecchi, M. R.(1994). Mice with targeted disruptions



2596

o.

 a

r

l

e

for

ith

al

e.

:

ne

e

st

ic

and

ial

l

nd

ial

B. Kanzler and others
in the paralogous genes hoxa-3and hoxd-3reveal synergistic interactions.
Nature370, 304-307.

Cserjesi, P., Lilly, B., Bryson, L., Wang, Y., Sassoon, D. A. and Olson, E.
N. (1992). Mhox: a mesodermally restricted homeodomain protein that bin
an essential site in the muscle creatine kinase enhancer. Development115,
1087-1101.

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L. and Karsenty, G.(1997).
Osf2/Cbfa1: A transcriptional activator of osteoblast differentiation. Cell 89,
747-754.

Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,
McMahon, J. A. and McMahon, A. P.(1993). Sonic hedgehog, a membe
of a family of putative signaling molecules, is implicated in the regulati
of CNS polarity. Cell 75, 1417-1430.

Foster, J. W., Dominguez-Steglich, M. A., Guioli, S., Kwok, C., Weller, P.
A., Stevanovic, M., Weissenbach, J., Mansour, S., Young, I. D.,
Goodfellow, P. N., Brook, J. D. and Schafer, A. J.(1994). Campomelic
dysplasia and autosomal sex reversal caused by mutations in an SRY-related
gene. Nature372, 525-530.

Gaunt, S. J., Blum, M. and De Robertis, E. M.(1993). Expression of the
mouse goosecoidgene during mid-embryogenesis may mark mesenchym
cell lineages in the developing head, limbs and body wall. Development117,
769-778.

Gendron-Maguire, M., Mallo, M., Zhang, M. and Gridley, T. (1993).
Hoxa-2mutant mice exhibit homeotic transformation of skeletal elemen
derived from cranial neural crest. Cell 75, 1317-1331.

Graves, J. A. M. (1997). Two uses for old SOX. Nature Genet.16, 114-115.
Hall, B. K. and Miyake, T. (1995). Divide, accumulate, differentiate: cel

condensation in skeletal development revisited. Int. J. Dev. Biol.39, 881-
893.

Heikinheimo, M., Lawshe, A., Shackleford, G. M., Wilson, D. B. and
MacArthur, C. A. (1994). fgf-8 expression in the post-gastrulation mous
suggests roles in the development of the face, limbs and central ner
system.Mech. Dev.48, 129-138.

Helms, J. A., Kim. C. H., Hu. D., Minkoff, R., Thaller, C. and Eichele, G.
(1997). Sonic Hedgehogparticipates in craniofacial morphogenesis and 
down-regulated by teratogenic doses of retinoic acid. Dev. Biol.187,25-35.

Hogan, B., Beddington, R., Constantini, F. and Lacy, E. (1994).
Manipulating the Mouse Embryo. A Laboratory Manual. Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press. 

Jostarndt, K., Puntschart, A., Hoppeler, H. and Billeter, R.(1994). The use
of 33P-labelled riboprobes for in situ hybridizations: localization of myos
alkali light-chain mRNAs in adult human skeletal muscle. Histochem. J.26,
32-40.

Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K., Deguchi, K.,
Shimizu, Y., Bronson, R. T., Gao, Y.-H., Inada, M., Sato, M., Okamoto,
R., Kitamura, Y., Yoshiki, S. and Kishimoto, Y. (1997). Targeted
disruption of Cbfa1results in a complete lack of bone formation owing t
maturational arrest of osteoblasts. Cell 89, 755-764.

Krauss, S., Concordet, J.-P. and Ingham, P. W.(1993). A functionally
conserved homolog of the Drosophila segment polarity gene hh is expressed
in tissues with polarizing activity in zebrafish embryos. Cell 75, 1431-1444.

Krumlauf, R. (1993). Hoxgenes and pattern formation in the branchial regio
of the vertebrate head. Trends Genet.9, 106-112.

Krumlauf, R. (1994). Hoxgenes in vertebrate development. Cell 78, 191-201.
Kurihara, Y., Kurihara, H., Suzuki, H., Kodama, T., Maemura, K., Nagai,

R., Oda, H., Kuwaki, T., Cao, W.-H., Kamada, N., Jishage, K., Ouchi,
Y., Azuma, S., Toyoda, Y., Ishikawa, T., Kumada, M. and Yazaki, Y.
(1994). Elevated blood pressure and craniofacial abnormalities in m
deficient in endothelin-1. Nature368,703-710.

Laird, P. W., Zijderveld, A., Linders, K, Rudnicki, M. A., Jaenisch, R. and
Berns, A. (1991). Simplified mammalian DNA isolation procedure. Nucl.
Acids Res.19, 4293.

Laufer, E., Nelson, C. E., Johnson, R. L., Morgan, B. A. and Tabin, C.
(1994). Sonic hedgehog and Fgf-4 act through a signaling cascade
feedback loop to integrate growth and patterning of the developing limb b
Cell 79, 993-1003.

Le Douarin, N. M., Ziller, C. and Couly, G. F. (1993). Patterning of neural
crest derivatives in the avian embryo: in vivoand in vitro studies. Dev. Biol.
159,24-49. 

Liu, Y.-H., Ma, L., Wu, L.-Y., Luo, W., Kundu, R., Sangiorgi, F., Snead,
M. L. and Maxon, R. (1994). Regulation of theMsx2 homeobox gene
during mouse embryogenesis: A transgene with 439 bp of 5′ flanking
sequence is expressed exclusively in the apical ectodermal ridge of
developing limb. Mech. Dev.48, 187-197.
ds

r
on

al

ts

l

e
vous

is

in

o

n

ice

 and
ud.

 the

Lumsden, A., Sprawson, N. and Graham, A.(1991). Segmental origin and
migration of neural crest cells in the hindbrain region of the chick embry
Development 113,1281-1291.

Mallo, M. (1997). Retinoic acid disturbs mouse middle ear development in
stage-specific fashion. Dev. Biol.184,175-186.

Mallo, M. (1998). Embryological and genetic aspects of middle ea
development. Int. J. Dev. Biol.42, 11-22.

Mallo, M. and Brändlin, I. (1997). Segmental identity can change
independently in the hindbrain and rhombencephalic neural crest. Dev. Dyn.
210,146-156.

Mallo, M. and Gridley, T. (1996). Development of the mammalian ear:
coordinate regulation of formation of the tympanic ring and externa
acoustic meatus. Development 122, 173-179.

Martin, J. F., Bradley, A. and Olson, E. N. (1995). The paired-like homeo
box gene Mhox is required for early events of skeletogenesis in multipl
lineages. Genes Dev.9, 1237-1249. 

MacKenzie, A., Ferguson, M. W. J. and Sharpe, P. T. (1992). Expression
patterns of the homeobox gene, Hox-8, in the mouse embryo suggest a role
in specifying tooth initiation and shape. Development115, 403-420.

Neubüser, A., Peters, H., Balling, R. and Martin, G. R.(1997). Antagonistic
interactions between FGF amd BMP signaling pathways: a mechanism 
positioning the sites of tooth formation. Cell 90, 247-255.

Ng, L.-J., Wheatley, S., Muscat, G. E. O., Conway-Campbell, J., Bowles,
J., Wright, E., Bell, D. M., Tam, P. P. L., Cheah, K. S. E. and Koopman,
P. (1997). SOX9 binds DNA, activates transcription, and coexpresses w
type II collagen during chondrogenesis in the mouse. Dev. Biol.183, 108-
121.

Noden D. M.(1983). The role of the neural crest in patterning of avian crani
skeletal, connective and muscle tissues. Dev. Biol.96, 144-165.

Noden, D. M.(1988). Interactions and fates of avian craniofacial mesenchym
Development103 Supplement,121-140.

Nonchev, S., Vesque, C., Maconochie, M., Seitanidou, T., Ariza-
McNaughton, L., Frain, M., Marshall, H., Sham, M. H., Krumlauf, R.
and Charnay, P. (1996). Segmental expression of Hoxa-2 in the hindbrain
is directly regulated by Krox-20. Development122, 543-554.

Novacek, M. J.(1993). Patterns of diversity in the mammalian skull. In The
Skull (ed. J. Hanken, and B. K. Hall), Vol. 2, pp. 438-545. Chicago
University of Chicago Press. 

Ogawa, E., Maruyama, M., Kagoshima, H., Inuzuka, M., Lu, J., Satake,
M., Shigesada, K. and Ito, Y.(1993). PEBP2/PEA2 represents a family of
transcription factors homologous to the products of the Drosophila runt ge
and the human AML1 gene. Proc. Natl. Acad. Sci. USA90, 6859-6863.

Osumi-Yamashita, N., Ninomiya, Y., Doi, H. and Eto, K.(1994). The
contribution of both forebrain and midbrain crest cells to the mesenchym
in the frontonasal mass of mouse embryos. Dev. Biol.164,409-419.

Otto, F., Thornell, A. P., Crompton, T., Denzel, A., Gilmour, K. C.,
Rosewell, I. R., Stamp, G. W. H., Beddington, R. S. P., Mundlos, S.,
Olsen, B. R., Selby, P. B. and Owen, M. J. (1997). Cbfa1, a candidate gene
for cleidocranial dysplasia syndrome, is essential for osteobla
differentiation and bone development. Cell 89, 765-771.

Parr, B. A., Shea, M. J., Vassileva, G. and McMahon, A. P.(1993). Mouse
Wnt genes exhibit discrete domains of expression in the early embryon
CNS and limb buds. Development119, 247-261.

Prince, V. and Lumsden, A. (1994). Hoxa-2 expression in normal and
transposed rhombomeres: independent regulation in the neural tube 
neural crest. Development120,911-923.

Qiu, M., Bulfone, A., Martínez, S., Meneses, J. J., Shimamura, K.,
Pedersen, R. A. and Rubenstein, J. L. R.(1995). Null mutation of Dlx2
results in abnormal morphogenesis of proximal first and second branch
arch derivatives and abnormal differentiation in the forebrain. Genes Dev.
9, 2523-2538.

Qiu, M., Bulfone, A., Ghattas, I., Meneses, J. J., Christensen, L., Sharpe,
P. T., Presley, R., Pedersen, R. A. and Rubenstein, J. L. R.(1997). Role
of the Dlx homeobox genes in proximodistal patterning of the branchia
arches: mutations of Dlx-1, Dlx2 and Dlx-1 and -2 alter morphogenesis of
proximal skeletal and soft tissue structures derived from the first and seco
arches. Dev. Biol.185,165-184.

Riddle, R. D., Johnson, R. L., Laufer, E. and Tabin, C. (1993). Sonic
hedgehogmediates the polarizing activity of the ZPA. Cell 75, 1401-1416.

Rijli, F. M., Mark, M., Lakkaraju, S., Dierich, A., Dolle, P. and Chambon,
P. (1993). A homeotic transformation is generated in the rostral branch
region of the head by disruption of Hoxa-2, which acts as a selector gene.
Cell 75, 1333-1349.

Rivera-Pérez, J., Mallo, M., Gendron-Maguire, M., Gridley, T. and



2597Hoxa-2 in branchial arch development

h

.

l

Behringer, R. R. (1995). Goosecoidis not an essential component of the
mouse gastrula organizer but is required for craniofacial and 
development. Development121,3005-3012.

Sambrook, J., Fritsch, E. F. and Maniatis, T.(1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Sprin
Harbor, New York.

Satokata, I. and Maas, R.(1994). Msx1 deficient mice exhibit cleft palate
and abnormalities of craniofacial and tooth development. Nature Genet.6,
348-356.

Serbedzija, G. N., Bronner-Fraser, M. and Fraser, S. E.(1992). Vital dye
analysis of cranial neural crest cell migration in the mouse embry
Development 116, 297-307.

Smith, D. E. and Gridley, T. (1992). Differential screening of a PCR-
generated mouse embryo cDNA library: Glucose transporters 
differentially expressed in early postimplantation mouse embryo
Development116, 555-561.

Soriano, P., Montgomery, C., Geske, R. and Bradley, A.(1991). Targeted
disruption of the c-scr proto-oncogene leads to osteopetrosis in mice. Cell
64, 693-702.

Thomas, B. L., Tucker, A. S., Qiu, M., Ferguson, C, A., Hardcastle, Z.,
Rubenstein, J. L. R. and Sharpe, P. T.(1997). Role of Dlx-1 and Dlx-2
in patterning of the murine dentition. Development124,4811-4818.

Vainio, S., Karavanova, I., Jowett, A. and Thesleff, I.(1993). Identification
of BMP-4 as a signal mediating secondary induction between epithelial a
mesenchymal tissues during early tooth development. Cell 75, 45-58.

Wagner, T., Wirth, J., Meyer, J., Zabel, B., Held, M., Zimmer, J., Pasantes,
rib

g

o.

are
s.

nd

J., Bricarelli, F. D., Keutel, J., Hustert, E., Wolf, U., Tommerup, N.,
Schempp, W. and Scherer, G.(1994). Autosomal sex reversal and
campomelic dysplasia are caused by mutations in and around the SRY-
related gene SOX9. Cell 79, 1111-1120.

Wall, N. A. and Hogan, B. L. M. (1995). Expression of bone morphogenetic
protein-4 (BMP-4), bone morphogenetic protein-7 (BMP-7), fibroblast
growth factor-8 (FGF-8) and sonic hedgehog (SHH) during branchial arc
development in the chick. Mech. Dev.53, 383-392.

Wilkinson, D. G. (1992). Whole mount in situ hybridization of vertebrate
embryos. In Situ Hybridization: a Practical Approach(ed. D. G. Wilkinson),
pp. 75-83. IRL Press, Oxford.

Wright, E., Hargrave, M. R., Christiansen, J., Cooper, L., Kun, J., Evans,
T., Gangadharan, U., Greenfield, A. and Koopman, P.(1995). The Sry-
related gene Sox9is expressed during chondrogenesis in mouse embryos
Nature Genet. 9, 15-20.

Yamada, G., Mansouri, A., Torres, M., Stuart, E. T., Blum, M., Schultz,
M., De Robertis, E. M. and Gruss, P.(1995). Targeted mutation of the
murine goosecoidgene results in craniofacial defects and neonatal death.
Development121,2917-2922.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M.,
Mitsui, Y., Yazaki, Y., Goto, K. and Masaki, T. (1988). A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature 332,
411-415.

Yang, Y. and Niswander, L. (1995). Interaction between the signaling
molecules WNT7a and SHH during vertebrate limb development: dorsa
signals regulate anteroposterior patterning. Cell 80, 939-947.


