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ABSTRACT

Retinoic acid receptors and transcriptional factors encoded by Hox genes play key roles

in vertebrate development and belong to an integrated functional network. To investigate the actual
functions of these molecules during ontogenesis and in particular in the patterning of the cranial neural
crest cells giving rise to the teeth and to the jaw bones, we have generated null mutant mice lacking
functional retinoic acid receptors or Hox genes by gene targeting in embryonic stem cells.
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Introduction

Odontogenic mesenchymal cells, which include the odontoblasts,
the dental pulp cells, the cementoblasts, the osteoblasts of the
alveolar bone and the fibroblasts of the periodontal ligament, are
derived from the mesectoderm (Lumsden, 1988 and references
therein). In the mouse embryo, putative odontogenic precursors
exist within two streams of migrating cranial neural crest cells
(NCC), as assessed in vivo by labeling premigratory NCC precur-
sors with non-toxic fluorescent dyes (Lumsden et al, 1991,
Serbedzija etal., 1992; Sechrist etal., 1993; Scherson et al., 1993).
The stream originating from the prosencephalon and rostral
mesencephalon, which populates the periocular and frontonasal
regions, contributes to the upper incisors (Lumsden and Buchanan,
1986). The stream originating from the rostral rhombencephalon
(i.e. rhombomeres 1 and 2) and caudal mesencephalon populates
the 1st (maxillo-mandibular) pharyngeal arch, thus contributing to
the lower incisors, to the lower and upper molars and perhaps to a
small part of the upper incisors (Lumsden and Buchanan, 1986;
Peterkova ef al., 1993). All cranial NCC have ceased to emigrate
from the neural folds at 9.0 days post coitum (dpc) (Serbedzija et
al., 1992). Besides the odontogenic mesenchyme, the mesectoderm
notably forms the majority of the craniofacial membranous and
endochondral bones, as well as the mesenchyme of almost all the
craniofacial striated muscles (Noden, 1988; Couly et al., 1993; Le
Douarin et al., 1993). Whether premigratory precursors of cranial
NCC present in the cephalic neural plate are multipotent or form a
mosaic of developmentally distinct subpopulations with already
restricted potentials is still an open question (reviewed in Selleck,
1993). Migration is not required for the acquisition by NCC of

odontogenic, osteogenic or chondrogenic potentials in the mouse,
but these are only expressed following induction by an ectodermal
epithelium (reviewed in Lumsden, 1988; Hall, 1991 and Thorogood,
1993).

The dentition of a mouse consists of one pair of monocuspal
incisors and of 3 pairs of molars, in each jaw. The crown of each
molar comprises 3 (for the 3rd lower molar) to 8 (for the 1st upper
molar) cusps (Gaunt, 1955). Teeth can be considered as serially-
repeated anatomical units and since heterodonty derives from
homodonty, the fundamental morphological unit of the dentition
would be the cusp. The question remains as to how the patterning
of the cusp founder cells is controlled (Ruch, 1995). The nature of
the patterning mechanisms of mesectodermal structures, in gen-
eral, is a matter of controversy. Noden (1983), employing the quail-
chick marking system, showed that when premigratory NCC des-
tined for the 1st pharyngeal arch are transplanted in place of 2nd
or3rd arch precursors, the host develops with a supernumerary jaw
skeleton located ectopically in the 2nd or the 3rd pharyngeal arch.
His main conclusion was that the morphogenetic fate of 1st
pharyngeal arch osteogenic and chondrogenic NCC has already
been determined within the neural plate, thus prior to the onset of
migration. Noden's host embryos also developed a beak-like,
cornified projection from the 2nd and the 3rd pharyngeal arches as
well as a supernumerary external auditory meatus, indicating that
these specializations of the surface ectoderm were normally in-
duced by 1st arch mesectodermal cells. On the other hand,
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Fig. 1. External aspect and craniofacial skeletal features of 18.5 dpc wildtype (WT) and RAR double mutant fetuses (the genotype is indicated
on each photograph). (a) Typical external aspect of a nan-exencephalic RARe/y” miutant: note the shortening of the snout, the median facial cleft and
the bulging of the forebrain beneath the skin (arrow), which reflects the agenesis of the median portion of the frontal bone. (b-g) Comparison of ventral
(b,c) and lateral (d-g) views of the skull and of the dentary bone between wildtype (b,d, and f) and RARo Ay mutant (c,e and g) fetuses. In the mutant,
note the near absence of the nasal capsule (NC), the complete agenesis of the nasal septum (NS) and of the premaxiflary (FX) and presphenoid (PS) bones,
the wide median cleft in the basisphenoid bone (BS) and the aplasia of the hyoid bone (H). On the other hand, note that the different parts of the mutant
dentary bone (D) are readily identifiable [e.g. angular process (AG), condylar process (CY), coronoid process (CR), alveolar bone of the molars (AV)]. (h-
i} Medial aspect of the wildtype incus and of the complex formed by the incus (!} pterygoquadrate cartilage (PQ) and alisphenoid bone (AS) in a
RARc” /827 mutant fetus. Note the lengthening of the caudal process of the mutant incus (Cl). (j) Lateral aspect of all skeletal elements derived from
the fower and upper jaw cartilages in a RARa”/B2" fetus. The pterygoquadrate cartilage which passes behind the malleus (M) is indicated by broken lines.
AG, angular process of the dentary bone; AS, alisphenoid bone; AV, alveolar bone of the molar: BO, basiocciptal bone; BS, basisphenoid bone; Cl, caudal
process of the incus; CR and CY, coronoid and condylar processes of the dentary bone respactively; D, mandibular (dentary) bone; E, exoccipital bone;
F, frontal bone, H, hyoid bone, I, incus; LI, lower incisor; M, malleus; MC, Meckel's cartilage; N, nasal bone; NC, nasal capsule; NS, nasal septum; O, otic
capsule; P, parietal bone; PL, palatine bone; PQ, pterygoquadrate cartilage; PS, presphencid bone; BX, incisive (premaxillary) bone; Sl, stapedial process
of the incus; T, Tympanic bone, X, maxillary bone. The same magnifications were used for (b-g) and (h-i). For further details see Lohnes et al. (1994).



Fig. 2. Frontal sections at similar levels of the first upper molarsin 18.5
dpc wildtype (a), RARa1/- / 02+~ { v/~ (b), and RARa /" / v/ (c) fetuses.
Note that the nasal septum (NS) is duplicated in (b). The nasal septum and
the nasal capsule are both lacking in (€} and are replaced by irregular rods
and nodules of cartilage (asterisks). AV, alveclar bone; BR, brain,; CF, cleft
of the secondary palate; N5, maxillary branch of the trigeminal nerve (5th
cranial nerve); NC, nasal capsule; NP, nasopharyngeal duct; NS, nasal
septumn; OE, olfactory epithelium; TO, tongue, UM, first upper molar. The
large arrow indicates the midline
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Lumsden recombined mouse premigratory NCC with enzyme-
dissociated limb bud or 1st pharyngeal arch ectoderm. His results
indicated that both cranial and trunk NCC progenitors had
odontogenic potentials but that these were only expressed in
association with 1st arch ectoderm. From these data and from the
results of other epithelial-mesenchymal recombinations, Lumsden
suggested that the oral portion of the 1st arch epithelium was the
site of tooth specification and patterning (reviewed in Lumsden,
1988).

Hox and retinoic acid receptor genes encode transcriptional
factors which are thought to play key roles in the patterning of the
limb and axial skeleton. That these genes might belong to an
integrated functional network is supported by several lines of
evidence (reviewed in Hofmann and Eichele, 1994; see also
references in Kastner etal., 1994; Lohnes etal., 1994; Mendelsohn
et al., 1994). First, Hox gene expression in cultured embryonal
carcinoma cells is controlled by retinoic acid (RA). Second, a
number of these responsive Hox genes have functional retinoic
acid response elements (RARES) in their promoter regions. Third,
there are striking similarities between the vertebral transformations
observed in some Hox null mutant mice and retinoic acid receptor
null mutant mice. Members of both gene families have restricted
expression domains in the frontonasal process and/or in the
branchial region ofthe head (i.e. the first 3 pharyngeal arches), thus
representing potential candidates for controlling the spatial organi-
zation of mesectoderm-derived structures, including teeth. Analy-
sis of developmental defects in mice carrying null mutations,
generated by targeted gene disruption in embryonic stem cells
(Chisaka and Capecchi, 1991), is a means for gaining insight into
the roles of these genes. We review here recent analyses of the
phenotypic consequences of the disruption of Hoxand retinoic acid
receptor genes on cranial mesectodermal cells.

Mesectodermal cells of the frontonasal process and of
the 1st pharyngeal arch exhibit different requirements
for retinoic acid

Vitamin A (retinol) is an essential component of the vertebrate
diet. Vitamin A deficiency (VAD) studies during pregnancy and
following birth have shown that vitamin A is required both during
development and in the adult animal. After birth, retinol is required
for survival, normal growth, reproduction, vision and maintenance
of numerous tissues (including teeth and alveolar bones: Wolbach

TABLE 1
GRADED INCREASE IN THE SEVERITY OF THE DEFECTS IN SOME
FRONTONASAL MESECTODERMAL STRUCTURES OF MUTANT
FETUSES ANALYZED AT 18.5 DPC

RAR Double Null Mutant Genotype

al- /- alf- [ a2+/-[ /- a-/- | p/-
External midfacial All normal Median cleft Agenesis of the
features ot upper lip (a) prolabium
Bones derived from fronto-
nasal mesectoderm
Frontal Shortened Median portion agenic
Ethmoid All normal Nasal septum duplicated  Nasal septum agenic
Premaxillary Misshapened Absent
Upper incisors Normal Malformed [b) Absent

(a) This abnormality was onlyincompletely penetrant. (b) Unilateral agenesis
was observed in one (out of 5) fetuses.
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Fig. 3. Effect of a synthetic retinoid (Ch55) at a final concentration of 10-°M on tooth morphogenesis in a chemically-defined culture medium.
Frontal histological sections through 13.0 dpc first lower molars in situ(a), and after 10 days in culture (b and ¢) either in the absence [b) or in the presence
(e} of Ch55. Retinoid-deficiency (b) selectively impairs tooth morphogenesis since it has little effect on the histogenesis of the dental epithelium (IDE,
ODE and SR) and terminal differentiation of the odontoblasts (OD). DP, dental papilla; E, dental epithelial bud, representing the anlage of the inner and
outer dental epithelia and of the steliate reticulum; IDE, inner dental epithelium; M, dental mesenchyme, containing the anlage of the dental papilla; ODE,
outer dental epithelium; SR, stellate reticulum; arrowheads, predentin. Same magnification in (a-c). For further details see Mark et al. (1992).

and Howe, 1925; Mellanby, 1941; McDowell et al, 1987 and
references therein). With the exception of defects in vision, retinoic
acid administration can prevent most of the defects generated by
a post-natal VAD diet. Conceptuses of VAD dams exhibit a large
number of congenital malformations (known as the fetal VAD
syndrome) that affect the patterning and development of many
structures including, among others, the eye, genito-urinary tract,
aortic arch derivatives, heart, lungs and kidneys. The multiple
teratogenic effects of excess maternal RA administration, as well
asthe morphogenetic effects of topical administration of RA onlimb
development and regeneration, led to the suggestion that RA could
also be the active retinoid, indispensable during vertebrate devel-
opment (for reviews and references see Lohnes et al., 1993, 1994,
Chambon, 1994; Hofmann and Eichele, 1994; Kastner et al., 1994;
Mendelsohn et al., 1994).

The discovery of a nuclear receptor for RA (Giguére etal., 1987,
Petkovich et al., 1987) has greatly advanced our understanding as
to how the retinoid signal is transduced and could exert so many
diverse effects. The three types of retinoic acid receptors, RARa,
B, and y and the three types of retinoid X receptors, RXRa, B, and
y are ligand-inducible trans-regulators which modulate the tran-
scription of target genes by interacting with cis-acting DNA re-
sponse elements in the promoter region of target genes. RARs are
efficiently activated by either all-trans or 9-cis RA, whereas RXRs
are efficiently activated only by 9-cis-RA. RAR isoforms (e.g.
RARa1, RARB2) are generated through the differential usage of
two promoters and/or alternative splicing (reviewed in Chambon,
1994).

Mesectoderm-derived craniofacial structures were not deficient
in double null mutant mice lacking both the RAR« and RARP2
genes (RARa”/p27- mutants) or both the RAR B2 and RARygenes
(RARB27/y- mutants) (Lohnes et al., 1994; Mendelsohn ef al.,
1994). In particular, the patterning of the dentition and that of the
cusps appeared normal in all of these RAR double mutants at 18.5
dpc, which corresponds to the last developmental stage that can be
analyzed since mutant newborns all die within a few hours.

In contrast almost all the derivatives of cranial mesectoderm

were profoundly affected in RARa~~/y”~ embryos and fetuses
(Lohnes et al., 1994; Mendelsohn et al., 1994). In these double null
mutants at 18.5 dpc, all the structures derived from the frontonasal
process were partially or completely agenic. These structures
included: (i) external midfacial structures (resulting in a median
facial cleft; Fig. 1a), (i) bones :the frontal (F), nasal (N), premaxillary
(PX), ethmoid (comprising the nasal capsule, NC, and the nasal
septum, NS) and presphenoid (PS) bones were missing for the
most part (compare Fig. 1b and d with 1c and e, and Fig. 2a with
2c¢), and (iii) teeth: the upper incisors were bilaterally absent in all
5 RARo /v fetuses analyzed at 18.5 dpc. Likewise, the skeletal
derivatives of the 2nd and 3rd pharyngeal arches either were not
identifiable (e.g. stapes) or appeared severely malformed (e.g.
hyoid bone; compare H, Fig. 1d with 1e). However, the 1st
pharyngeal skeletal elements were all identifiable in 18.5 dpc
RARo /v fetuses, and some appeared nearly normal [i.e. dentary
bone (compare D, Fig. 1d and f with 1e and g), temporo-mandibular
joint, Meckel's cartilage, malleus, and tympanic bone (compare T,
Fig. 1b with 1¢)]. Likewise, the spatial arrangement and the shape
of the lower incisors and of the lower and upper molars (compare
UM, Fig. 2a with 2c¢) were apparently normal in all RARa”/y"
fetuses.

These malformations in the structures derived from cranial
mesectodermal cells in RARw/y" mutants are likely to reflect RA
requirements for events occurring during or after NCC migration.
Indeed, RARcand RARyare both highly expressedin the frontonasal
process and in all pharyngeal arches after (and possibly during)
NCC migration, but expression of RARy has not been detected in
presumptive cranial NCC progenitors by in situ hybridization
(Ruberte et al., 1990). The agenesis of midfacial structures is
preceded by increased cell death in the frontonasal mesectoderm
at 10.5 dpc, indicating that RA is normally required for the survival
of post-migratory NCC in this location (Lohnes et al., 1994).

RARo and RARy are functionally redundant for the develop-
ment of frontonasal mesectodermal structures as indicated both by
the absence of craniofacial defects in RARo " single mutants and
in RARa1/y" double mutants and by the graded increase in the



severity of the defects with the subsequent loss of one and then of
both copies of the RARa2 gene from the RARa1”/y" genetic
background (Lufkin et al., 1993; Lohnes et al., 1993, 1994; Table
1). Contrary to RARa1”/y" mutants, RARa1" /a2 /y"- mutants
exhibited malformations of the structures derived from the
frontonasal mesectoderm, but these were less severe than in
RARa’/y" mutants (Fig. 2a-c; Table 1). For instance, unilateral
agenesis of an upper incisor was observed only in 1 (out of 5)
fetuses. However, the RARw1"/02* /y" upper incisors were al-
ways hypoplastic and misshapened, again in contrast to the lower
incisors and to the molars, which were apparently unaffected (e.g.
UM, compare, Fig. 2a with 2b).

Although RARw and ytranscripts are apparently as abundant in
the 1st pharyngeal arch as in the frontonasal region and in other,
more caudal, arches (Dollé etal., 1990; Ruberte etal., 1990, 1991),
it is striking that only structures derived from the 1st arch are
unaffected or only mildly affected in RARa /v~ mutants. It is
noteworthy (i) that the level and patterns of expression of RARp
were apparently unaffected in RARo /y” mutants (Lohnes et al.,
1994) and (ii) that RARP transcripts are much less abundant in the
1starch than in the frontonasal process. The absence of effects of
RARs inactivations on some 1st arch-derived structures, including
teeth, might indicate that RA is not critically required for their
development. Itis clear however that, in vitro, RA is indispensable
for tooth morphogenesis: when molar explants are cultured on a
chemically-defined semi-solid medium in the absence of retinoids,
morphogenesis is arrested at the dental cap stage. The addition of
RA at afinal concentration of 10”7 M or of Ch55 (a synthetic retinoid)
ataconcentration of 10"* M to the culture medium restores a normal
pattern of cell proliferation in the dental epithelium and dental
mesenchyme and permits the formation of the dental bell and
subsequently of dental cusps in molar explants (Mark ef al., 1992;
Fig. 3a-c.). It also permits the normal asymmetrical development of
the lingual and labial sides in incisor explants (Bloch-Zupan et al.,
1994b). Taken together, our in vivo and in vitro data do not rule out
the possibility of a functional redundancy between RARa, RARp
and RARy for the morphogenesis of the tooth crown. Alternatively,
RA may be able to substitute for some other in vivo odontogenic
factor when added in vitro.

RAR/RXR heterodimers bind in vitro much more efficiently to
cis-acting DNA response elements than homodimers of either
RAR or RXR (reviewedin Chambon, 1994). Unlike RAR double null
mutants, which may survive until birth, RARy’/RXRa’" double
mutants die in utero because the RXRo: null mutation is embryonic
lethal (Kastner et al., 1994). Therefore, in RARy’/RXRa”’ mutants
the completion of crown morphogenesis (which takes place around
birth in the 1st molars) could not be analyzed. However, in the two
14.5-15.5 dpc RARYy"/RXRa’ fetuses examined, the shape and
spatial arrangement of the teeth anlagen appeared normal. These
observations suggest that heterodimers between RARyand RXRa,
both of which are expressed in the dental mesenchyme at these
developmental stages and before (Bloch-Zupan et al., 1994a and
references therein), are not critically involved in the patterning of
the dentition.

RAR double null mutant mice exhibit atavistic changes
of the primary jaw joint

Independently from the presence of craniofacial deficiencies,
some RAR double mutant fetuses (e.g. RARo /v, RARa’/p2™")
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showed a specific enlargement of the incus (I, Fig. 1h, iand j) and/
or a supernumerary skeletal element (PQ, Fig. 1i and j) linking the
latter to the alisphenoid bone (AS, Fig. 1i and j). These skeletal
alterations resemble normal features of the reptilian jaw skeleton.

Reptiles (Fig. 4) have lower jaw with a tooth-bearing dermal
bone, the dentary bone (D), several post-dentary dermal bones
[e.g. splenial (SP) and coronoid (C) bones, angular bone (A) and
gonial (or prearticular) bone (G)] and the articular bone (AR), which
is an endochondral bone derived from the caudal portion of
Meckel's (lower jaw) cartilage (MC). Dorsally the articular bone
meets the quadrate bone (Q), which belongs to the upper jaw (see
below) at the primary (articular-quadrate) jaw joint. There is a large
body of paleontological evidence indicating that during the evolu-
tion of the reptilian progenitors of mammals (the mammal-like
reptiles or therapsids), the dentary bone enlarged caudally until it
met the squamosal bone to establish a secondary jaw joint, the
dentary-squamosal or temporo-mandibular joint (reviewed in Allin,
1975; DeBeer, 1985 and Walker, 1987).

Some therapsids indeed possessed a double articulation be-
tween the skull and the lower jaw involving both reptilian and
mammalian elements (i.e. both the articular-quadrate and the
dentary-squamosal jaw joints) (Olson, 1959 and references therein).

MAMMALS RC

Fig. 4. Schematic representation of the jaws and middle ears of
reptilian and mammalian fetuses. A, angular bone, AR, articular bone;
AS, alisphenoid bone; C, coronoid bone, COL, columella; D, dentary bone;
EP, epipterygoid bone; G, gonial (prearticular) bone, |, incus; M, malleus;
MC, Meckel's cartilage; P, pterygoid bone (i.e. the pterygoid process of the
alisphenoid bone); PQ, pterygoquadrate cartilage; Q, quadrate bone; RC,
Reichert's (second arch) cartilage; S, stapes; SP, splenial bone; SQ,
squamosal bone (note that although not represented here, the squamosal
bone also exists in reptiles); T, tympanic bone; TM, tympanic membrane;
X, maxillary bone. See the text for further details. Scheme adapted from
Goodrich (1930).
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Fig. 5. Schematic representation of the relationships of the skeletal
elements derived from the 1st pharyngeal arch (in orange) and from
the 2nd pharyngeal arch (in yellow) in wildtype, RAR double null
mutant and Hoxa-2 null mutant fetuses seen from the lateral aspect.
Note that (i) in wildtype fetuses, the stapes (S), styloid bone (SY), stylohyoid
ligament (SL) and lesser horn of the hyoid bone (LH) all derive from the
cartilage of the second arch (Reichert’s cartilage) and (i) in the Hoxa-2 null
mutant, the pterygoquadrate cartilage (PQ) is ectopically located as com-
pared to its homolog in RAR double null mutants. AS, alisphenoid bone; D,
dentary bone; G and G*, wildtype and Hoxa-2" gonial bone respsctively. |
and 12, orthotopic and ectopic incus respectively; LH, lesser horn of the
hyoid bone; M and M2, orthotopic and ectopic malleus respectively; MC,
Meckel's cartilage; P and P2, orthotopic and ectopic pterygoid bone
respectively, PL, palatine bone; PQ, pterygoquadrate cartilage; S, stapes;
SL, stylohyoid ligament; SQ, orthotopic and ectopic squamosal bone
respectively;, SY, cartilaginous anlage of the styloid bone; T and T2,
orthotopic and ectopic tympanic bone; X, maxillary bone. For further details
see Rijli et al. (1993).

However, at some stage during the therapsid phase of mammalian
evolution the primary jaw joint likely became superfluous for
feeding activities and its element became reorganized to fulfil a
new function, the transmission of air-born vibrations to the inner
ear:the articulo and quadrate bones and the articulo-quadrate joint
were annexed to the middle ear as the malleus (M; Fig. 4), incus (1)
and the malleo-incudal joint, and were intercalated between the
tympanic membrane (TM) and the stapes (S), thus givingrise to the
mammalian-specific three-ossicular chain (Allin, 1975; DeBeer,
1985; Walker, 1987). Likewise, the many post-dentary reptilian
dermal bones were either incorporated into the mammalian hear-
ing apparatus, the gonial bone becoming part of the adult malleus
and the angular bone becoming the tympanic bone (T; Fig. 4), or
they disappeared (e.g. splenial, coronoid). In the therapsid phase
of mammalian evolution the quadrate bone also underwent size
reduction (Allin, 1975). In this respect, it is noteworthy that the
caudal (or short) process of the incus, which appears specifically
enlarged in RAR double null fetuses (compare Cl, Fig. 1h with Fig.
1i), is the only part of this ossicle which can be homologized with
apart ofthe reptilian quadrate bone, the stapedial (or long) process
of the incus (S|, Fig. 1h and i) probably representing a mammalian
neomorph (Presley, 1989).

Comparative anatomical and embryological data indicate that
(i) the reptilian epipterygoid bone (EP, Fig. 4) is homologous to the
mammalian alisphenoid bone (AS) and that (i) in reptilian fetuses,
the quadrate and epipterygoid bones develop from a single
cartilaginous anlage, the pterygoquadrate (or upper jaw) cartilage
(PQ), whereas the mammalian homologs of these two bones
always chondrify separately (Goodrich, 1930; De Beer, 1985; Fig.
4). The connection between the rostral and caudal skeletal ele-
ments derived from the pterygoquadrate cartilage (i.e. epipterygoid/
alisphenoid and quadrate/incus respectively), which was lost at
some stage of the reptilian-mammalian transition, is recovered in
RAR double null fetuses in the form of a supernumerary cartilaginous
or osseous rod linking the incus to the alisphenoid bone (PQ, Fig.
1i and j; Fig. 5).

Therefore, this supernumerary skeletal element as well as the
enlarged short process of the incus likely represent atavistic
changes — according to Hall (1984) “the reappearance of a lost
character typical of remote ancestors and not seen in the parents
or recent ancestors of the organism displaying the atavistic char-
acter” — corresponding to an evolutionary state intermediate
between the therapsids and the mammals. The re-emergence of
ancestral skeletal features in RAR double mutants not only indi-
cates that the underlying mesectodermal ontogenetic program is
still present in mammals, but also that RA-dependent mechanisms
have been recruited during the reptilian-mammalian transition to
modify the reptilian jaw (Lohnes et al., 1994).

Disruption of Hoxa-2 results in a homeotic transforma-
tion of 2nd to 1st pharyngeal arch NCC identity and
reveals the existence of a ground patterning program
which underlies the evolution of the jaws

Hox genes are the vertebrate counterparts of the homeotic
(HOM) genes of Drosophila, the latter being defined by mutations
causing the transformation of the phenotype of specific segments
into structures normally found at a different location along the
rostro-caudal axis. The HOM/Hox genes encode a family of tran-
scription factors with a conserved DNA binding domain, the



Antennapedia-like homeodomain. Hox genes are present in 4
paralogous clusters, HoxA, -B, -C and-D, each located on a
different chromosome and showing clear structural homology to
the prototypic homeotic complex HOM-C of Drosophila. Ectopic
expression and disruption of Hox genes in transgenic mice often
result in the homeotic transformation of specific vertebrae into the
likeness of caudal or rostral neighbors, thus indicating that the
function of Hox genes, like that of HOM genes, is to specify the
identity of segments according to their position along the rostro-
caudal axis (reviewed in McGinnis and Krumlauf, 1992 and Botas,
1993).

Hox gene expression domains, determined by in situ hybridiza-
tion, in the neurectoderm and/or NCC of the branchial region of the
head exhibit anterior boundaries that coincide with specific
rhombomeric junctions and interfaces between pharyngeal arches
(reviewed in Wilkinson, 1993 and Krumlauf, 1993). The NCC
populating the 1st pharyngeal arch unlike those of other, more
caudal, arches do not express Hox genes. However, Hoxa-2,
which is the rostral-most Hox gene, is expressed in the 2nd
rhombomere at the time of NCC production (Prince and Lumsden,
1994). The NCC populating the 2nd (hyoid) arch express two Hox
genes, which are Hoxa-2 and its only paralog Hoxb-2 (Krumlauf,
1993 and references therein).

Hoxa-2 null mutant fetuses (Gendron-Maguire et al., 1993; Rijli
et al,, 1993) analyzed at 18.5 dpc selectively lacked the skeletal
elements normally derived from the mesectoderm of the 2nd
pharyngeal arch, namely the stapes (S), the styloid bone (SY), and
the lesser horn of the hyoid bone (LH) (Fig. 5). Instead, they
possessed a caudal setof 1st arch membranous and endochondral
bones which formed a mirrer image of its orthotopic counterpart
(Figs. 5, 6a-c) and comprised: (i) supernumerary malleus (M2)
(fused to an ectopic truncated Meckel's cartilage, MC2), incus (12),
tympanic (T2) and squamosal (SQ2) bones; (i) a rod-like
cartilaginous element which was fused rostrally to the alisphenoid
bone and whose caudal end was always in close contact to, and
eventually continuous with, the supernumerary incus (see 12 and
PQ, Fig. 6¢). This latter element had no counterpart in wildtype
mice but, based onits anatomical relationships, it was homologized
to the reptilian upper jaw cartilage (PQ, pterygoquadrate cartilage;
see above and Figs. 5 and 6c). In addition, the external auditory
meatus, which derives from the ectoderm of the 1st pharyngeal
cleft, was duplicated in Hoxa-2 null fetuses (Fig. 7a and b).
Hoxa-2 null embryos analyzed at 9.5 dpc, i.e. just after the
completion of cranial NCC migration, were morphologically nor-
mal. Furthermore, in these null embryos, the molecular identity of
the pharyngeal arches and rhombomeres was normal as assessed
by in situ hybridization using specific positional markers such as
antisense probes for Hox genes and for the Krox-20 gene (Rijli et
al., 1993). Hence, inactivation of Hoxa-2 results in a homeotic
transformation of the 2nd arch skeletal elements into a subset of 1st
arch skeletal elements. On the other hand, Hoxa-2 expression at
the level of rhombomere 2 likely corresponds to a vestigial situa-
tion, since it appears to be dispensable for the determination of all
the structures in this location.

Our data indirectly support Noden's conclusion that some 1st
pharyngeal arch mesectodermal osteogenic and chondrogenic
cells are embodied with intrinsic (i.e. cell-autonomous) patterning
information and that the 1st arch mesectoderm controls the
patterning of some ectodermal derivatives (e.g. external auditory
meatus) (Noden, 1983). On the other hand, many first arch
structures, including the upper and lower jaw dermal bones (i.e.
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Fig. 6. Medial (a,b) and caudal (c) aspects of three-dimensional
computer reconstructions from serial histological sections of the left
incudo-mallear complex in 18.5 dpc wildtype (a) and Hoxa-2 null
mutant mice (band c). The mutantincudes are fusedonly at the tip of their
stapedial processes (Sl and 512) and thus each moiety of the double incus
possesses its own body (Bl and BI2) and caudal process (Cland Ci2). In(c),
we have represented the caudal-most portion of the pterygoquadrate
(upperjaw) element (PQ) to show its proximity to the caudal incus. The two
mutant mallei are fused at the level of their manubrium (MM) and thus each
moiety of the double malleus possesses its own head (HM and HM?2) and
neck (NM and NMZ2) but lacks the processus brevis (PB). The mutant
double malleus is continuous rostrally with the orthotopic Meckel’s carti-
lage (MC, note that only the caudal-most portion of the Meckel’s cartilage
has been reconstructed) and caudally with an ectopic truncated Meckel's
cartilage (MCZ2), reconstructed completely. The arrow points rostrally (i.e.
towards the snout); the open arrow points ventrally (i.e. towards the neck).
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i

Fig. 7. Frontal sections through the head of 14.5 dpc fetuses at the
level of the external auditory meatus. (a) Wildtype fetus. (b) Hoxa-Z nul!
fetus. EAand EAZ, orthotopic and supernumerary external auditory meatus
respectively. MM, manubrium of the malleus.

dentary, maxillary and palatine bones), the distal Meckel's carti-
lage and the teeth, were not duplicated in Hoxa-2 null fetuses.
There are at least three, non mutually exclusive, explanations for
this incomplete transformation of the 2nd to a 1starch NCC identity
(Rijli et al., 1993; Mark et al., 1995): (i) the existence of 1st arch-
specific osteogenic, chondrogenic and odontogenic, ectodermal
signals; (i) the selective duplication of the 1st arch mesectodermal
elements which are normally derived from the rostral rhomben-
cephalon; (iii) the selective inhibition of teeth and jaw bone dupli-
cations by the expression of Hoxb-2in the 2nd arch, which would
exert a posteriorizing effect. The first scenario takes into account
the results from from Lumsden's tissue recombination experiments
(see above and Lumsden, 1988) as well as the finding that mouse
1st arch mesectoderm at 9.0 to 11.0 dpc is apparently unable to
form teeth when recombined with isochronic 2nd arch ectoderm
(Mina and Kollar, 1987). The second hypothesis is supported by
the results of NCC grafting experiments in avians suggesting that
the most proximal 1st arch-derived skeletal elements (e.g. quad-
rate cartilage, proximal Meckel's cartilage, proximal angular bone,
and squamosal bone), which are phylogenetically homologous to
structures duplicated in the Hoxa-2 null mutants, are almost

exclusively formed from rostral rhombencephalic (i.e. rhombomere
1 and 2-derived) NCC, whereas the distal elements of the lower jaw
{e.g. dentary, bone, distal Meckel's cartilage) are contributed by
both rostral rhombencephalic and caudal mesencephalic NCC,
andthe distal elements of the upper jaw (e.g. maxillary and palatine
bones) are formed exclusively from mesencephalic NCC (Noden,
1978, 1983). The last hypothesis will be tested by inactivating
Hoxb-2 in the mouse: the Hoxb-2 and the compound Hoxa-2/
Hoxb-2 null mutations will reveal whether Hox gene combinatorial
effects are required to pattern different subpopulations of
mesectodermal cells.

“Homology is resemblance caused by a continuity of informa-
tion" {Van Valen, 1982). The homeotic transformation of second
(hyoid) to 1st (maxillo-mandibular) pharyngeal arch identity in
Hoxa-2 null mutants indicates that these arches are serially ho-
mologous. It also indicates that, indeed, the morphogenetic pro-
gram of the R1- and R2-derived NCC corresponds to a Ground (or
default) skeletogenic Patterning Program (GPP) which is common
to mesenchymal NCC of atleast the 1stand 2nd pharyngeal arches
and does not require Hox gene expression (Rijli ef al., 1993; Mark
et al., 1995).

In wildtype mice the GPP is respecified by Hoxa-2, which, like
Drosophila homeotic genes, acts as a selector gene to yield the
NCC 2nd arch-specific morphogenetic program. In the absence of
a functional Hoxa-2 gene, the 2nd arch mesenchymal NCC appar-
ently execute a GPP which corresponds to an ancestral one, since
it results in the appearance of a reptilian pterygoquadrate element.
Moreover, the presence of both a pterygoquadrate and an incus
among the duplicated elements suggests that the mouse GPP
corresponds to that of the therapsid phase of mammalian evolution
(see above). Subsequently, the present-day mammalian 1st arch
skeletal pattern has been generated from the therapsid pattern by
a process involving a Hox gene-independent genetic system,
resulting in the disappearance of the quadrate. We have provided
evidence that this process involves the expression of retinoic acid
responsive gene(s) (see above and Lohnes ef al., 1994).

That the first two mammalian arches share the same GPP is not
completely unexpected, since they are likely to be derived from the
branchial basket of agnathan ancestors [lamprey-like, jawless
vertebrates lying in the phylogenetic hierarchy between the “head-
less” protochordates and the gnathostome (jawed) vertebrates]
that was formed by a series of identical cartilages supporting the
gills. Agnathan arches may in fact correspond to the primordial
NCC skeletal ground pattern, which was subsequently modified
during gnathostome radiation to yield the present-day mouse
skeletal ground pattern (Langille and Hall, 1989, and references
therein). We have previously reported that the ectopic expression
of a single Hox gene (Hoxd-4) (Lufkin et al., 1992) in the occipital
somites is sufficient to transform the occipital bones into vertebrae.
Thus, a vertebral ground pattern may also exist, whose realization
can be modified by the expression of a single Hox selector gene.
This ground pattern may have evolved from the original ground
pattern of the agnathans, which had occipital vertebrae instead of
occipital bones. Itis tempting to speculate that the retreat of Hoxa-
2 expression from the rostral-most agnathan gill-bearing arch
(leaving behind a vestigial expression domain in rhombomere 2)
and that of Hoxd-4 from the agnathan occipital somites might have
been required for the acquisition of the 2 craniofacial features
characteristic of gnathostomes: the jaws and the post-otic skull
(neocranium). In this context, it is noteworthy that vertebrate teeth
are homologous to the odontodes (or dendicles) which formed the



Fig. 8. Lateral (a and b} and caudal (c-
f) aspects of three-dimensional com-
puter reconstructions from serial his-
tological sections of the left middle
ear of 18.5 dpc wildtype (a,c and e)
and Hoxa-1 null (b,d and f) mutant
mice. The mutant styloid bone was iden-
tified on the basis of its muscular inser-
tions (not shown). However, the stapes
was not recognizable in this mutant.
Note the marked secondary distortions
of the mutant malleus (which lacks the
processus brevis: PB in the wildtype)
and of the mutant incus (which lacks
most of the caudal and stapedial proc-
esses: Cland 81, in the wildtype) and the
presence of the single large muscle (MU)
replacing the tensor tympani and the
stapedius muscles. |, incus; IC, internal
carotid artery; M, malleus, MM,
manubrium ofthe malleus, MC, Meckel's
cartilage, MU, single large muscle of the
Hoxa-1 null mutant middle ear; FB,
processus brevis of the malleus; S,
stapes; SA, stapedial artery; SM,
stapedius muscle; SY, styloid bone; TM,
tensortympani muscle. The arrow points
rostrally (i.e. towards the snoutl); the
open arrow points ventrally (i.e. towards
the neck).

body armor of extinct agnathans (the “bony-skinned” ostracoderms)
(Jollie, 1968; Smith and Hall, 1990). Whether Hox selector genes
might have been involved in the dramatic spatial restriction of the
odontogenic potential in the course of gnathostome evolution is an
open question.

Disruption of Hox genes normally expressed in the
hindbrain interferes with the development of 1st arch-
derived structures

It has been shown by in situ hybridization that, in the mouse
embryo, the neurectoderm rostral to the 2nd rhombomere and the
NCC populating regions rostral to the 2nd pharyngeal arch do not
express Hox genes (reviewed in Wilkinson, 1993; Krumlauf 1993).
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These data and the results of the Hoxa-Zknockout (see, above and
below) indicate that Hox genes are not directly involved in the
patterning or morphogenesis of 1st arch and of more rostral
craniofacial structures. Rather other homeobox genes (e.g. Msx
genes, Dix genes and the Goosecoid gene) might play roles in the
ontogeny of these regions (Satokata and Maas, 1994; Sharpe,
1995). However, it is noteworthy that 1st arch derivatives may be
secondarily altered in some Hox null mutant mice.

About eighty per cent of the Hoxa-2null newborn showed a wide
cleft ofthe secondary palate (Rijli et al., 1993). However, before the
time of normal shelf elevation the Hoxa-2 null mutant palatal
shelves were morphologically normal. This observation indicates
that the cleft is not caused by a NCC deficiency, but rather is due
to a failure of palatal shelf elevation or fusion. This could occur as
aresult of the mechanical stress induced by a more caudal skeletal
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defect (Ferguson, 1994), e.g. the fusion of the pterygoquadrate
element to the base of the skull (see Fig. 5).

The Hoxa-3 null mutant mice exhibited agenesis of the thymus,
parathyroid glands and carotid arteries (Chisaka and Capecchi,
1991; Condie and Capecchi, 1993). These structures are contrib-
uted by mesectodermal cells originating from the caudal
rhombencephalon (rhombomeres 6 and 7), which represent the
rostral-most NCC-expressing this gene. The cause of the shorten-
ing of the mandible and maxilla in the Hoxa-3 mutant mice is
unclear. A possible explanation is that these 1st arch defects might
be secondary to the absence of carotid arteries since these vessels
normally make a major contribution to the vascularization of facial
structures.

Hoxa-1is expressed in the hindbrain neurectoderm caudal to
the boundary between rhombomeres 3 and 4. That a majority (5 out
of 7) of Hoxa-1null fetuses did not display gross anatomical defects
in structures derived from the 1st or 2nd archesisin agreement with
the absence of Hoxa-1expressionin NCC (Lufkin etal., 1991; Mark
et al., 1993 and references therein). However, in two Hoxa-1 null
mutant fetuses, the styloid bone (SY, Fig. 8a-d), which is a part of
the Reichert's cartilage (2nd arch), was bilaterally fused with the
Meckel's cartilage (1st arch), rostral to the malleus (compare Fig.
8a and ¢ with 8b and d). Moreover, in these two mutants the
stapedius muscle (SM, Fig. 8e), which is contributed by 2nd arch
NCC, was bilaterally fused with the tensor tympani muscle (TM,
Fig. 8e), which is contributed by 1starch NCC to form a single large
muscle (MU, Fig. 8f and data not shown). These observations
strongly suggest that NCC normally destined for the 2nd arch have
migrated into the 1st arch. That in these 2 mice the geniculate (i.e.
facial nerve) ganglion was fused to the Gasser's (i.e. trigeminal
nerve) ganglion further supports this interpretation since these
neuronal structures are contributed by gangliogenic NCC which
have migrated from the rhombencephalon at identical axial levels
as those forming the Reichert's and Meckel's cartilages respec-
tively. We think that the ectopic, rostral migration of 2nd arch NCC
is a mechanical consequence of a rostral shift in the position of the
otocyst. Indeed, this change in the position of the otocyst which is
secondary to a localized shortening of the rhombencephalon is
observed in every Hoxa-1 embryo (Lufkin et al., 1991; Chisaka et
al., 1992; Carpenter et al., 1993; Dollé et al., 1993; Mark ef al.,
1993). Interestingly, the presence of 2nd arch mesectodermal cells
in the vicinity of developing 1st arch skeletal elements seem to alter
the shape of the latter (compare M and |, Fig. 8a and ¢ with 8b and
d). That mesectodermal cells normally destined for the 2nd arch
form a 2nd arch cartilaginous structure (see SY, Fig. 8b and d)
when they are forced to migrate and to differentiate into the 1st
pharyngeal arch supports the view that NCC are already specified
before leaving the neural plate (reviewed in Noden, 1988). In the
same context, it is noteworthy that supernumerary teeth were not
observed in Hoxa-1 null fetuses.

Clinicians and geneticists searching for candidate genes for
mutations in human craniofacial disorders should be aware that
defects may occur in structures developing outside the normal
expression domain of a disrupted gene.
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