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Mammalian DIx Homeobox Gene Control of
Craniofacial and Inner Ear Morphogenesis
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Abstract

The DIx homeobox gene family is of ancient origin, with apparent ancestral developmental functions in

both nervous system regionalization and appendage (limb) outgrowth. Additional roles in inner ear and craniofacial
development were likely acquired by the DIx gene family during the course of animal evolution. Loss-of-function
genetic mutations generated in the mouse have revealed a striking role for DIx genes in patterning of the mammalian
central nervous system, craniofacial structures and inner ear. Interestingly, none of the individual murine DIx gene
mutations to date have resulted in limb defects, suggesting a potentially significant developmental overlap of DIx activity

in this embryonic structure. J. Cell. Biochem. Suppls. 32/33:133-140, 1999.
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The DIx gene family is an evolutionary-
conserved group of homeobox containing tran-
scription factors that, like the Hox gene family,
plays a fundamental role in the early pattern-
ing of embryonic structures. Related to the
single distal-less (dll) gene in Drosophila mela-
nogaster [Cohen et al., 1989], in the mouse, six
members of the DIx gene family DIx1-3 and
DIx5-7 with homologues in other vertebrates
have been described thus far [Stock et al., 1996].

DIx GENOMIC ORGANIZATION AND
EVOLUTIONARY SIGNIFICANCE

The DIx gene family, like many other homeo-
box-containing gene families, is evolutionarily
highly conserved. Although only one DIx gene
has been identified in arthropods and amphi-
oxus [Cohen et al., 1989; Holland and Holland,
1996], a pair of DIx genes have been isolated in
tunicates [DiGregorio et al., 1995] and six DIx
genes arranged in three sets of pairs have been
identified in mammals [Stock et al., 1996]. The
mammalian DIx genes show a striking genomic
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organization as pairs of DIx genes with their 3’
ends facing one another, hence in a transcrip-
tionally convergent orientation [Liu et al., 1997;
McGuinness etal., 1996; Nakamuraetal., 1996;
Simeone et al., 1994]. Each pair finds itself in
close proximity to a Hox gene cluster (Fig. 1).
Based on the sequence comparison of the mam-
malian DIx genes with other vertebrate species,
the six DIx-homologue groups can be divided
into the clades, DIx1/6/7 and DIx2/3/5 [Liu et
al., 1997; Stock et al., 1996]. This finding is in
agreement with the complexity of the extant
vertebrate genome resulting from at least two
rounds of genome duplication coupled with ad-
ditional individual gene duplication/deletion
events [Ohno, 1993; Sidow, 1996]. An alterna-
tive model for the evolution of the tightly linked
DIx/Hox gene clusters suggests that a mini-
mum of three rounds of genome duplication
events followed by cluster loss events led to the
three existing DIx/Hox clusters in vertebrates,
with Hox clusters A and D expressed in more
recently acquired vertebrate structures [Ruddle,
1997].

DLX EXPRESSION PATTERNS DURING
EMBRYONIC DEVELOPMENT

DIx1 and DIx2 are expressed in the mesen-
chyme of the proximal and distal domains of
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Fig. 1. Diagram of the evolutionary-separated DIx/Hox com-
plexes, chromosomal arrangement and representative expres-
sion patterns. Top: Diagrammatic representation of a elongated
germband-stage Drosophila embryo with anterior to the left.
Middle: Diagrams of the DIx/Hox complexes of Drosophila,
common ancestor, cephalochordate (amphioxus), and mouse.
Bottom: Chromosomal position of DIx genes relative to the Hox
gene clusters. Expression patterns of Drosophila dll and mamma-
lian DIx5 are shown, along with Hox paralogue groups 1, 4, 7,
and 13. The expression of paralogue group 13 does not appear
in the mammalian embryo as shown, as its expression is too
caudally restricted. The collinear arrangement of the Hox genes

in the complex is indicated relative to spatial expression (rostral
versus caudal), timing of expression (early versus late), and
retinoic acid (RA) sensitivity (high versus low). The division
between Hox genes that have anterior borders of expression in
the hindbrain or in the spinal cord is shown. The transcriptional
orientation of DIx genes is convergent, indicated with an arrow
above each mammalian gene. The transcriptional orientation of
Hox genes is identical, indicated with a bold arrow below the
complexes. At bottom, diagrammatic representation of a E10.5
mouse embryo, with anterior to the left. DIx/Hox gene nomen-
clature is as described [Duboule, 1994].
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the first and second branchial arches beginning
at E9.5 (Table 1). They show the spatially broad-
est expression pattern of all studied members
of the DIx gene family, with DIx2 expressed at
higher levels in the first arch ectoderm than is
DIx1 [Qiu et al., 1997; Robinson and Mahon,
1994; Thomas et al., 1997]. In contrast to DIx1
and DIx2, DIx3 is only expressed in the skin and
distal tips of the branchial arches and is later
restricted to the caudal portion of the mandibu-
lar process. In contrast to all the other DIx
genes, DIx3 is not expressed in a detectable
manner in the central nervous system (CNS)
[Robinson and Mahon, 1994]. Like DIx3, DIx5
and DIx6 are also expressed in the distal bran-
chial arch mesenchyme. Expression of DIX5 is
detected in the distal part of the mandibular
region of the first arch at E8.5, and subse-
quently at E9.5 in the maxillary branch, as well
as in the hyoid, and more weakly in the third
and fourth branchial arches. DIX5 is also ex-
pressed in the olfactory and otic placodes, the
forebrain, and the neural crest, producing neu-
roepithelium. Expression in the otic pit was
observed as early as E8.0 beginning in the
dorsoposterior part of the otic vesicle, followed
by expression in the semicircular canals, the
endolymphatic duct and the vesicle of the ves-
tibular organ. DIX5 is also the first member of
the family to be expressed along the rostral and
lateral boundary of the neural plate [Acampora
et al., 1999; Chen et al., 1996; Depew et al.,
1999; Qiu et al., 1997; Simeone et al., 1994;
Yang et al., 1998]. Unique to the mammalian
DIx family, DIX5 and DIx6 are expressed in the
perichondrial region of all the developing fetal
skeletal elements starting as early as cartilage
initiation [Acampora et al., 1999; Chen et al.,
1996; Simeone et al., 1994] and continuing
through the period of mineralization. DIX5 and
DIx6 are expressed in mesenchymal cells that
will undergo both endochondral and membra-
nous ossification, and there is in vitro evidence
to suggest that DIx5 may play a role in osteocal-
cin expression and osteoblast differentiation
[Ryoo et al., 1997]. Expression of DIX7 during
mouse embryonic development has not been
described so far, although its expression was
demonstrated by Northern blot analysis in my-
eloid leukemia cells and other cancer cell lines
[Nakamuraet al., 1996] (Table 1).

DIx ROLES IN CRANIOFACIAL
AND INNER EAR DEVELOPMENT

With respect to DIx expression during embry-
onic development in the branchial arches, chon-
drocranium, and skull vault, it is not surprising
that loss of DIx gene activity results in misregu-
lation of craniofacial development. Although
ablation of DIx gene function results in a num-
ber of phenotypic abnormalities, their influence
on craniofacial and inner ear development will
be the focus here. The development of craniofa-
cial structures involves complex interactions
between epithelial and mesenchymal tissues
[reviewed in Hanken and Thorogood, 1993; Le
Douarinetal., 1997; Noden, 1988]. The develop-
ing cranial anlagen can be subdivided into the
neurocranial portion (also referred to as endo-
cranium or primary brain case) encasing the
sensory organs: eye, nose, and inner ear as well
as the brain; and the splanchnocranium (also
referred to as visceral skeleton or branchiocra-
nium), derived from the branchial arches. Both
portions of the cranium develop through a com-
bination of membranous and endochondral ossi-
fication. In the case of membranous ossifica-
tion, mesenchymal stem cells differentiate
directly into osteoblasts, whereas with endo-
chondral ossification (also termed replacement
ossification), the cranial elements are first
formed on a cartilaginous framework, subse-
quently replaced by osteoblasts and mineral-
ized bone. Portions of the skull formed through
membranous ossification can also be referred to
as dermatocranium, whereas the skull ele-
ments that undergo endochondral ossification
are also termed the chondrocranium. In the
mature skull, bones of membranous or endo-
chondral origin are histologically identical, al-
though their developmental pathways are differ-
ent. Mammalian cranial sensory organ
development begins as ectodermal thickenings
adjacent to the rostral neuroepithelium, which
give rise to sensory placodes, and subsequently
to the olfactory and respiratory epithelium of
the nasal cavity, the vestibular and auditory
sense organs of the inner ear, and the optic
sense organ. In the case of the otic placode,
inductive signals from the underlying neuroepi-
thelium are necessary for placode initiation
invagination. Subsequent interactions with the
surrounding mesenchyme are also necessary
for correct morphogenesis and cytodifferentia-



TABLE I. Summary of Genomic Information and Developmental Function of Vertebrate DIx Genes

Homologues in Syndrome
Gene Mapping other species Gene targeting Embryonic expression in human
DIx1(DIIB) Mouse: Chr2  Zebrafish (dIx1) Affects cranial neural crest-derived skeletal ~ E8.5-9: rostral neural plate/tube
Human: 2932 elements, not tooth development E9.5: 1st arch, maxillary component, 2nd arch
DIx1/DIx2 E10: lateral wall of diencephalon
Maxillary molars missing E10.5: 1st arch mandibular component, 2nd
arch
E12.5 on: diencephalon, telencephalon, corpus
striatum, hypothalamus, thalamus, fore-
limb bud
P 12 weeks: brain
DIx2 (DIIA) Mouse: Chr2  Zebrafish (dIx2,5) Heterozygous normal; homozygous perinatal EB8.5-9: future brain
(Tes-1) Human: 2932  Xenopus (X-dll1, 4) lethal E9.5: 1st arch maxillary component, 2nd arch,
Altered differentiation of interneurons inthe ~ limb
olfactory bulb E10.5: 1st arch, 2nd arch, fore- and hindlimb
Affect cranial neural crest-derived skeletal ectoderm, AER
elements, causing cleft palate; tooth devel- E11.5: hand- and footplate
opment unaffected E14.5: thalamus, hypothalamus, dien-
cephalon
DIx 3 (DIl C) Mouse: n.d. Xenopus (X-dl12)  Early (E9.5) embryonic lethality owing to E8.5: ectoplacental cone and chorionic plate Tricho-dento-osseus
Human: Newt (NvHBox4) defects in placental development E9.5 on: 1st arch, 2nd arch syndrome
17921.33-22 Zebrafish (dIx3) E10.5: labyrinthine layer of developing (MIM 600029)
placenta
DIx5 Mouse: Chr6  Rat (rdlx) Homozygous perinatal lethal E8.5: rostral neural plate and otic placode SHFM1
Human: 7922  Chicken (dIX5) Craniofacial and inner ear defects E9.5 on: 1st arch, 2nd arch (MIM 183600)
Xenopus (X-dlI3) Exencephaly in subset of null embryos E10.50n: AER
Zebrafish (dIx4) E12.5: telencephalon
DIx 6 Mouse: Chr6  Xenopus (Xdll) E9.5 on: 1st arch, 2nd arch
Human: 722  Zebrafish (dIx6) E12.5: telencephalon
DIx 7 Mouse: n.d. Zebrafish (dIx 7, 8) Human leukemia cell
Human: Newt (NvHBO0X5) Mouse mandible

17021.33-22
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tion [reviewed in Fekete, 1996; Morsli et al.,
1998; Van De Water and Represa, 1991].

Gene targeting of the murine DIx1 locus re-
sulted in growth retardation in homozygous
newborns that die within the first month of life,
owing to a possible dysfunction in the enteric
nervous system [Qiu et al., 1997]. By contrast,
double knockouts for both DIx1/2 die within
the first hours of life and show a phenotype
similar to that of single knockouts for the DIx2
locus [Qiu et al., 1995, 1997]. In addition to
defects in neural development [Anderson et al.,
1997a,b], craniofacial development is perturbed
in the DIx1/2 mutants. Although the basisphe-
noid seemed unaffected, the proximal part of
the ala temporalis was missing in the DIx1,
DIx2, and DIx1/2 mutants. Also, about 30% of
the DIx2 and DIx1/2 mutants showed an ec-
topic osseous process extending laterocaudally
from the basisphenoid. The mutants also
showed malformation of the maxillary compo-
nent of the first branchial arch, with the ventro-
medial part of the alisphenoid missing and the
lateral part malformed in the DIx2 and DIx1/2
mutants. The incus was also malformed and no
longer in contact with the stapes. In addition, a
large new cartilage area occurred lateral to the
basisphenoid. In all three mutants (DIx1, DIx2,
and DIx1/2), the stapes was smaller compared
with that of wildtype animals, and the central
hole was absent, although with lower pen-
etrance in the DIx1 mutants. In addition, the
styloids were not connected with the crista par-
otica of the otic capsule in the DIx2 and DIx1/2
mutants, and four independent bones resulting
in a disruption of the musculoskeletal relation-
ship replaced the squamosal and jugal bones.
Furthermore, malformations and misplace-
ment of the maxillary, pterygoid, and palatine
bones changed the ventral skull morphology,
although the roofing bones (frontal and pari-
etal) appeared normal. The DIx1/2 mutants
were also affected in their dental development,
as they were missing all maxillary molars,
which has not been observed in either of the
DIx1 or DIx2 single mutants. A 4-base pair (bp)
deletion in human DIx3 (resulting in a frame-
shift) was identified in patients with the tricho-
dento-osseus syndrome (MIM 190320), who pre-
sent with malformations of the teeth and
calvaria [Price et al., 1998]. The DIx3 gene has
been targeted in mice and resulted in embry-
onic death around day E9.5 of development
[Morasso et al., 1999]. The death of the DIx3

null embryos appeared to result from placental
defects that affected development of the labyrin-
thine trophoblast layer, an early site of DIx3
expression.

Like the DIx1 and DIx2 null animals, mice
with a targeted disruption of DIx5 showed se-
vere craniofacial malformations [Acampora et
al., 1999; Depew et al., 1999]. As early as E13.5,
Meckel's cartilage of the DIx5 mutants ap-
peared shorter and was fused to the contralat-
eral partner at a wider angle. At its proximal
end, the shaft was dysmorphic, with up to three
additional cartilage elements formed. At birth,
the craniofacial malformations in the DIx5 mice
were obvious. The shorter snout likely resulted
from a shortening of the posterior part of the
maxillary bones, so that no proper connection
between the palatine processes of the maxillae
and the palatine bones was formed. In severe
cases, there was a symmetric aplasia of the
nasal capsule and mesethmoid, and the dermal
bones that encase the nasal capsule were dys-
morphic and small—defects that can be traced
to a hypoplasia of the frontonasal process as
early as E10.5 in the DIX5 null embryos. In
addition, the pterygoids were deformed anteri-
orly, the tympanic ring showed variable reduc-
tions in its length, and the alisphenoid was
malformed, yet the squamosal and jugal bones
appeared normal in the DIX5 mutant. The go-
nial bone was also deformed and occasionally
fused to as many as two ectopic bones, and the
basioccipital was elongated along the midline.
Deformations of the membranous labyrinth
probably caused the observed deformation and
rotation of the vestibular part of the cartilagi-
nous otic vesicle. Furthermore, the parietal,
interparietal, and supraoccipital bones were
delayed in their ossification, causing an ante-
rior and posterior open fontanelle and wide
cranial sutures. Exencephaly was observed in a
subset of the DIx5 null animals, coincident with
the reduced size of the roofing bones which
were either hypomineralized or completely ab-
sent. The nasal bones were generally shortened
and the nasal epithelium and cartilaginous
structures were present either as rudiments or
completely absent. In contrast to the absence of
maxillary molars in the DIx1/2 mutants, the
molars in the DIx5 null mice were present, but
their crowns were poorly mineralized and mal-
formed, as were the incisors.

DIx5 expression was observed during early
otic and olfactory placode formation; however,
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their initiation seems to be independent of loss
of DIX5 expression [Acampora et al., 1999; De-
pew et al., 1999]. DIx5 null embryos did show
inner ear defects as early as E10.5, with a
failure to form the endolymphatic duct. By E13.5
the dorsal derivatives of the vestibulum were
highly affected, lacking the anterior and supe-
rior semicircular canals. At later stages (P0),
DIx5 null mice showed severely affected inner
ear development. Overall, the vestibulum was
smaller and misshapen, and the horizontal
semicircular canal was reduced, while the ante-
rior and posterior semicircular canals were
fused into one vesicle. In addition, the cochlea
completed only one of its normal 1.5 turns. The
chondrocranial otic capsule surrounding the in-
ner ear epithelium was malformed in a manner
that paralleled the epithelial defects, possibly
indicating a secondary effect. The inner ear
epithelium of the DIx5-deficient mice appeared
thinner and of a different cell type composition
compared with wildtype animals. In addition,
the cristae ampullaris were missing in the mu-
tants. Surprisingly, the sacculus was not obvi-
ously affected, nor were their sensory epithelia.
In addition to the inner ear defects, the otic
capsules, bones of the middle ear, and associ-
ated soft tissues were affected in the DIx5 null
mice, and the styloid process appeared shorter
than normal and rotated towards the midline.
DIx5 appears to have a primary role in pat-
terning of craniofacial and inner ear tissues,
coupled with a secondary role in osteoblast
differentiation as is evidenced by a complete
loss of mineralized calvaria in a subset of the
null animals. It is likely that the craniofacial
malformations in the DIx5 knockout mice are
also due in part to a defect in osteogenesis,
however the axial and appendicular skeleton
which also expresses DIx5 and DIx6, show no or
minor irregularities [Acampora et al., 1999;
Depew et al., 1999]. Whether this is the result
of functional overlap with DIx6 remains to be
seen from the combined DIx5/6 null mutation.
Interestingly, although DIx1, -2, -5, and -6 are
all expressed in the developing limb, primarily
in the apical ectodermal ridge (AER), no limb
abnormalities for the DIx1-, DIx2-, DIx1/2-, or
DIx5-deficient mice have been observed.
Whether this is the result of an overlapping
developmental function for these DIx genes, or
of superfluous nonfunction expression [Erick-
son, 1993], will be answered by future analysis
of mice carrying compound DIx null alleles. To

date, no gene-targeting experiments have been
described for either DIx6 or DIxX7.

DIx GENES FUNCTION AS
TRANSCRIPTION FACTORS

Given the similarity in the DNA-binding ho-
meodomains and the overlapping patterns of
expression of the mammalian DIx genes, par-
tial target gene overlap or functional redun-
dancy is likely to be an important factor. The
early distally restricted expression of DIx3, DIX5,
and DIx6 in the branchial arches compared
with DIx1 and DIx2 might allow for compensa-
tion for loss of DIx1/2 in the mandibular and
distal hyoid arches [Depew et al., 1999]. How-
ever, given the fact that the DIx1, DIx2, and
DIx1/2 loss-of-function phenotypes are differ-
ent suggests that both genes are not fully redun-
dant with one another. More than one tran-
script size has been described for DIx1 and DIx5
[McGuinness et al., 1996; Yang et al., 1998],
and it is known that DIx1 and DIx6 are also
transcribed as antisense RNAs [Liu et al., 1997,
McGuinness et al., 1996]. Whether these also
contribute to the complexity of DIx function and
regulation remains to be determined.

Many of the functions of transcription factors
are mediated through protein-protein interac-
tions. This is especially true of homeodomain-
containing transcription factors [Ferretti et al.,
1999; Jacobs et al., 1999; Peltenburg and Murre,
1997; Phelan and Featherstone, 1997; Vigano
et al., 1998, and references therein]. DIx pro-
teins have been shown to form dimeric com-
plexes in vitro and in vivo with members of the
Msx homeobox gene family, inhibiting their
transcriptional activities in a reciprocal man-
ner [Zhang et al., 1997]. Furthermore, DIx and
Msx are expressed in numerous overlapping
spatiotemporal domains in the developing em-
bryo, in particular the craniofacial region, and
null phenotypes from members of both families
of genes have overlapping phenotypes [re-
viewed in Francis-West et al., 1998]. The ho-
meobox-containing gene goosecoid seems to be
regulated by DIx5. Its targeted disruption re-
sults in similar craniofacial abnormalities as
observed in DIx5 null mice [Belo et al., 1998;
Depew et al., 1999; Rivera-Perez et al., 1995;
Yamada et al., 1995]. Another gene that seems
to be negatively regulated by DIX5 is the osteo-
calcin promoter, where DIX5 acts as a repressor
either directly or within a more complex regula-
tory pathway during osteoblast differentiation
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[Ryoo et al., 1997]. Although developmental
regulators of osteogenesis (Osf2) and inner ear
development (Hmx3/Nkx5.1) phenocopy the de-
fects in DIx5 null animals [Ducy and Karsenty,
1998; Wang et al., 1998], neither appears to be
regulated by DIx5 [Acampora et al., 1999], sug-
gesting that these developmental transcription
factors are either positioned upstream of DIx5
or are part of an independent genetic pathway.
Given the similarity in expression patterns
and homeodomain sequence, and thus DNA-
binding specificity, only a combination of the
individual DIx knockouts will give complete
insight into DIx gene function during embryo-
genesis. However, since DIx genes probably act
through dimerization with other transcription
factors, gain-of-function studies, along with the
identification of potential DIx cofactors, will be
needed to understand more fully the develop-
mental role of the DIx homeobox gene family.
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