The DIx5 and DIx6 homeobox genes
are essential for craniofacial, axial,
and appendicular skeletal development
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DIx homeobox genes are mammalian homologs of the Drosophila Distal-less (DII) gene. The DIx/DII gene
family is of ancient origin and appears to play a role in appendage development in essentially all species in
which it has been identified. In Drosophila, DII is expressed in the distal portion of the developing appendages
and is critical for the development of distal structures. In addition, human DIx5 and DIx6 homeobox genes
have been identified as possible candidate genes for the autosomal dominant form of the split-hand/split-foot
malformation (SHFM), a heterogeneous limb disorder characterized by missing central digits and claw-like
distal extremities. Targeted inactivation of DIx5 and DIx6 genes in mice results in severe craniofacial, axial,
and appendicular skeletal abnormalities, leading to perinatal lethality. For the first time, DIx/DII gene
products are shown to be critical regulators of mammalian limb development, as combined loss-of-function
mutations phenocopy SHFM. Furthermore, spatiotemporal-specific transgenic overexpression of DIx5, in the
apical ectodermal ridge of DIx5/6 null mice can fully rescue DIx/DII function in limb outgrowth.
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DIx homeobox genes are mammalian homologs of the
Drosophila Distal-less (DII) gene and consist of six genes
that are organized into the DIx1/2, DIx5/6, and DIx3/7
bigene clusters. The vertebrate DIx genes are expressed
in craniofacial primordia, developing brain, and limbs,
including the apical ectodermal ridge (AER). The DIx/DII
gene family is of ancient evolutionary origin and has
been either implicated or demonstrated to play a critical
function in limb/appendage outgrowth and development
in essentially all animals in which it has been identified
(for review, see Panganiban 2000). In Drosophila, DII is
expressed in the distal portion of the developing append-
ages (limbs) and is required for proper development of
distal appendage structures. Partial loss-of-function Dro-
sophila DII alleles affect primarily distal leg structures,
while more severe loss-of-function DII alleles extend
their effects to more medial structures such as the fly
tibia and femur. During development, distal cells of the
fly limb retain their requirement for DII/DIx until late
stages, whereas more medial cells loose this requirement
earlier during fly limb outgrowth (for review, see Pan-
ganiban 2000).
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Split-hand/split-foot malformation (SHFM), also re-
ferred to as ectrodactyly or lobster-claw deformity
(OMIM 183600) is a human limb defect that affects
growth and patterning of the central digital rays
(Temtamy and McKusick 1978). The malformation is
characterized by missing digits, fusion of remaining dig-
its (syndactyly), and median clefts. SHFM is typically
inherited in an autosomal dominant fashion with incom-
plete penetrance, variable expressivity, and segregation
distortion (Scherer et al. 1994). Four human SHFM dis-
ease loci genetically map to chromosomes 7¢21.3-22.1
(SHFM1, OMIM 183600), Xq26-g26.1 (SHEM2, OMIM
313350), 10g24-g25 (SHEM3, OMIM 600095), and 3q27
(SHEM4, OMIM 603237) (Faiyaz ul Haque et al. 1993,
Scherer et al. 1994; Nunes et al. 1995; Ianakiev et al.
2000). Moreover, SHFM can present by itself or in com-
bination with craniofacial, urogenital, ectodermal, and/
or hearing abnormalities (Scherer et al. 1994; O’Quinn et
al. 1998; Tackels-Horne et al. 2001).

The naturally occurring Dactylaplasia (Dac) mutant
mouse is a phenocopy model of SHFM (Chai 1981). Dac
maps syntenically to human chromosome 10g23-g25
and is a model for SHFM3 (Johnson et al. 1995). Dac
embryos initiate proper limb outgrowth up to embryonic
day 10.5 (E10.5). However, by E11.5 the central portion
of the AER degenerates, while the anterior and posterior
portions of the AER remain intact (Seto et al. 1997;
Crackower et al. 1998). The AER is critical for proper
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limb outgrowth and patterning by signaling to the un-
derlying progress zone and by maintaining the zone of
polarizing activity (for review, see Capdevila and Izpisua
Belmonte 2001). While Dac may be a syntenic model for
only SHFM3, it can be inferred that the degeneration of
the AER may be a common pathogenic feature within all
forms of SHFM.

In vertebrates, the DIx genes are expressed in cranio-
facial primordia, developing brain, and limbs, including
the AER. The paired DIx5 and DIx6 genes, which map to
chromosome 7g22, are postulated as candidates for
SHFM1 (Scherer et al. 1994; Crackower et al. 1996). Tar-
geted disruption or ablation of DIxI, DIx2, DIx1/2, or
DIx5 genes in mice results in craniofacial, bone, and ves-
tibular defects (Qiu et al. 1997; Acampora et al. 1999;
Depew et al. 1999). However, the limbs remain con-
spicuously absent of any abnormalities. The lack of limb
defects in these mutants may be the result of genetic
compensation or overlapping function with other mem-
bers of the DIx gene family. To explore this possibility,
we performed a loss of DIx5 and DIx6 function study in
mice. As hypothesized, we found that targeted disrup-
tion of both DIx5 and DIx6 results in bone, inner ear, and
severe craniofacial defects. In addition, simultaneous
loss of DIx5 and DIx6 gene products results in a pheno-
copy model of human SHFM1 and is the first demonstra-
tion of a role for mammalian DIx genes in limb develop-
ment.

Results

Targeted disruption of both DIx5 and DIx6 (D1x5/6)
in embryonic stem cells and mice

Due to their close proximity to one another on the chro-
mosome, the DIx5/6 null allele was achieved by making
a single deletion inactivating both genes simultaneously.
As outlined in Figure 1A, DIx5 and DIx6 are arranged in
a transcriptionally convergent orientation. A correctly
targeted DIx5/6 null allele places IacZ under the tran-
scriptional control of DIx6 5’ regulatory elements and
deletes ~11 kb of DNA containing all the coding and
noncoding sequence spanning the DIx5 and DIx6 ho-
meoboxes. The absence of functional DIx5 or DIx6 ho-
meodomains and associated C-terminal amino acids
should thus result in null alleles for both DIx5 and DIx6.
Correct targeting of DIx5 and DIx6 was confirmed by
Southern blot analysis employing probes internal and ex-
ternal to the DIx5/6 targeting construct (Fig. 1B). Correct
DIx5/6 targeting was further confirmed by employing an
RNA in situ hybridization probe corresponding to DIx6
sequences overlapping the homeobox and adjacent mRNA
sequences which fall within the DIx5/6 null allele de-
leted region. In DIx5/6 heterozygotes, a clear signal was
observed corresponding to expression in the branchial
arches (ba), otic vesicle (ov), and AER from the wild-type
allele. Analysis of DIx5/6 null embryos, however, showed
no corresponding signal in the same tissues or elsewhere
(Fig. 1C), indicating that deletion of this region had been
successfully achieved at the DIx5/6 null locus.
DIx5/6*/~ mutant mice were viable, fertile, and did not
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have any overt physical abnormalities. In contrast, DIx5/
67/~ mutant embryos were viable up to the time of birth,
and exhibited severe limb, craniofacial, and axial skel-
etal defects (Fig. 1D). Obvious craniofacial defects in-
cluded the complete absence of calvaria, resulting in ex-
encephaly, reduction in the size of the eyes, and clefting
and dysmorphogenesis of nasal, maxillary, and mandibu-
lar structures. Obvious axial skeletal defects included
growth retardation and kinked tail vertebrae. The DIx5/6
null limb defects phenocopied SHFM with variable pen-
etrance in the forelimbs and complete penetrance in the
hindlimbs. The cause of death in the DIx5/6 nulls was
likely related in part to the exencephaly, which results in
cerebral trauma during fetal delivery and massive post-
natal blood loss.

DIx5/6-1acZ expression during craniofacial development

The DIx5/6-lacZ expression pattern in heterozygous em-
bryos was consistent with that previously revealed by
use of RNA in situ hybridization or IacZ reporter expres-
sion (Simeone et al. 1994; Chen et al. 1996; Acampora et
al. 1999; Depew et al. 1999). However, forebrain expres-
sion domains were reduced, likely owing to the deletion
of a CNS-specific intergenic enhancer (Zerucha et al.
2000). DIx5/6-lacZ expression was apparent by E8.5 in
the ventral cephalic epithelium, nasal and otic placodes,
and tail bud. At this stage of development, there was no
apparent difference in lacZ expression or morphological
abnormality in DIx5/67/~ mutant embryos (not shown).
At E9.5, strong DIx5/6-lacZ expression was observed in
the first and second branchial arches and the otic vesicle
(Fig. 2A). A phenotypic difference was first observed at
E9.5, with failure of the anterior neuropore to close in
DIx5/67/~ embryos (Fig. 2A). By E10.5, DIx5/6-lacZ ex-
pression was observed in the third and fourth branchial
arches and nasal placodes (Fig. 2B).

DIx5/6-lacZ expression was strong in the epithelium
of the semicircular canals and endolymphatic duct of the
inner ear of DIx5/6*/~ embryos at E11.5 (Fig. 2C). Subse-
quent phenotypic differences were observed in DIx5/67/~
embryos at E11.5 with unrecognizable inner ear struc-
tures, absence of developing eyes, dysmorphic branchial
arch derivatives, and reduced lacZ expression in the
frontonasal prominence (Fig. 2C). Severe clefting of the
entire nasal cavity in DIx5/6~/~ embryos became readily
apparent by E14.5 (Fig. 2E). DIx5/6-lacZ expression at
this stage was severely reduced in frontonasal, maxillary,
and mandibular tissues of DIx5/6~/~ embryos. Expression
in tissues giving rise to facial and calvarial structures
was noticeably lost. In addition, external and middle ear
expression appeared consolidated, while inner ear ex-
pression was absent.

DIx5/6-lacZ expression during axial
skeletal development

DIx5/6-lacZ expression was observed in all sites of de-
veloping endochondral and membranous bone forma-
tion. The first abnormality in axial skeletal development
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Figure 1. Simultaneous disruption of DIx5 and DIx6

y homologous recombination, genotyping, mRNA,
and morphological analyses of embryos carrying a
DIx5/6 null allele. (A) Structure of the genomic DIx5
and DIx6 loci, ires.lacZ.neo targeting vector, and mu-
tant allele following homologous recombination. Exons
are depicted as black boxes. The transcriptional orien-
tation of each gene is indicated. The probes employed
for Southern and RNA in situ analyses are indicated
with black rectangles. (B) Southern blot analysis of em-
bryonic genomic DNA isolated from the yolk-sac was
digested with BamHI and then hybridized with a 5’
(probe 1) in the undeleted region of DIx5, 5 (probe 2) in
the undeleted region of DIx6, or 3’ (probe 3) in the de-
leted region of DIx5. The wild-type and mutant alleles
were detected as 6.6 kb and 2.2 kb fragments, respec-
tively, with probe 1 and 4.3 kb and 4.6 kb, respectively,
with probe 2. The wild-type allele was detected as a 6.6
kb fragment and the mutant allele was undetected with
probe 3. (C) Whole-mount in situ hybridization of E10.5
wild-type and DIx5/67/~ embryos using probe 4. DIx5/
67/~ embryos lack probe 4 expression as probe 4 falls
within the region deleted in the DIx5/67/~ embryos. (D) Gross appearance of wild-type and DIx5/67~ embryos and hindlimbs at E18.5.
DIx5/67/~ embryos show an overall reduced size, exencephaly, kinked tail vertebrae, and split hindlimbs. Scanning electron micros-
copy (SEM) of whole-mount wild-type and DIx5/67/~ embryos at E12.5, highlighting the craniofacial, tail, and limb malformations
already clearly visible at this stage. Abbreviations: aer, apical ectodermal ridge; ba, branchial arches; ov, otic vesicle.

D Body Lateral

DIx5/6+/+

Dix5/6-/-

GENES & DEVELOPMENT 1091



Robledo et al.

was apparent by E11.5, with the formation of a kinked
tail in DIx5/67/~ embryos (Fig. 2C). In heterozygous em-
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Figure 2. Embryonic DIx5 and DIx6 expression revealed by
whole-mount B-galactosidase staining of heterozygous and ho-
mozygous DIx5/6 mutant embryos (Column I), with higher
magnifications of limbs from the same embryos (Column II). (A)
DIx5/6 is strongly expressed in the first and second branchial
arches and the otic pit, with less prominent expression in the
tail and forelimb buds at E9.5. (B) Expression becomes apparent
in the AER of both fore- and hindlimb buds by E10.5. (C) At
El11.5, reduction in expression in the frontonasal prominence
and medial AER (arrow) initiates. (D) Expression in the medial
AER deteriorates by E12.5 in DIx5/67/~ embryos. Arrows in the
right-hand column indicate the loss of medial tissue and digits
in the DIx5/67/~ embryos. (E) Expression within all developing
bones becomes apparent by E14.5, at which time the SHFEM
phenotype becomes recognizable in null mutants. (F) At E18.5,
craniofacial and skeletal expression remains strong. Calvarial
and mandibular expression is noticeably lost in DIx5/67/~ em-
bryos owing to the absence of these tissues.
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bryos, DIx5/6-lacZ expression in clavicles, axial skel-
eton, and the leading edge of calvaria was first observed
at E12.5 (Fig. 2D). By E14.5, expression was observed in
the perichondral region of developing long bones, ribs,
and digits (Fig. 2E). The pattern of DIx5/6-lacZ expres-
sion in the axial skeleton was similar between DIx5/6"/~
and DIx5/67/~ embryos, suggesting that there was no sig-
nificant loss of DIx5/67/ cells in this domain, and fur-
thermore, that the expression of DIx5/6-lacZ was inde-
pendent of any critical DIx5/6 cross- or autoregulatory
interactions.

DIx5/6-lacZ expression during limb development

DIx5/6-1acZ was expressed in all developing appendages
including the external ears, genital tubercle, and limb
buds (Fig. 2A-F). In the developing limbs, strong expres-
sion in the AER of both the hind- and forelimb buds was
observed by E10.5 and extended into the anteroproximal
margins of the forelimbs by E11.5. Expression in the
genital tubercle was also evident at E11.5. The first phe-
notypic difference in limb development was observed in
the hindlimb AER of DIx5/67/~ embryos at E11.5. The
medial portion at the AER had become thinner and the
distal edge of the hindlimb had flattened. At E12.5, DIx5/
6-lacZ expression remained strong in the AER of DIx5/
6*/~ embryos, and digital buds were apparent. However,
in DIx5/67/~ embryos, the medial hindlimb AER expres-
sion had degenerated, resulting in a distal flattening
while still maintaining DIx5/6-lacZ expression in AER
lateral margins (Fig. 2D). By E14.5, DIx5/6-lacZ was ex-
pressed in the epithelium and mesenchyme of digital
tips and the perichondrium of the digits. In contrast,
from one to three of the central hindlimb digits were
absent in the hindlimbs of any given DIx5/6~/~ embryo
with normal DIx5/6-lacZ expression in the remaining
digits. In addition, outgrowth of the remaining digits was
diverted laterally away from the midline towards the re-
maining distal DIx5/6-lacZ expression domains persist-
ing in the lateral edges of the AER remnant.

Cartilage and bone defects in DIx5/6™/~ mice

Severe craniofacial cartilage defects in DIx5/67/~ em-
bryos were apparent at E14.5. Exencephaly, with the ab-
sence of Alcian blue staining of frontonasal, supraoccipi-
tal, and rostral temporal areas, and the complete loss of
Meckel’s cartilage were the most striking defects (Fig.
3A). The inner ear capsule and middle ear cartilages were
fused and severely dysmorphic, while external ear carti-
lage was absent. Moreover, cartilage giving rise to the
cranial floor (basioccipital, basisphenoid, and sphenoid)
and frontonasal prominence were present, but with se-
vere patterning defects. Cartilage from the exoccipital
and ventral temporal bone primordia extending to the
distal nasal capsule were distinctly condensed and fused.
It could not be determined as to whether middle and
inner ear cartilages were included within the fused struc-
ture. External ear cartilage was absent and outgrowth of
the dysmorphic nasal prominence was curved caudally.
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At E16.5, the dysmorphic cranial cartilage structure re-
mained unossified, and maxillary and mandibular bones
were absent. However, soft tissues (skin, whisker pads,
tongue, and muscle) were present in a manner that de-
fined where maxillary and mandibular structures should
have developed. Endochondral ossification of the exoc-
cipital bone primordia of DIx5/67/~ embryos was present
at E18.5. In addition, areas of membranous ossification
had developed that suggested an attempt to form max-
illa, premaxilla, and nasal bones.

Defects in limb cartilage were most striking in the
hindlimbs of DIx5/6~/~ embryos. At E14.5, all combina-
tions of the central digits were absent, similar to SHFM.
Missing cartilage included phalanges, metatarsals, and
tarsals (Fig. 3A-C). The most prevalent defect was the
absence of the central digit. In addition, remaining adja-
cent digits tended to be either misshapen or fused at
phalanges or metatarsals. Similar phenotypic defects
were occasionally observed in the forelimbs (Fig. 3C, inset).

DIx5/6 and craniofacial, skeletal, and limb growth
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Figure 3. Craniofacial, axial, and appendicular skel-
etal defects of DIx5/67/~ embryos. (A) Whole-mount
Alcian blue (AB) staining reveals the absence of Meck-
el’s, nasal prominence and central digit cartilages of
E14.5 mutant embryos. (B) Alcian blue and alizarin red
(AB/AR) staining shows the absence of calvaria, max-
illary, and mandibular bones of E16.5 mutant em-
bryos. In addition, the axial skeleton, including verte-
bral bodies (inset), has little or no ossification and the
ribs are malformed. The forelimbs (left columns) also
have a delay in ossification (bracketed region), or a
complete absence of ossification (star) and hindlimb
digits (right columns) are absent and/or fused. (C) The
delay in ossification becomes less severe in the axial
and appendicular skeleton by E18.5. However, the ribs
remain disfigured and the ratio of forelimb ossification
to cartilage remains retarded. Hindlimbs and fore-
limbs (inset) have clefting due to missing and fused
digits. Abbreviations: C, calvaria; FN, frontonasal car-
tilage; MC, Meckel’s cartilage; Md; Mandible.

Endochondral bone defects were first observed at E16.5
with shorter or completely absent ossification centers in
DIx5/67/~ embryos compared to DIx5/6** or DIx5/6%/~
embryos (Fig. 3B). In addition, the ribs of DIx5/67/~ em-
bryos were severely dysmorphic, with the greatest aber-
rations in the region proximal to the vertebral column.
An absence or delay in endochondral ossification was
observed in all bones of the appendicular and axial skel-
eton of DIx5/67/~ embryos at E16.5. By E18.5, affected
endochondral ossification centers had achieved some
minor developmental progression; however in all bones
in the DIx5/67/~ embryos, the transition from a cartilagi-
nous to ossified skeleton remained severely retarded (Fig. 3C).

DIx5/6 can regulate endochondral ossification

Histological analysis of the delayed endochondral ossifi-
cation observed in DIx5/67/~ embryos was performed on
skeletal sections from E16.5 embryos. The scapula was
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specifically chosen because the projection of the spine of
scapula (Ss) can be used as an anatomical point of refer-
ence to match corresponding sections from control and
DIx5/6 null embryos (Fig. 4A). In an area consisting of
prehypertrophic, hypertrophic, and calcified (von Kossa-
positive) chondrocytes in DIx5/6*/~ sections, comparable
DIx5/67/~ sections were composed of only prehypertro-
phic chondrocytes (Fig. 4B), indicating a retardation of
the normal chondrocyte developmental program. In pro-
gressive serial sections, DIx5/6"/~ skeletal sections showed

Dix5/6 +/-

the presence of vascularization and a mineralized bone
matrix. In contrast, comparable regions in DIx5/6~/~ em-
bryos consisted of hypertrophic and calcified chondro-
cytes, minimal vascular invasion, and a predominantly
cartilage matrix (Fig. 4B).

Molecular analysis of comparable E16.5 DIx5/67/~ em-
bryos also suggested a delay in the onset of the osteo-
genic pathway. Relative to wild-type embryos, DIx5/67/~
embryos showed normal expression of Sox9, a regulator
of precartilaginous condensation (data not shown). In

Dix5/6 -/- Dix5/6 +/- Dix5/6 -/-

AB/AR

AB

VK

Figure 4. Histological and molecular ex- C
amination of the ossification of the
scapula of heterozygous and DIx5/6 null
embryos at E16.5. (A) AB/AR staining of
whole-mount scapulas shows the absence
of ossification of the spine of scapula (Ss)
and a minimal ossification within the cen-
ter of the scapula, compared to heterozy-
gous embryos. Vertical lines indicate the
approximate area from which comparable
serial sections were taken for each column
of results. (B) In more proximal sections,
AB-stained DIx5/67/~ scapulas appear to
lack both hypertrophic chondrocytes and a
von Kossa (VK)-positive calcium matrix.
(C) In contrast to control embryos, Col2al
expression remains strong and Col10al
appears to be increasing in the DIx5/6 null
sections. In addition, Thh downregulation
appears to be delayed in DIx5/6 null sec-
tions, whereas Pthrp-r expression is unaf-
fected. Runx?2 expression appears normal
in the perichondrium, but reduced in the
chondrium of the DIx5/6 null sections.
Osteocalcin expression is completely ab-
sent in the DIx5/6 null sections. In more
distal sections, calcified hypertrophic
chondrocytes are now apparent. Col2al
expression is now almost absent in the
DIx5/6 null sections, and Col10al expres-
sion is strong. At this level, Runx2 appears
normal in the DIx5/6 null sections and
Osteocalcin expression remains absent.

Col2a1

Col10a1

thh

Runx2

Osteocalcin
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contrast, Col2al and Col10al expression, indicators of
prehypertrophic and hypertrophic chondrocytes, were
still actively transcribed in DIx5/67/~ sections, whereas
in the same skeletal region in DIx5/6*/~ embryos, both
genes had already been significantly downregulated (Fig.
4C). Fgf-Fgfr3 and Ihh-Pthrp-Pthrp-r signaling pathways
are known to be important regulators of chondrocyte
proliferation and differentiation that couples chondro-
genesis to osteogenesis during endochondral ossification
(Naski et al. 1998; Chung et al. 2001). Similar to what
was observed for Col2al and Col10al, there was a tem-
poral delay in Fgfr3 and Ihh expression in the DIx5/67/~
scapula (data not shown; Fig. 4C) such that comparable
regions between control and DIx5/67/~ null embryos
showed opposing patterns of Fgfr3 and Ihh expression.
Interestingly, Pthrp-r expression was unaffected in the
DIx5/67/~ null embryos (Fig. 4C).

The Runx2 (Osf2/Cbfal) transcription factor has been
shown to be a regulator of chondrocyte and osteoblast
differentiation and a direct inducer of osteoblast-specific
Osteocalcin expression (Ducy et al. 1997; Takeda et al.
2001). Similar Runx?2 expression patterns were observed
within the chondrium and perichondrium of comparable
DIx5/6*/~ and DIx5/67/~ skeletal sections (Fig. 4C). How-
ever, there appears to be a decrease in the number of cells
expressing Runx2 within the chondrium. In contrast,
Osteocalcin gene expression was dramatically absent in
DIx5/67/~ skeletal sections (Fig. 4A,C), suggesting that
DIx5/6 have a critical positive role in the osteoblast
maturation pathway, and in their absence, the accumu-
lation of mature osteoblasts is severely retarded or ab-
sent.

DIx5/6 are essential for hindlimb AER maintenance

The earliest morphological limb abnormalities in DIx5/
67/~ embryos were observed at E11.5 (Fig. 2C). Therefore,
molecular analysis of genes known to regulate limb de-
velopment (for review, see Capdevila and Izpisua Bel-
monte 2001) was performed at this and earlier stages.
Shh expression in the zone of polarizing activity has
been shown to be a critical mediator of anterior-posterior
limb patterning. Its expression was identical between
wild-type and DIx5/67/~ embryos at E10.5 and E11.5 (Fig.
5). Similarly, there were no alterations in the expression
pattern of Lmx1b, a regulator of limb dorsal-ventral pat-
terning (Fig. 5). Fgf8 expression in the AER, which is
required for proximal-distal patterning and outgrowth,
was normal for DIx5/6~/~ embryos at E10.5 (Fig. 5). How-
ever, Fgf8 expression in DIx5/67/~ embryos was lost in
the medial portion of the hindlimb AER by E11.5 (Fig. 5).
Furthermore, Msx2 expression in the hindlimb AER and
progress zone (PZ) of DIx5/67/~ embryos was normal at
E10.5 and by E11.5 was clearly absent in the medial AER
and underlying PZ (Fig. 5). DIx2, another member of the
mammalian DIx family, which shows strong similarity
to DIx5 and DIx6 in expression and sequence, is coex-
pressed with DIx5 and DIx6 in the AER. No alterations
of DIx2 expression were observed prior to E11.5, suggest-
ing that there were no critical cross-regulatory interac-
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tions between DIx5/6 and DIx2. At E11.5, expression of
DIx2 like that of the other AER markers, was missing
from the medial region of the distal limb (Fig. 5). To
follow the specific fate of cells normally expressing DIx5
and DIx6, we used a probe corresponding to the 5’ end of
DIx5, which is still present in the DIx5/6 null mutation
and should thus be transcribed. The expression of the
DIx5 5' probe paralleled what was observed for other
markers of the AER, namely normal expression was ob-
served prior to E11.5, but following this stage there was
a progressive loss of expression from the distal medial
region of the limb. As normal levels and spatiotemporal
expression of DIx5 5’ was observed in the DIx5/67/~ em-
bryos, we can conclude that neither the position nor the
migration of DIx5/6 null cells was severely affected in
the limbs of DIx5/67/~ embryos prior to E11.5. Dss1 (de-
leted in split-hand/split-foot 1) is a gene encoding a
unique protein located near DIx5 and DIx6 on the chro-
mosome and is also expressed in the developing distal
limb, including the AER (Crackower et al. 1996). Owing
to its proximity to the SHFMI1 critical region and its
expression in the developing limb, Dss1 has been con-
sidered a candidate gene for SHFMI1. Interestingly, no
alteration of Dss1 expression in the developing limb of
the DIx5/67/~ embryos was observed prior to E11.5. From
this stage on, Dss1 expression, like all other markers for
the distal limb, was decreasing or missing from the distal
medial portion of the DIx5/6~/~ limb (not shown).
Morphological and molecular examination of the
DIx5/67/~ limbs suggested a progressive loss of distal me-
dial limb cells with an onset immediately prior to E11.5.
Possible explanations for cell loss are a decreased rate of
cell proliferation or an increase in the number of cells
locally undergoing programmed cell death. Programmed
cell death in the AER and underlying mesenchyme was
therefore measured by analyzing DNA fragmentation
with a TUNEL assay; however, no significant difference
was observed between wild-type and DIx5/6~/~ embryos
in either of these cell types (not shown), suggesting that
the loss of limb tissue observed in the DIx5/6~/~ embryos
was unrelated to the specific cell death-mediated elimi-
nation of DIx5/67/~ cells. In contrast, BrdU incorporation
to mark cycling cells indicated a significant decrease in
the number of proliferating cells within the hindlimb
AER of DIx5/67/~ embryos at both E10.5 and E11.5 (Fig.
5). However, cell proliferation in the underlying mesen-
chyme was normal at both stages for null embryos.
These data indicate that a principal role for DIx5/6 is
maintenance of normal proliferation rates within the
cells of the medial AER at E10.5 and E11.5. Loss of
DIx5/6 resulted in a localized decrease in cell prolifera-
tion within the medial AER and subsequent loss of limb
structures (medial digits) arising from the underlying
mesenchyme, which is regulated by the overlying AER.

Msx2 AER-specific transgene-driven DIx5 expression
rescues SHFM in DIx5/6™/~ mice

Transgenic mice were generated that overexpress DIx5
in the AER under the control of the Msx2 AER-specific
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Figure 5. Molecular analysis of altered
limb development of DIx5/6”/~ embryos.
Whole-mount in situ hybridization shows
that Shh and Lmx1b expression is normal
at E10.5 and E11.5 in the DIx5/6 null em-
bryos. Fgf8 and Msx2 expression in the
hindlimb AER is normal at E10.5, but is
absent in the medial AER by E11.5. Arrow-
heads in the right-hand column indicate
the loss of expression and missing tissue
in the medial portion of the distal limb in

the DIx5/67/~ embryos. Analysis with a
DIx5 5' riboprobe for the DIx5 exon still
present in the mutant allele reveals dimin-
ished DIx5 expression in the medial AER
by E11.5. Immunohistochemical staining
and quantitation of BrdU incorporation re-

veals decreased cellular proliferation in
the AER at E10.5 and E11.5, while prolif-
eration in the underlying mesenchyme is
unaffected. A compensatory increase of
DIx2 expression in the AER was not ob-
served.
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enhancer (Fig. 6A; Liu et al. 1994). The transgenic mice
have no conspicuous phenotypic abnormalities even
though transgene-specific expression by RNA in situ hy-
bridization or of a coinjected alkaline phosphatase re-
porter confirmed that the AER-DIx5 transgene was being
expressed in the AER (Fig. 6B). Transgenic mice were
subsequently bred onto the DIx5/6 mutant background
to determine whether AER-specific DIx5 overexpression
could rescue the SHFM defect in DIx5/6/~ embryos.
AER-DIx5 transgenic DIx5/67/~ embryos were stillborn
and presented craniofacial and vertebral defects identical
to those described for nontransgenic DIx5/6~/~ embryos.
In addition, AER-DIx5 expression was capable of fully
rescuing the SHFM phenotype (Fig. 6C). Cartilage stain-
ing of E14.5 embryos showed normal hindlimb struc-
tures in both DIx5/6""*; AER-DIx5" and DIx5/67/~; AER-
DIx5" mice (Fig. 6C). Proximal-distal outgrowth, pat-
terning, and ossification within developing hindlimbs
also proceeded in a normal manner (Fig. 6C). Further-
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more, molecular analysis revealed that Fgf8 and Msx2
were expressed in the hindlimbs of DIx5/67/~; AER-DIx5*
mice at E12.5 (Fig. 6C). As described above, Fgf8 and
Msx2 expression were lost in the central hindlimb AER
from E11.5 onward in the DIx5/6 null embryos (Fig. 5).

Discussion

Role of DIx5/6 in control of craniofacial development

DIx5/6~~ mice have a multitude of craniofacial and ear
defects including the failure of Meckel’s cartilage, man-
dible, and calvaria formation. The craniofacial and ear
defects reported here are dramatically more severe than
those observed in DIx5-deficient mice (Acampora et al.
1999; Depew et al. 1999), which suggests that DIx5 and
DIx6 have unique and redundant functions. Numerous
genes are required for proper ear and craniofacial devel-
opment, including Prx1, Prx2, Msx1, Msx2, Endothelin-1
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(Edn1), and Endothelin-A receptor (ET,). Mice null for
Prx1/2, Msx2, Ednl, or ET, have craniofacial and ear
defects that have some similarity to a portion of the de-
fects in DIx5/6™~ mice (ten Berge et al. 1998, Thomas et
al. 1998; Clouthier et al. 2000; Satokata et al. 2000).
However, the defects in all of the aforementioned studies
are to a lesser extent and severity. Furthermore, recent
observations suggest that DIx6 and not DIx5 acts as a
transducer of Ednl-dependent expression of dHAND in
the first branchial arch of mice (Charite et al. 2001). The
mechanisms by which DIx5 and DIx6 regulate craniofa-
cial and ear development are obviously complex and are

Dix5/6 -/-;
AER-Dix5/AP + AER-DIx5/AP - AER-DIx5/AP +

Figure 6. SHFM phenotypic rescue of
DIx5/67/~ embryos by DIx5 transgene ex-
pression in the developing AER. (A) Struc-
ture of the DIx5 and alkaline phosphatase
(AP) transgenes that employ the Msx2
AER-specific enhancer. (B) Whole-mount
in situ hybridization of AER-DIx5/AP em-
bryos showing AER expression of the
tagged (TAG) DIx5 transgene and trans-
gene-specific alkaline phosphatase stain-
ing of the AER at E10.5. (C) AB staining at
E14.5 shows restored hindlimb cartilage
outgrowth and patterning of DIx5/67/~ em-
bryos expressing the AER-DIx5/AP trans-
gene. AB/AR cartilage and bone staining of
the hindlimbs remains rescued at E18.5.
Whole-mount in situ hybridization at
E12.5 shows that AER expression of both
Fgf8 and Msx2 can be restored by AER-
DIx5/AP expression in mutant mice. Ar-
rowheads at E12.5 indicate the loss of
marker expression and missing tissue in
the medial portion of the distal limb in the
DIx5/67/~ embryos lacking the AER-DIx5/
AP transgene.

the focus of ongoing studies. We propose that they func-
tion directly and indirectly as global coordinators of a
number of signaling pathways that are critical for cra-
niofacial development.

Role of DIx5/6 in control of endochondral ossification

DIx5 and DIx6 are essential regulators of endochondral
ossification, as DIx5/6/~ mice have normal early carti-
lage formation of long bones at E14.5, but axial and
appendicular skeleton show severe retardation in chon-
drocyte/cartilage and osteoblast differentiation and sub-
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sequent mineralization. Prechondrocyte condensation
appears unaffected in mutant mice, as Sox9 expression
patterns and levels are normal. The requirement for
DIx5/6 appears during the transition from prehypertro-
phic to hypertrophic chondrocytes. The onset of Col2al
expression is normal in the DIx5/67/~ embryos, but the
differentiation to Coll0al- and Runx2-expressing cells
in the chondrium is either blocked or severely retarded.
In addition, the gene expression patterns for Fgf-Fgfr3
and Ihh-Pthrp-Pthrp-r signaling pathways, key regulators
of chondrogenesis, are likewise blocked or severely re-
tarded. Disruption of these pathways can result in a de-
lay in osteogenesis that is secondary to cartilage matu-
ration, as Ihh has recently been shown to couple the
transition from chondrogenesis to osteogenesis (Chung
et al. 2001).

DIx5 and DIx6 could also be direct regulators of osteo-
genesis or osteoblast differentiation. DIx5-deficient mice
exhibit a mild delay in ossification of long bones, with-
out effecting Runx2 expression (Acampora et al. 1999). It
has been proposed that DIx5 may be a downstream target
of Runx?2 or act independently, but in a similar role. DIx5
and DIx6 do not appear to be direct targets of Runx2,
because Runx2-deficient mice almost completely fail to
form bone (Komori et al. 1997; Otto et al. 1997). They do
appear to act independently in the activation of Osteo-
calcin, as Osteocalcin expression is absent in skeletal
sections of DIx5/6~ mice, while perichondral Runx2
expression is normal in adjacent sections. However, the
present data suggest that DIx5 and DIx6 regulate carti-
lage maturation, which in turn regulates the onset of
osteogenesis.

In vitro overexpression of DIx5 can induce Osteocalcin
production in murine osteoblasts (Miyama et al. 1999).
Furthermore, there is increasing evidence that DIx5 pro-
motes activation of Osteocalcin by forming het-
erodimers with Msx2, which antagonizes the Msx2-me-
diated repression of Osteocalcin (Newberry et al. 1998;
Shirakabe et al. 2001). Overexpression of Msx2 prevents
osteoblast differentiation, whereas inhibition of Msx2
translation accelerates differentiation (Dodig et al. 1999;
Liu et al. 1999). In addition, Msx2-deficient mice have
alterations in both chondrogenesis and osteogenesis that
cause defective endochondral bone formation (Satokata
et al. 2000). Therefore, delayed endochondral ossification
in DIx5/67~ mice could be the result of increased Msx2
activity, in the absence of altered Msx2 or Runx2 gene
expression. Another possibility is that DIx5/6 act along
parallel pathways for the promotion and linkage of chon-
drocyte and osteoblast maturation. DIx5/6 could possi-
bly act as potentiators of Sox5 and Sox6 function. Sox5
and Sox6 are possible downstream targets of Sox9 and are
essential for the transition from prehypertrophic to hy-
pertrophic chondrocytes (Smits et al. 2001). This could
be the basis for the reduced number of Runx2-expressing
hypertrophic chondrocytes within the chondrium of
DIx5/6 null embryos. A reduction in the number of
Runx2-expressing chondrocytes could subsequently re-
sult in a retardation of bone formation, as Runx?2 is criti-
cal for hypertrophic differentiation and vascular invasion
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(Zelzer et al. 2001). This assumes that the total number
or concentration of Runx2-expressing cells is critical. Al-
ternately, DIx5/6 could promote the differentiation of a
mesenchymal progenitor to a mature osteoblast within
the perichondrium. Perichondrial Runx2 expression or
other factors might partially compensate for the loss of
DIx5/6; however, the compensation is incomplete and
results in delayed endochondral ossification and stunted
bone growth.

Role of DIx5/6 in control of limb development

DIx5/6 control proximal-distal patterning in the murine
hindlimb by maintaining the medial portion of the AER.
Degeneration of the AER in DIx5/6~/~ mice results in a
phenocopy of SHFM1. The SHFM in DIx5/6 null mice
has similarities to the Dac mouse model of SHFMS3;
however, in Dac mice, the AER degenerates owing to
aberrant cell death within the AER (Seto et al. 1997,
Crackower et al. 1998). In DIx5/6/~ embryos, no alter-
ations in cell death were observed in the AER or adjacent
mesenchyme. In the DIx5/6/~ embryos, expression of
Fgf8 and Msx2 was lost in the medial portion of the AER
by E11.5, while DIx5/6-lacZ was still being expressed.
Since DIx5/6 are normally expressed in the AER with
expansion into the PZ by E12.5, they appear to be essen-
tial for the survival of at least one cell population in the
AER. Observations from analyses of Dac mice have im-
plicated Fgf8 as a regulator of AER maintenance and the
cause of SHFM. The present results rule out Fgf8 as the
cause of DIx5/6-mediated SHEM because DIx5/6™/~ mice
have decreased cell proliferation in the AER by E10.5 at
a time when Fgf8 expression is normal. In addition, con-
ditional loss of Fgf8 expression in the mouse limb bud
does not result in any form of SHFM (Lewandoski et al.
2000; Moon and Capecchi 2000). In fact, the limb defects
reported in conditional Fgf8 null mice are less severe
than those observed in the DIx5/6 null embryos.

DIx5 and DIx6 show redundant control of AER main-
tenance, as mice lacking DIx5 alone have no obvious
limb defects (Acampora et al. 1999; Depew et al. 1999),
and overexpression of DIx5 in the AER of DIx5/6™/~ mice
rescues the SHFM in the absence of any DIx6 expression.
The targets of DIx5 and/or DIx6 protein function appear
to be at maximal levels in wild-type mice, as overexpres-
sion of DIx5 on a wild-type genetic background has no
effect on limb development. One possible model consis-
tent with these results would have wild-type DIx5 and
DIx6 functioning as transcriptional repressors of an over-
lapping set of downstream target genes. When the levels
of DIx5- and Dlx6-mediated repression fall below a criti-
cal threshold owing to loss of DIx5 and DIx6 alleles,
certain genes within the AER may become active and
affect either directly or indirectly the proliferation of
cells within the AER. On a wild-type background, the
overexpression of DIx5 via an introduced transgene may
have no effect, as the normal targets of DIx5 and DIx6 are
already fully repressed. Naturally, converse models with
DIx5 and DIx6 functioning as “activators” of a repressor
would also be consistent with the observed results.



In humans, SHFM can be inherited in a regular domi-
nant manner over multiple generations, yet also show
lack of penetrance with skipped generations or irregular
‘dominant’ inheritance. In mice, the loss of a single
DIx5/6 locus (gene pair) is fully recessive with regards to
the SHFM phenotype. These results might indicate that
the human genome contains certain combinations of ge-
netic modifiers which make limb development more
sensitive to reduced levels of DI1x5/6 protein or possibly
that certain types of SHFM mutations in human func-
tion in a dominant-negative manner, possibly by nega-
tively interfering with the normal function of a shared
cofactor.

In conclusion, DIx5 and DIx6 are dynamic regulators
of mammalian development, which are absolutely re-
quired for proper craniofacial and skeletal development
and which display overlapping genetic functions in all
tissues in which they are expressed. In addition, they
appear to act as essential regulators of chondrogene-
sis and osteogenesis. Finally, they are essential for
maintenance of the medial portion of the hindlimb
AER, as their loss leads to AER degeneration that results
in a phenocopy of SHFMI1 with craniofacial defects.
These results are also the first example of an evolution-
ary conserved role for mammalian DIx genes in limb
outgrowth and development, a function the DIx/DII gene
family appears to share among all species with append-
ages.

Materials and methods

Generation of DIx5/6 null mutant and AER-DIx5
transgenic mice

Three overlapping lambda clones containing DIx5 and DIx6
from a 129/Sv genomic library were obtained following a low-
stringency screen performed as described (Chen et al. 1996). The
inserts from the phage were subcloned into plasmid pTZ18 for
restriction mapping and DNA sequencing, which confirmed
that they contained the genes for DIx5 and DIx6. An artificial
Nrul site was subsequently introduced into the homeobox se-
quence of DIx6 by site-directed mutagenesis. The DIx5/6 tar-
geting construct pSL99 was generated using a 12-kb BglII-Nrul
homology arm spanning the 5’ end of the DIx6 gene up to the
artificial Nrul site in the DIx6 homeobox. The second homology
arm of the targeting construct corresponded to a 1.5 kb Sall-
BglIl genomic fragment overlapping the 5’ end of DIx5 and con-
taining exon I (exon II and exon III encode the homeodomain).
The ires-lacZ-neo cassette (Wang et al. 2001) was inserted with
the ires sequence abutting the DIx6 homeobox sequence; thus,
a correctly targeted clone would lack a functional DIx5 and
DIx6 homeodomain and associated C-terminal amino acids,
which should result in null alleles for both genes. The ires-lacZ
sequences therefore fall under the control of the DIx6 5’ tran-
scriptional regulatory regions, and any regulatory sequences
that lay between DIx5 and DIx6 would thus be removed. ES cell
electroporation, selection, Southern blotting, chimera produc-
tion, and testing were performed essentially as described (Wang
et al. 2001).

The AER-specific transgenes were constructed using the
Msx2 AER-specific enhancer/promoter (Liu et al. 1994) kindly
provided by Robert Maxson (University of Southern California
Medical School, Los Angeles). To generate the AER-DIx5 trans-
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gene, the 0.5 kb Msx2 AER-specific enhancer/promoter frag-
ment was ligated to the 0.9 kb DIx5 ORF (kindly provided by
Cory Abate-Shen, UMDN], Piscataway, NJ), followed by a 0.96
kb BgII-NotI fragment derived from the 3’ untranslated region
of Drosophila Hmx (DHmx) cDNA (Wang et al. 2000) inserted
in the inverted orientation, which serves as a noncoding trans-
gene-specific “tag” sequence employed specifically for RNA in
situ hybridization purposes. Finally, a 0.25 kb SV40-derived
polyadenylation sequence was ligated to the 3’ end (Frasch et al.
1995). To generate the AER-AP transgene, the above-mentioned
Msx2 AER-specific fragment was ligated to the ires-alkaline
phosphatase reporter gene (Li et al. 1997), which places the
alkaline phosphatase ¢cDNA under the control of the Msx2
AER-specific enhancer/promoter sequences. The above-men-
tioned 0.25 kb SV40-derived polyadenylation sequence was li-
gated to the 3’ end as well. Both transgenes were gel purified,
mixed in equal molar ratios, and microinjected into 1-cell
mouse embryos as described (Frasch et al. 1995). Southern blot-
ting of tail tip DNA identified ten stable transgenic founder
lines carrying either one or both transgene constructs. Trans-
genic lines having cointegrated both transgenes were identified
by continual cosegregation of the two transgene alleles after
several sequential generations of outbreeding (transgenic X
wild-type) and were employed for further analysis.

Embryos ranging in age from E8.5 to 18.5 were collected for
whole-mount B-galactosidase staining, as described (Wang et al.
2001). Noon of the vaginal plug date was designated as E0.5.
AER-DIx5/AER-AP transgenic embryos, ranging in age from
E8.5 to E14.5, were collected for whole-mount alkaline phos-
phatase staining (Li et al. 1997) and RNA in situ hybridization
(Wang et al. 2001) as described.

Skeletal, histological, and RNA in situ analyses

Whole-mount cartilage and ossified skeletal elements were ana-
lyzed by staining collected embryos with Alcian blue or com-
bined Alcian blue/alizarin red. For cartilage staining, E12.5 to
E14.5 embryos were fixed overnight in Bouin’s solution, stained
in Alcian blue, and cleared as described (Tribioli and Lufkin
1999). For combined cartilage/bone analysis, E15.5 to E18.5 em-
bryos were collected, and skin and internal organs were re-
moved and fixed overnight in 95% ethanol. Skeletal prepara-
tions were then stained with Alcian blue followed by alizarin
red staining and then cleared, as described (Tribioli and Lufkin
1999).

For histological analysis of scapulas, embryos were collected
at E16.5 and the forelimbs were isolated, oriented, and embed-
ded in paraffin for serial transverse sectioning (7 pm) using stan-
dard histological techniques. The spine of scapula (Ss) was used
as an anatomical landmark to match control and mutant sec-
tions for staining or RNA in situ hybridization (described be-
low). Matched scapula sections were stained with Alcian blue or
von Kossa’s techniques as described (Sheehan and Hrapchak
1987; Tribioli and Lufkin 1999).

In situ hybridization experiments on transverse paraffin em-
bedded scapula sections (described above) were performed as
described (Wang et al. 2001). The following cDNAs were used to
synthesize antisense [*>SJ[UTP-RNA probes: 500 bp Col2a1, 500
bp Col10al1, 270 bp Runx2, 470 bp Osteocalcin, 400 bp Fgfr3,
1800 bp Ihh, 500 bp Pthrp-r, and 500 bp Sox9. Nonradioactive
whole-mount in situ hybridization experiments were performed
on embryos collected between E9.5 and E14.5, as described
(Wang et al. 2001). The following cDNAs were used to synthe-
size antisense digoxigenin-11-UTP-RNA probes: 400 bp Fgf8,
1300 bp Lmx1b, 1000 bp Msx2, 960 bp DHmx, 330 bp DIx5 5,
560 bp DIx2, and 2600 bp Shh.
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Cell proliferation and apoptosis

Cell proliferation was determined by measuring the incorpora-
tion of 5-bromo-2’-deoxyuridine (BrdU) into the cells of E10.5 to
E13.5 embryos. Embryos were collected from pregnant mice one
hour following a 50 ug/g intraperitoneal BrdU injection and pro-
cessed as described (Tribioli and Lufkin 1999; Wang et al. 2001).
Apoptotic cell death was determined by measuring cells con-
taining fragmented DNA utilizing the ApopTag kit (Intergen),
as described (Ahuja et al. 1997). Briefly, tissue sections were
postfixed with ethanol:acetic acid (2:1) followed by quenching
of endogenous peroxidases with 3% hydrogen peroxide. Sec-
tions were then treated with digoxigenin-11-dUTP in the pres-
ence of terminal transferase for 90 min at 37°C. The digoxi-
genin-11-dUTP reaction to the free end of DNA was detected by
using diaminobenzidine as substrate for a peroxidase conjugated
antidigoxigenin antibody. At least three embryos for each geno-
type at each embryonic stage were examined for either cell pro-
liferation or apoptosis.
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