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SUMMARY

Using gene targeting in mice, we have undertaken a sys-
tematic mutational analysis of the homeobox-containing 5'
HoxD genes. In particular, we have characterized the limb
defects observed in mice with independent targeted dis-
ruptions of hoxd-12 and hoxd-13. Animals defective for
hoxd-12 are viable, fertile, and appear outwardly normal
yet have minor autopodal defects in the forelimb which
include a reduction in the bone length of metacar pals and
phalanges, and a malfor mation of the distal carpal bone d4.
Thelimb phenotypes observed in hoxd-13 mutant mice are
more extensive, including strong reductions in length,
complete absences, or improper segmentations of many
metacarpal and phalangeal bones. Additionally, the d4
carpal boneisnot properly formed and often produces an
extra rudimentary digit. To examine the genetic interac-
tions between the 5 HoxD genes, we bred these mutant
strains with each other and with our previously character-
ized hoxd-11 mouse to produce a series of trans-heter ozy-
gotes. Skeletal analyses of these micereveal that these genes
interact in the formation of the vertebrate limb, since the

trans-heter ozygotes display phenotypes not present in the
individual heterozygotes, including more severe carpal,
metacar pal and phalangeal defects. Some of these pheno-
types appear to be accounted for by a delay in the ossifica-
tion eventsin the autopod, which lead to either the failure
of fusion or the eéimination of cartilaginous elements.
Characteristically, these mutationslead to the overall trun-
cation of digitsll and V on theforelimb. Additionally, some
trans-animals show the growth of an extra postaxial digit
VI, which is composed of a bony element resembling a
phalange. Theresultsdemonstrate that these genesinter act
in the formation of the limb. In addition to the previously
characterized paralogousinteractions, a multitude of inter-
actions between Hox genes is used to finely sculpt the
forelimb. The 5 Hox genes could therefore act as a major
per missive genetic milieu that has been exploited by evolu-
tionary adaptation to form the tetrapod limbs.
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INTRODUCTION

The vertebrate tetrapod limb has been afavorite system of devel-
opmenta biologists since the turn of the century because it is
dispensable for viability and accessible to experimental manip-
ulation (detailed by Hinchliffe and Johnson, 1980). In addition,
the variety in form and function of the limb observed in the
extant animal kingdom and thefossil record allowsfor amerging
between the disciplines of genetics, development, and evolution
(Hinchliffe, 1994). We are interested in understanding the roles
of a set of developmental genes called the Hox Complex in the
patterning and formation of the vertebrate tetrapod limb.

Hox genes are defined by the presence of a conserved
nuclectide sequence (the homeobox) that codes for an amino
acid motif (the homeodomain) capable of binding DNA
(reviewed by Duboule, 1994). There are at least 39 genes in
the mammalian Hox Complex that are divided into four linkage
groups called HoxA, B, C, and D located on four separate chro-
mosomes. Each locus contains between nine and eleven closely
linked individual Hox genes forming a genetic matrix believed

to have arisen by a process of chromosomal duplication
(Ruddle et a., 1994). Thus, corresponding genes in separate
linkage groups are referred to as paral ogues since they are most
similar to each other in sequence information and expression
patterns. The 5" ends of the Hox loci carry the five paralogous
gene families Hox9-13. Mutational analysis of some of these
genes has demonstrated that they play an important rolein limb
development (Dollé et al., 1993; Small and Potter, 1993; Davis
and Capecchi, 1994; Davis et a., 1995; Favier et a., 1995).
At early stages, the distal tip of the limb bud is composed of
rapidly proliferating mesenchymal cells termed the progress
zone (PZ), which is covered by alayer of epithelial cells called
the apical ectodermal ridge (AER; Tickle and Eichele, 1994).
Together these two components maintain each other to allow
the limb to grow out of the body in a proximodistal direction
(Niswander et a., 1993; Falon et a., 1994; Cohn et al., 1995;
Tabhin, 1995). A zone of polarizing activity (ZPA) located at the
posterior margin of the limb bud influences the anteroposterior
patterning of the limb (Tickle and Eichele, 1994). It is during
this early stage of limb bud growth that the Hox9-13 genes are
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Fig. 1. Targeted mutagenesis of the 5' HoxD genesin
mice. (A) Schematic representation of the 5’ end of the
HoxD locus. The genomic array (top ling) isdrawn in
the 3' to 5' direction with the orientation of gene
transcription denoted by arrows. The homeobox exons
for the respective genes are colored: hoxd-11 (pink),
hoxd-12 (green) and hoxd-13 (blue). Three
independent gene targeting vectors were constructed
(bottom lines) to specifically mutate each gene by the
insertion of a disrupting neomycin-resistancy cassette
(neo) in the homeobox exon. (B) Dorsal view of the
forelimb autopods for a wild-type animal and the three
mutant mouse strains produced by gene targeting. The
hoxd-11 mouse has aready been described by us
(Davis and Capecchi, 1994) and confirmed by others
(Favier et al., 1995). The hoxd-12 mouse is described
in this paper. The hoxd-13 mouseis also reported here
and showsidentical phenotypes to those described by
Dolléet al. (1993). (C) Diagram of a mouse
appendicular skeleton and a summary of the sites of
the major forelimb phenotypes seen in hoxd-11 (pink),
hoxd-12 (green) and hoxd-13 (blue) mutant animals.

Fig. 2. Phenotypes for hoxd-12 and hoxd-13 mutant
mice. Autopod of awild-type forelimb is compared to
that of hoxd-12 and hoxd-13 mutant animals. The
metacarpal of digit V is shorter in hoxd-12 mice (B)
than in controls (A); aso, the d4 carpal shows an
indentation at its distal border (B, arrow). Hoxd-13
mice show massive phenotypes including the
formation of an extra postaxial digit (C, “VI”) and
interdigital webbing (C, arrow). Digits |l and V in the
mutant animals are compromised when compared to
controls (D-1). P2 in digit V is reduced in hoxd-12
animals (H) and is gone in hoxd-13 mice (I, black
arrow). Additionally, in the hoxd-13 strain, d4 is never
properly made and instead yields an extra carpal bone
from which grows the postaxial digit VI (I, white
arrow).



consecutively activated (Dollé et al., 1989, 1991a,b; |zpisia-
Belmonte et a., 1991). The completed appendicular skeleton is
divided into three zones called the stylopod, zeugopod, and
autopod. In the forelimb, the stylopod is made up of the
humerus, the zeugopod contains both the radius and ulna, and
the autopod comprises carpals, metacarpals, and phalanges.
These bones are derived from prechondrogenic condensations
that are laid down during the early stages of limb growth by
cellsthat have left the PZ. The bifurcation and segmentation of
these condensations followed by endochondrial ossification
produces the skeletal elements (Shubin and Alberch, 1986).

Hoxd-12 and hoxd-13 congtitute the last two genes of the
HoxD locus on Chromosome 2 of the mouse. These genes are
activated in a dtrictly regulated temporal and spatia pattern
during development such that the more 3' gene (hoxd-12) is
expressed earlier and in a more proximal domain than the more
5 gene (hoxd-13; Duboule, 1992; Izpisia-Belmonte and
Duboule, 1992). This feature of temporal and spatia colinearity
of Hox genes may play an important role in limb patterning by
determining regional identity along the appendicular axis and
controlling the properly timed cellular proliferations required for
the building of the limb (Davis et a., 1995; Duboule, 1995). To
analyze the role of these genes in limb development, we have
created targeted disruptions in mice (Capecchi, 1989). Inactiva-
tion of hoxd-12 results in subtle phenotypes restricted to the
autopod: specifically, the reduction in length of certain
metacarpal and phalangeal bones and the malformation of a
distal carpa. The hoxd-13 mutant mouse, however, displays
severe defects of the forepaw including the strong reduction or
elimination of certain phalanges and metacarpals, wrist defects,
and the growth of a rudimentary postaxial digit.

With only 39 individual genes in the Hox Complex, it is
believed that these products interact with each other to produce
numerous novel combinations that may allow for the vast
diversity seen in higher vertebrate body plans. In support of
this idea, it has been demonstrated that Hox paralogues
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function together to specify both the axial and appendicular
skeleton of the mouse (Condie and Capecchi, 1994; Davis et
al., 1995; Horan et a., 1995). Additionally, it has been shown
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Fig. 3. Limb defectsin (hoxd-11/hoxd-13) trans-heterozygotes.
Forelimbs of trans-heterozygotes (B) show a bony outgrowth of
metacarpal |11 (white arrow) and the fusion of carpal bones d3 with a
malformed (indented) d4 (black arrows) when compared to control
heterozygotes (A). P2 of digit Il in trans-animals (C,D) is often
eliminated (black arrow in D), while P2 of digit V is greatly reduced
in length (E-F).

Fig. 4. Limb defects
in (hoxd-11/hoxd-
12) and (hoxd-
12/hoxd-13) trans-
heterozygotes. The
control isahoxd-12
heterozygote
; littermate (A,E). In
> the carpal region,
(hoxd-11/hoxd-12)
trans-animals often show afusion between the
navicular lunate and triangular carpal bones (B,
arrow): a phenotype only seen in hoxd-11
homozygous mutants but never in hoxd-12 mice.
In (hoxd-12/hoxd-13) wrists, the same
metacarpal and carpa defects asin (hoxd-
11/hoxd-13) trans-animals is detected: a bony
outgrowth of metacarpal 111 (C, white arrow)
with the fusion of d3 to a malformed (indented)
d4 (C, black arrows); also notethat in this
animal, d4 is extended and covers the entire base
of metacarpal V (C, long black arrow). Another

4

(hoxd-12/hoxd-13) trans-littermate shows more severe defects with the large fusion of metacarpals 1l and 1V (D, star). P2 of digit V is reduced
in both (hoxd-11/hoxd-12) mice (F) and (hoxd-12/hoxd-13) trans-animals (G). Most noticeably, (hoxd-12/hoxd-13) mice are often characterized

by the growth of an extra phaange-like postaxia digit (G, “VI").
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that Hox genes within the same linkage group also work
together to control axial patterning (Rancourt et al., 1995). To
determine whether genetic interactionswithin the same linkage
group might also control appendicular patterning, we generated
a series of mice trans-heterozygous for the hoxd-11, hoxd-12,
and hoxd-13 mutations. These animals show more severe
autopodal phenotypes than do the individua heterozygotes,
demonstrating a genetic interaction. Finally, we examined the
interaction between hoxa-11 and hoxd-12 and show that they
are required in combination to obtain full outgrowth of the
radius and ulna.

MATERIALS AND METHODS

Construction of hoxd-12 and hoxd-13targeting vectors

A DNA fragment that contains both hoxd-12 and hoxd-13 wasisolated
from a genomic library made from mouse CC1.2 embryo-derived
stem (ES) cell DNA by using a probe 5' to the hoxd-11 locus. The
identity of the genes was confirmed by sequencing the homeoboxes
(Izpisia-Belmonte et al., 1991). Replacement-type gene targeting
vectors (Thomas and Capecchi, 1987; Thomas et al., 1992; Deng et
al., 1993) were constructed individually for hoxd-12 and hoxd-13
using the same 12.3 kilobases (kb) of genomic DNA flanked by two
thymidine kinase genes in a Bluescript-based plasmid. The previously
described neo expression cassette, KT3NP4 (Davis and Capecchi,
1994), was inserted into the homeodomain of each of the individual
genes. For the hoxd-12 targeting vector, the Xmnl site in the
homeobox was replaced by a Clal linker into which KT3NP4 was
inserted in the orientation opposite to that of hoxd-12 transcription.
This site corresponds to amino acid 18 of the homeodomain. For the
hoxd-13 targeting vector, the Pvull site in the homeobox was replaced
by a Clal linker into which KT3NP4 was inserted in the same orien-
tation as hoxd-13 transcription. This site corresponds to amino acid
36 of the homeodomain.

Electroporation and ES cell line analysis

The targeting vectors were linearized and electroporated into ES cells.
Cell selection and DNA extraction was performed as described (Davis
and Capecchi, 1994).

To identify disruption of hoxd-12, genomic DNA isolated from
individua cell lines was digested with Xhol and hybridized with a1.0
kb Sall-Xhol 3' flanking probe (D). In this case, the wild-type DNA
reveals an 8.6 kb DNA fragment and the targeted DNA reveads an
extra 5.3 kb DNA fragment. Targeted cell lines were also confirmed
by Southern analysis using a Notl digest followed by hybridization
with a neo-specific probe, which reveals an 18 kb band unique to
targeted cell lines, a Clal digest hybridized with a 0.3 kb EcoRI-Xhol
5' flanking probe (Z) to detect a band shift from 25 kb (wild-type) to
19 kb (mutant), and a Notl + Clal double digest hybridized with two
independent internal probes: 1.0 kb EcoRV-Xhol fragment (probe N)
to detect a band shift from 14 kb (wild-type) to 8 kb (mutant) and a
3.4 kb Xbal-Sall fragment (probe C) to detect a band shift from 14
kb (wild-type) to 6.3 kb (mutant).

For hoxd-13, cell line genomic DNA was digested with ECoRV in
aprimary screen and hybridized with the 5' flanking probe Z to detect
a band shift from 6.2 kb (wild-type) to 4.5 kb (mutant). Targeted cell
lines were confirmed with an EcoRI digest hybridized with a neo-
specific probe to detect a unique 5.5 kb band in targeted cell lines
only, a Notl digest hybridized with a neo-specific probe to detect a
unique 18 kb band in targeted cell lines only, and a Clal digest
hybridized with the 3' flanking probe C to detect a band shift of 25
kb (wild-type) to 6.3 kb (mutant).

Breeding, genotyping and skeletal analysis
Mice that carry the targeted mutations were obtained by injection of

the appropriate ES cell linesinto C57BL/6J (B6) blastocysts. Germline
transmission of the mutant alleles from chimeras was confirmed by
Southern analysis, and individual breeding colonies were established
for the hoxd-12 and hoxd-13 mutants. The hoxa-11 and hoxd-11
mutations have been described previously (Small and Potter, 1993;
Davis and Capecchi, 1994). Genotypes were determined by PCR
analysis of tal DNA. PCR was performed in 12.5 pl reactions
amplified for 25 cycles at 94°C (30 seconds), 60°C (20 seconds), and
72°C (60 seconds). The hoxd-11 primersincluded one that was specific
to the intron 5' of the homeobox (5 primer) and the other specific to
the 3' untrand ated region downstream from the homeobox (3' primer).
The neo primer was located at the 5’ end of the KT3NP4 cassette. The
hoxd-12 and hoxd-13 primers were similarly designed with a5’ primer
and a 3' primer. The oligonucleotide sequences are provided:
hoxd-11 5' primer: 5-CCTTTTTCCTATCTCAGTGCCAG-3;;
hoxd-11 3’ primer: 5-GGGGTACATCCTGGAGTTCTCA-3';
hoxd-12 5' primer: 5-AGTTGATCTGAGCGAGCTGACAT-3);
hoxd-12 3’ primer: 5-CTTGGTCCAAAAGGGCAGGCTT-3';
hoxd-13 5' primer: 5-GCTTAGGTGTTCCAAGTATCCAG-3;
hoxd-13 3 primer: 5-CCACATCAGGAGACAGTGTCTTT-3;
and

KT3NP4 neo primer: 5-TTCAAGCCCAAGCTTTCGCGAG-3'.

The PCR products were analyzed using Trevi-Gel agarose elec-
trophoresis. For hoxd-11, the products are 507 bp (wild-type) and 367
bp (mutant); for hoxd-12: 334 bp (wild-type) and 226 bp (mutant);
and for hoxd-13: 311 bp (wild-type) and 235 bp (mutant).

For adult skeletal analysis, mice were collected at 7-12 weeks of
age and stained with alizarin red. Skeletons of newborn mice were
stained with both alizarin red S and alcian blue 8GX. Embryos from
timed pregnancies were stained with acian blue only. All staining and
bone length measurements were done as previously described (Condie
and Capecchi, 1994; Davis and Capecchi, 1994).

RESULTS

Creating hoxd-12 and hoxd-13 mice

Replacement-type gene targeting vectors were constructed by
insertion of a neo-resistance cassette into the homeodomain-
encoding exon of hoxd-12 and hoxd-13 respectively (Fig. 1A;
Materials and Methods for details). The vectors were indepen-
dently electroporated into ES cells and cultured under con-
ditions that enrich for homologous recombination events
(Mansour et al., 1988). Genomic DNA was isolated from
selected cellsand characterized by Southern blotting to confirm
a targeting event for each gene (Materials and Methods for
details). A representative targeted ES cell line for each
mutation was injected into B6-derived blastocysts to produce
chimeric males that passed the mutation through the germline.
All subsequent progeny were confirmed by Southern blotting
or PCR analysis using tail DNA, and independent breeding
colonies were established for each mutant strain.

Phenotypes of hoxd-12 and hoxd-13 mice

Mice heterozygous for hoxd-12 were intercrossed to produce
homozygous mutant animals. This mutation was not lethal as
the ratio of genotypes observed in adult mice fulfilled the
Mendelian expectation. Homozygous mutants of both sexes
were fertile and showed no outwardly apparent abnormalities.
However, alizarin red stained skeleton preparations revealed
subtle malformations in the forelimb. Defects include reduc-
tionsin the length of several autopodal bones. The metacarpals
of digits Il and V are shortened (Table 1 and Fig. 2A,B).
Phalange 1 (P1) of digit Il isslightly diminished in length (80%



normal bone length) while P2 of digit V is the most strongly
affected (55% normal bone length; Table 1 and Fig. 2G,H).
Thus, digits Il and V appear significantly shorter than control
limbs (Table 1). In addition, the wrist carpal bone d4 shows a
subtle, characteristic indentation at its distal border (Fig. 2A,B)
that could be the result of improper fusion of the prechondro-
genic condensations (discussed below). The autopods of mice
heterozygous for hoxd-12 appear normal except for the appear-
ance at low penetrance (approx. 6%) of a very small bony
element located postaxially to digit V (not shown).

In contrast, mutations in hoxd-13 cause extensive limb
defects when homozygous. This phenotype has been previ-
ously described (Dollé et al., 1993), and the mutant animals
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reported here show an identical phenotype. Appendicular
skeleton defects include a strong diminution of the metacarpal
length and the reduction or absence of P2 on digits Il and V
(Fig. 2F,1). Phalangeal bones on other digits are also shortened
due to the failure of normal segmentation. Additionally, a
webbed effect is sometimes seen when bony elements fuse the
interdigital regions (Fig. 2C). In the wrist, the prechondrogenic
condensations that normally fuse together to form the d4 carpal
bone fail to do so, yielding an extra wrist bone that often artic-
ulates with a rudimentary digit VI (Fig. 2I). Minor carpa
defects in d4 (including the indentation) and the same type of
postaxial bone as found in hoxd-12 heterozygotes are seen in
hoxd-13 heterozygotes at a penetrance of 36% (Table 2). The

Table 1. Lengths of mutant forelimb bones, as a per centage of control

Digit
Hox Genotype Control Bone I I v \%
d-12 (-/-) hoxd-12 (+/+) Phalange 2 86 85 94 55
Phalange 1 80 90 85 86
Metacarpal 78 91 88 82
Total 81 89 88 7
{d-11 (+/+),d-13 (+/-)}  hoxd-11 (-/+), hoxd-13 (+/+)  Phalange 2 0/65* 91 82 33
Phalange 1 93 92 90 90
Metacarpal 80 98 97 95
Total 75 95 92 79
{d-11 (+/+),d-12 (+/-)}  hoxd-12 (-/+), hoxd-13 (+/+)  Phalange 2 85 89 83 60
Phalange 1 79 88 88 87
Metacarpal 79 83 86 86
Total 80 86 86 81
{d-12 (-/+), d-13 (+/-)}  hoxd-12 (-/+), hoxd-13 (+/+)  Phalange 2 81 86 85 0/55t
Phalange 1 84 94 93 93
Metacarpal 85 102 98 89
Total 84 96 93 7
Numbersin bold represent strongest reduction in size (greater than 3 standard deviations, where s.d. = +5% bone length).
*Variable expressivity from 0 to 65%.
tVariable expressivity from 0 to 55%.
Digit | and Phalange 3 are not included since they proved to be un-informative.
Table 2. Summary of limb defectsin trans-heter ozygotes
Mutant Phenotypes*
Frequency
Hox Genotype Wild-Type 11:P2 V:P2 C M Vi (%)t
d-11 (-/+) X 100
d-12 (-/+) X 94
X 6
d-13 (-/+) X 64
X 18
X 6
X X 6
X X X 6
{d-11 (~/+), d-13 (+/-)} X X X 60
X X X X 20
X X 10
X X X 10
{d-11 (=/+), d-12 (+/-)} X X 68
X X X 25
X X 7
{d-12 (-/+), d-13 (+/-)} X X X X 54
X X X X X 32
X X X X 14

*Mutant Phenotypes: |1:P2, V:P2 (areduction in the length of P2 on digits Il and V, respectively), C (carpal defects, excluding d4 indentation), M (metacarpal

defects), VI (postaxial digit VI present).
TBetween 16 and 22 limbs were observed for each genotype.
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higher penetrance of limb phenotypes in hoxd-13 heterozy-
gotes with respect to those of hoxd-12+ mice (6%) or hoxd-
11-"* mice (0%) is not totally unexpected. If Hox gene products
function quantitatively to control skeletal patterning, then the
dosage of gene productsis likely to be an important factor in
proper limb formation. Since the homozygous mutant
phenotype for hoxd-13 is more severe than that for hoxd-11 or
hoxd-12 mutant mice (Fig. 1B), it is not surprising to see a
partial phenotype for hoxd-13 heterozygotes.

Fig. 5. Development of defectsin (hoxd-12/hoxd-13) trans-
heterozygotes. Timed embryonic and newborn littermates were
collected. By E14.5, the trans-heterozygotes can be identified by a
cellular outgrowth on the postaxial side of digit V. Cartilaginous
staining at this time reveals the nucleus of a condensation event
occurring in this outgrowth (B, arrow). At day 1 (D1) of birth, trans-
animals differ from their littermates in ossification patterns. Control
animals show ossification centers for al five digits (C, red staining).
Especially note the centersfor digits 1l and V (C, black arrows);
additionally, in the wrist, the two prechondrogenic condensations
have appropriately fused to form d4 which now appears as one large
condensation (C, white arrow). Trans-animals show delaysin al of
these events. By D1, digit |1 has barely initiated its ossification center
(compare the size of red staining of digit Il in D with control
littermate in C), and has no ossification at all in digit V (D, black
arrows); also, the prechondrogenic condensations still have not yet
fused to form the d4 pattern, but remain separate as two individual
units (D, white arrow). (Note that this particular trans-heterozygote
did not show the formation of the postaxial digit V1, a phenotype that
shows incompl ete penetrance; Table 2). One full day later, these two
carpal condensations still have not completely fused (E, white
arrow), yet an ossification center has finally commenced in digit V
(black arrow), and the postaxial digit VI is clearly visible. By D5,
again the ossification pattern of P2 in digit V of the trans-animal lags
behind the control littermates (compare black arrowsin F and G).
Still, d4 has not properly fused resulting in the indentation at its
distal border (compare white arrows in F and G). Digit VI has begun
ossifying in the trans-heterozygote (G).

Analysis of trans-heterozygotes

The sites of limb defects in hoxd-11, hoxd-12, and hoxd-13
individual mutant mice are summarized in Fig. 1. The absence
of any prominent limb abnormalities in hoxd-12 mutant mice
suggested that perhaps another gene of the Hox Complex could
be compensating for the loss of hoxd-12, as has been demon-
strated previoudly for hoxd-11 (Davis et a., 1995). Since the
limb phenotypes seen in hoxd-11 and hoxd-13 mutant mice
occur in overlapping domains (Fig. 1C), one or both of these
genes might compensate for the absence of the hoxd-12 gene.
Ideally one could test this possibility by creating mice doubly
mutant for (hoxd-11/hoxd-12) and (hoxd-12/hoxd-13).
However, these types of strains cannot be generated readily by
breeding mice that carry the individual mutations because the
number of meioses required to generate the appropriate cross-
oversis prohibitive. Instead, we decided to create mice trans-
heterozgyous for the hoxd-11, hoxd-12, and hoxd-13 mutations
to look for additional limb phenotypes not apparent in mice
heterozygous for the individual HoxD mutations. The appear-
ance of new phenotypes would suggest an interaction between
these gene products. For the analysis described below, trans-
heterozygotes were generated by breeding a female homozy-
gous mutant for one gene with a male heterozygous for the
second mutation. The resulting progeny will be an equal dis-
tribution of trans-heterozygotes and control littermates (single
heterozygotes).

(Hoxd-11/hoxd-13) trans-heterozygotes (hoxd-117*, hoxd-
13*) show several severe defects in the autopod. The base of
metacarpal 111 consistently shows a bony outgrowth. Carpal
bones d3 and d4 fuse together at their proximal borders, and
d4 shows the same indentation seen in hoxd-12-/~ mice (Fig.
3A,B). Digits Il and V are shorter than norma due to the
absence or strong reduction in length of P2 (Table 1 and Fig.
3C-F). The phenotype of P2 on digit Il shows variable expres-
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Fig. 6. A composite diagram of the limb defects seenin trans-
heterozygotes. The colored dots represent the physical position of a
mutant phenotype when compared to control sibs (see text for
details). The figureillustrates several overlapping defectsin these
three strains including the common phenotypic endpoint of the
reduction or elimination of the P2 bone on digitsIl and V.

sivity, from total absence of the bone (Fig. 3D) to a strong
reduction in its length (Table 1). Overall, these defects lead to
the characteristic shortening of digits 1l and V of the forelimb.

To examine genetic interactions of hoxd-12 with either
hoxd-11 or hoxd-13, we produced both (hoxd-11/hoxd-12)
trans-heterozygotes (hoxd-117+, hoxd-12*/-) and (hoxd-
12/hoxd-13) trans-heterozygotes (hoxd-127*, hoxd-13*-). In
thewrist of (hoxd-11/hoxd-12) trans-animals, afusion between
the navicular lunate and triangular proximal carpa bones is
often seen (Fig. 4A,B). This is a phenotype characteristic of
hoxd-11-~ mice, but is never seen in the hoxd-11~* heterozy-
gotes (Davis and Capecchi, 1994; Davis et d., 1995). Again,
there is a significant reduction in the lengths of specific pha-
langeal and metacarpal bones that result in the overall trunca-
tion of both digits Il and V (Table 1) with P2 of digit V
showing the greatest reduction in length (Fig. 4E,F).

Lastly, (hoxd-12/hoxd-13) trans-heterozygotes (hoxd-12-/*,
hoxd-13*~) show the strongest interaction of these HoxD
genes. The wrists of these animals show similar phenotypes to
(hoxd-11/hoxd-13) trans-heterozygotes with a bony outgrowth
of metacarpal |11, afusion of d3 and d4 carpal bones at their
proximal borders, and the indentation of d4 is sometimes seen
(Fig. 4C). Additional phenotypes are also evident. An
extension of d4 that covers the entire base of metacarpa V is
sometimes seen (Fig. 4C). Another animal had a gross fusion
of metacarpals il and IV at their proximal ends (Fig. 4D). The
P2 phalange of digits |l and V are affected, with digit V having
the most severe shortening in this bone (from 0% to 55% of
normal P2 length; Table 1 and Fig. 4G). These defects account
for the significantly shortened digits Il and V réative to
controls (Table 1).

Most noticeable in the (hoxd-12/hoxd-13) trans-heterozy-
gotes, however, isthe presence of arudimentary phalange-like

HoxD mutant mice 1181

Fig. 7. Genetic interaction between hoxa-11 and hoxd-12. The
forelimb of awild-type mouse (A) is compared to that of a hoxa-11
mutant (B), a hoxd-12 mutant (C), and the (hoxa-11/hoxd-12) double
mutant (D). The zeugopod is strongly affected in the double mutant
with a sharp curvature in the radius and ulna near the autopodal
junction demonstrating a genetic interaction between these

nonparal ogous Hox genes. Six limbs of the double mutant were
examined. While this phenotype is 100% penetrant, it does show
some variable expressivity in the degree of curvature.

element seen as a postaxia digit VI (Fig. 4G). To follow the
development of this bone, we collected timed embryos and
newborn pups for skeletal analysis. The sixth digit is readily
visible at embryonic day (E)14.5 as a cartilaginous outgrowth
on the postaxia side of the forelimb (Fig. 5A,B), but the pha-
langeal phenotypes are not yet detectable. An extra postaxial
bone is sometimes seen in individual hoxd-127+ and hoxd-
137+ heterozygotes. In these cases, however, the phenotype
occurs both with a relatively low penetrance (6% for hoxd-12
heterozygotes and 30% for hoxd-13 heterozygotes; Table 2)
and weak expressivity, where the bone is extremely small and
does not resembl e the phalange-like element seen in the trans-
heterozygote mice. In contrast, (hoxd-12/hoxd-13) trans-
animals have the extra digit at 86% penetrance and with
stronger expressivity.

Analysis of subsequent developmental time points indicated
that the (hoxd-12/hoxd-13) trans-heterozygotes experience a
delay in the ossification events of the autopodal bones. In
control littermates, the ossification center for metacarpal V has
appeared by day 1 (D1) in newborns, yet in the trans-het-
erozygotes, this same bone does not begin ossification until one
full day later (Fig. 5C-E). Similarly by D5 the final limb ossi-
fication event at P2 in digit V has been initiated, but is delayed
in the trans-heterozygotes (Fig. 5F,G). This may account for
the severe reduction (and sometimes complete elimination) of
P2 on digit V. Additionally, the indentation on the distal carpal
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bone d4 may be explained by a delay in the fusion of the two
condensations that make up this bone. At D1 it can aready be
seen that this fusion has taken place in the control littermate,
but in the trans-animal this growth appears to have been
dowed down or delayed such that the two elements remain
separate (Fig. 5C-E). By D5, these two condensations approach
each other except at their most distal borders which maintain
a scalloped outline and lead to the indentation seen in the final
ossified bone (Fig. 5G).

Table 2 and Fig. 6 summarize al of the forelimb defects for
these trans-heterozygous strains. We restricted our analysis to
the forelimbs because the hindlimbs showed only mild defects
including reductions in the length of P2 on digit V and an
aberrant sesamoid bone at the base of metatarsal IV (not
shown).

Genetic interaction between hoxa-11 and hoxd-12

Previoudy we have shown that in mice homozygous for
mutations in both hoxa-11 and hoxd-11 only a vestige of the
radius and ulna are formed (Davis et al., 1995). Since hoxd-12
does not have a paralogous family member in the HoxA
linkage group, we tested for genetic interaction between hoxa-
11 and hoxd-12. Mice homozygous for both hoxa-11 and hoxd-
12 mutations show marked reductions in the length as well as
curvature of both the radius and ulna (Fig. 7). Hoxd-12 mutant
homozygotes alone do not have any apparent defect in the
formation of the radius and ulna and intermediate genotypes
including hoxa-11, hoxd-12 compound heterozygotes did not
show any obvious phenotypes.

DISCUSSION

Mice homozygous for the hoxd-12 mutation are viable and
fertile but show mild defects in the forelimb autopod. In these
animals, the lengths of metacarpalsin both digits Il and V are
significantly reduced. In addition, P1 of digit Il and P2 of digit
V are shorter than normal. Taken together, these phenotypes
result in characteristic shortening of digits Il and V. In
addition, hoxd-127/~ mice have a subtle defect in the carpal
bone d4, which is marked by a reproducible indentation at its
distal edge.

Hoxd-13 mutant mice have more extensive phenotypes in
the autopod. In these animals, the entire paw is smaller than
norma due to the strong reduction, complete absence, or
improper segmentation of metacarpal and phalangeal bonesin
all of the digits, but especialy in digits Il and V. In the wrist,
d4 is not properly formed and instead yields an extra carpal
which often produces a rudimentary postaxial digit VI.

Interestingly, the hindlimbs of hoxd-12 animals appear rel-
atively normal, as was seen for hoxd-11 mutant mice (Davis
and Capecchi, 1994). Hoxd-13 animals, however, display
severe hindlimb defects (not shown here but identical to those
reported by Dallé et al., 1993). This difference suggests that
the various HoxD genes function independently in the different
limbs.

The relatively mild forelimb defects seen in hoxd-12 mice
suggested that compensation by other Hox genes may be
masking this genetic lesion. The notion of spatial and temporal
colinearity would have predicted a hoxd-12 phenotype located
between the sites showing a phenotype in hoxd-11 and hoxd-

13 mice (Davis and Capecchi, 1994; Dollé et al., 1993).
However, since mutations in hoxd-11 and hoxd-13 show over-
lapping defects (Fig. 1C), it remains possible that either one or
both of these genes' products could provide sufficient com-
pensation to alow the near normal development of the
forelimb autopod in mice deficient for hoxd-12. Genetic redun-
dancy and interaction within the Hox Complex have been
demonstrated for paralogues involved in the formation of both
the axial (Condie and Capecchi, 1994; Horan et a., 1995) and
appendicular skeletons (Davis et al., 1995). In addition, non-
alelic noncomplementation occurs within the HoxB linkage
group during formation of the vertebral column (Rancourt et
al., 1995). Here we show, through the analysis of trans-het-
erozygous animals generated from mice mutant for hoxd-11,
hoxd-12 or hoxd-13, that adjacent genes of the 5 HoxD
complex genetically interact to form the autopod.

The severity of phenotypes in these trans-animals increases
from (hoxd-11/hoxd-12) through (hoxd-11/hoxd-13) to (hoxd-
12/hoxd-13) trans-heterozygotes. This pattern seems to reflect
a dominant role for hoxd-13 in the fina structure of the
autopod. This is not surprising since the hoxd-13 individual
homozygous mutant shows a stronger limb phenotype than that
of hoxd-11 or hoxd-12 individual mutants (Fig. 1B). From an
evolutionary standpoint, this hierarchy may have provided
flexibility for modulating the autopod. A limb can be divided
into three zones: the most proximal is the stylopod containing
one large support bone; this is followed by the middle
zeugopod with two similar bones, the radius and ulna, that
usualy function as a hinge to alow limb rotation; finaly at the
most distal end is the autopod with several carpal, metacarpal,
and phalangeal bones. The most distal end of the limb holds
the greatest potential for exploitation by natural selection (e.g.,
the opposable thumb in primates, the wrist modification in
pandas that allows for grasping bamboo, extensive phalangeal
growth in bats to produce alarge wing, etc.). Thus, it is advan-
tageous to let the last genes (the Hox-13 cognates) involved in
producing the last structures (the autopod) have the greatest
developmental dominance in order to influence the autopodal
unit. This concept may underlie the phenomenon of ‘proximal
stability/distal variability’ in limb structures (Hinchliffe,
1991).

It is important to note that in al three trans-animals we
created, the phenotype involves a significant reduction in the
total lengths of digits |l and V. Thisis caused primarily by the
shortening or total elimination of the P2 bone in each digit.
This phenotype is characteristic of numerous Hox mutant mice
and is consistent with the idea that these genes influence
cellular proliferation in limb patterning. Mesenchymal cells
form prechondrogenic condensations which subsequently
bifurcate and segment to produce a primary pattern of the limb.
Because of the ordered development of this primary pattern, a
deficiency of limb bud cells invariably causes truncations in
the most terminal elements (Shubin and Alberch, 1986). These
terminal elements in mice are the P2 bones of digits 1l and V.

Various secondary modifications of this primary pattern can
occur (Muller, 1991). For example, in mice, two wrist con-
densationsfuse together to form the one element that will even-
tually ossify into the d4 carpal bone. Also, the skeletal analyses
of different developmental time points for (hoxd-12/hoxd-13)
trans-heterozygotes demonstrate a delayed timing in ossifica-
tion events in the autopod, as was seen with hoxd-13 homozy-



gous mutants (Dollé et a., 1993). This altered timing of devel-
opment (heterochrony) also occurs in mice mutant for the two
paralogues hoxa-11 and hoxd-11 (Davis et a., 1995). Thus, it
appears that individual mutations in several different Hox
genesresult in asimilar defect which could be explained by an
insufficient number of cells to finish the autopod (truncating
digits Il and V by the loss of P2) and aresulting delay in ossi-
fication events.

Interestingly, the (hoxd-12/hoxd-13) trans-animals also
produce an extra rudimentary postaxia digit VI that has been
observed in other mutant mice (Dollé et al., 1993; Wurst et al.,
1994; Lampron et a., 1995; Fawcett et al., 1995) and occurs
spontaneoudly in a partialy inbred strain (Cusic and Dagg,
1985). The production of this extra digit is preceded by alocal
outgrowth of mesenchymal cells on the postaxial side of the
limb. The digit, therefore, may be the result of the increased
number of mesenchymal cells participating in forming a con-
densation by overcoming an ‘anti-chondrogenic factor’ from
the overlying ectoderm (Solursh, 1984; Hurle et al., 1991) or
by initiating an intrinsic chondrogenic event (Hinchliffe and
Horder, 1993). The frequent occurrence of this phenotypein a
variety of mice suggests this particular posterior region of the
limb bud is very sensitive to cell concentration and/or interac-
tion with the ectoderm (Laufer et al., 1994; Parr and McMahon,
1995; Yang and Niswander, 1995). If Hox genes regulate cell
proliferation and Hox-deficient mice are therefore perceived as
having fewer cells to construct a normal limb, then it appears
contradictory to have extra digits forming in some of these
strains. In addition to regulating the number of limb cells, Hox
genes may influence other cell properties, such as recruitment
and aggregation. Therefore, polydactyly may occur in these
strains as a result of the improper distribution of the few
remaining limb cells. In support of this, it has recently been
reported that hoxa-13 affects the adhesiveness of limb bud cells
by controlling homophilic cell interactions (Y okouchi et al.,
1995).

As noted, in (hoxd-11/hoxd-12) trans-heterozygotes, the
phenotypes include an occasional fusion between the navicular
lunate and triangular proximal carpal bones. This is an inter-
esting defect because it was initially observed in animals
homozygous for a hoxd-11 mutation (Davis and Capecchi,
1994). Neither hoxd-117* nor hoxd-127/~ animals ever show
this phenotype, yet the trans-combination of (hoxd-117+,
hoxd-12*/") is able to reproduce the defect, as if haf the
amount of the hoxd-12 gene product can phenocopy the
amount of hoxd-11 gene product from half to zero (i.e., creates
a phenotype seen in hoxd-11 null mice, but not in hoxd-11 het-
erozygotes). Mice mutant for the paralogue hoxa-11 also occa-
sionally show this same fusion, and remarkably, compound
heterozygotes between these two Hox-11 cognate aleles
(hoxa-117"*; hoxd-11~/*) also show the phenotype (Daviset .,
1995). From these results we concluded that hoxa-11 and hoxd-
11 must be working together, since in order to produce this
defect al that was required was any two mutant alleles of either
hoxa-11, hoxd-11, or one from each locus. It would appear
from this trans-heterozygote analysis that hoxd-11 and hoxd-
12 might also genetically interact in the proper development of
thewrist. It isimportant to note that not every genotype [hoxa-
117"~ or hoxd-117 or (hoxa-117"*; hoxd-117*) or (hoxd-117"*;
hoxd-12*/-)] shows this phenotype with 100% penetrance. This
may suggest a degree of variability in the limb patterning
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program, where combinations of gene products can compen-
sate, interact, or compete with each other.

Since mutations in hoxa-11 and hoxd-11 together almost
entirely eliminate the formation of the radius and ulna, and
since hoxd-12 is expressed in the early limb bud after hoxa-11
and hoxd-11, it may appear surprising that combined mutations
in hoxd-12 and hoxa-11 should affect the length of the radius
and ulna above that observed in hoxa-11 mutant homozygotes
alone. A plausible explanation for this observation is that the
Hox-11 paralogous members, which are expressed first and
show the most dominant role in the formation of the zeugopod,
areinvolved in initiating the outgrowth of the prechondrogenic
condensations that mediate the formation of the radius and
ulna. Hoxd-12 then cooperates with hoxa-11 and hoxd-11 (as
well as other Hox genes) to regulate the final outgrowth of
these long bones. This observation again emphasizes the com-
plexity of the genetic interactions among these Hox genes in
mediating the patterning of the vertebrate limb.

There are seven genetic clues that provide information asto
the role of Hox genes in limb development. First, individual
targeted disruptions of four of the 5 Hox genes (hoxa-11,
hoxd-11, hoxd-12, and hoxd-13) have not resulted in digit
homeosis. Instead, regional malformations in the shapes,
lengths and segmentations of bones are observed, suggesting
that the Hox genes control the localized growth and/or recruit-
ment of cells that contribute to the formation of the appendic-
ular skeleton. Second, these four mutant strains show sites of
overlapping limb defects. Third, double mutants for the par-
alogues hoxa-11 and hoxd-11 revealed a major role for Hox
genes in patterning the limb along the proximodistal axis. In
these double mutants, only a vestige of the radius and ulna is
formed (Daviset al., 1995). However, following thismajor dis-
continuity, limb development resumed. Based on this obser-
vation, we proposed that cognate genes of the posterior set of
Hox geneswork in union to specify limb bone formation in the
proximal to distal direction. Fourth, nonparalogous as well as
paralogous Hox genes interact to regulate the final outgrowth
of the long bones. A case in point is the shortening and
curvature of the radius and ulna in hoxa-11, hoxd-12 double
mutants. The changes in the expression patterns of Hox genes
during development may account for this genetic interaction.
This may result from overlapping expression domains at later
developmental time points or by the recruitment of distal cells
to interact during the final outgrowth of the limb bones. Fifth,
the trans-genetic interactions reported here demonstrate that
genes in the same linkage group also interact to pattern the
limb. Sixth, a characteristic phenotype seen in the majority of
these mutant strains is the strong reduction or elimination of
P2indigits1l and V, leading to the overall shortening of these
two digits. These are the last elements formed in the last digits
specified. Such a common endpoint for al of these mutations
could be explained if these mutations cause a reduction of cell
number at the time of formation of the final elements of the
autopod. This observation again emphasizes acommon rolefor
these genes in controlling the proliferation of the precursor
cells, positively or negatively, needed for forming the limb.
Seventh, also common to all of these mutations is a delay in
the growth of chondrogenic and ossification patterns. This het-
erochrony is certainly a major contributor to the final pheno-
typic consequences of these Hox mutations. The observed het-
erochrony may again result from a shortage of cells.
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It is apparent from this genetic analysis that the formation of
the vertebrate limb involves acomplex set of interactions among
multiple Hox genes. Due to the extensive overlap of function,
therole of individual genes does not become apparent until they
are combined with mutations in other members of the complex.
A strong role in mediating the proper outgrowth of the limb
along the proximodistal axis has been established. What needs
to beresolved is how intimately these genes areinvolved in gen-
erating the final pattern of the tetrapod limb. Minimally, these
genes appear to play arole in contributing the timed appearance
of the precursor cells necessary for limb construction (Davis et
al., 1995). However, a more extensive role is likely. Through
multiple combinatorial interactions among Hox genes, the
needed complexity for controlling, positively and negatively, the
detailed growth of the limb prechondrogenic condensations
could be readily attained. Through such a mechanism the Hox
genes could be directly responsible for the fine sculpting of the
limb bones. In such modelsthe growth and patterning of thelimb
can be viewed as inherently linked such that the branching and
segmentation patterns of the prechondrogenic condensations are
adirect consegquence of the ‘ developmental constraints’ imposed
by the changing limb bud geometry (Oster et al., 1988; Hurle et
al., 1991; Hinchliffe and Horder, 1993). We can begin to address
such potentia roles for Hox genes by rearranging the sites and
timing of Hox gene expression within the context of the native
Hox Complex. Regardless of the extent of information that Hox
genes contribute to patterning the limb, they clearly play an
influential role in its formation. By varying the timing and
expression domains of Hox genes in the limb, novel genetic
combinations and interactions may have contributed profoundly
to the amazing diversity of form and function visible in tetrapod
limbs.
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