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SUMMARY

The 5 members of the Hoxa and Hoxd gene clusters play
major roles in vertebrate limb development. One such
gene, HOXD13, is mutated in the human limb
malformation syndrome synpolydactyly. Both polyalanine
tract expansions and frameshifting deletions in HOXD13
cause similar forms of this condition, but it remains unclear
whether other kinds of HOXD13 mutations could produce
different phenotypes. We describe a six-generation family
in which a novel combination of brachydactyly and central
polydactyly co-segregates with a missense mutation that
substitutes leucine for isoleucine at position 47 of the
HOXD13 homeodomain. We compared the HOXD13(147L)
mutant protein both in vitro and in vivo to the wild-type
protein and to an artificial HOXD13 mutant,
HOXD13(IQN), which is completely unable to bind DNA.
We found that the mutation causes neither a dominant-
negative effect nor a gain of function, but instead impairs
DNA binding at some sites bound by wild-type HOXD13.
Using retrovirus-mediated misexpression in developing
chick limbs, we showed that wild-type HOXD13 could

upregulate chick EphA7 in the autopod, but that
HOXD13(147L) could not. In the zeugopod, however,
HOXD13(147L) produced striking changes in tibial
morphology and ectopic cartilages, which were never
produced by HOXD13(IQN), consistent with a selective
rather than generalised loss of function. Thus, a mutant
HOX protein that recognises only a subset of sites
recognised by the wild-type protein causes a novel human
malformation, pointing to a hitherto undescribed
mechanism by which missense mutations in transcription
factors can generate unexpected phenotypes. Intriguingly,
both HOXD13(147L) and HOXD13(IQN) produced more
severe shortening in proximal limb regions than did wild-
type HOXD13, suggesting that functional suppression of
anterior Hox genes by more posterior ones does not require
DNA binding and is mediated by protein:protein
interactions.

Key words: Hox genes, Limb malformations, Missense mutation,
DNA binding, Posterior prevalence

INTRODUCTION

1999) and chick (Morgan et al., 1992; Yokouchi et al., 1995;
Goff and Tabin, 1997) do not produce homeotic

Hox genes encode a set of highly conserved transcriptiamansformations in the limbs, but instead alter the size, shape
factors, which control cell fates and regional identities alon@nd number of specific bones, and delay chondrification and
the primary body axis in all metazoans. Most vertebrategyssification. These genes thus appear to determine region-
including humans, have 39 Hox genes arranged in four clustespecific growth and differentiation in the limb skeletal
(Hoxa-Hoxd) (Krumlauf, 1994). The Hloxa and Hoxd genes elements, acting combinatorially at both early and late stages
(paralogous groups 9-13), which are relatedDrosophila  of development (Morgan and Tabin, 1994; Zakany and
Abd-B are also important in patterning the limbs (Zakany and®uboule, 1999). The molecular pathways in which they act,
Duboule, 1999) and are expressed in a regionally restrictdtbwever, are currently poorly understood. Hox proteins bind
fashion during limb development (Duboule and Morata, 1994specific DNA sequences via the homeodomain, a highly
Nelson et al., 1996). Targeted mutagenesis and overexpressimonserved DNA-binding motif, and are thought to regulate
of individual and multiple 5SHoxa and Hoxd genes in mouse overlapping sets of target genes, but few such targets have yet
(reviewed by Rijli and Chambon, 1997; Zakany and Duboulebeen identified (Graba et al., 1997).
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To date, only two Hox genes have been proven to beheir informed consent and approval from the local ethical committee.
mutated in human malformation syndromé$OXD13 in To search for mutations IHOXD13 the coding region of the gene
synpolydactyly (SPD) andHOXA13 in hand-foot-genital was amplified by PCR in four segments (Goodman et al., 1997).

syndrome (reviewed by Goodman, 2002). SPD is a rarémplified fragments were cycle sequenced either directly (Applied
dominantly inherited ~ limb mahéormation which s Biosystems Prism Dye Terminator Kit) or after cloning into pCR-

?haracterlzetc)i tby Sy?ﬁaﬁtylythbetvéiefph ':he thl((tjh and f[gulrt@iosys_,tems). The presence of_the mutation was confirmed by PCR
Ingers and between the fourth and 1i 0€s, with a partia .Of{mpllflcatlon of a 100 bp region of exon 2 with forward primer
complete extra digit in the syndactylous web. Typical SPD i$13.cF (5-ACCTATCTGAGAGACAAGTGACCC-3) and reverse
caused by expansions of a 15-residue polyalanine tract in th@mer D13-NR (5GGACCACATCAGGAGACAGTATC-3), which
N-terminal region of HOXD13 (Muragaki et al., 1996; Akarsuyielded a product from the mutant but not the wild-type allele at an
et al., 1996; Goodman et al.,, 1997). The mutant protein iannealing temperature of Q0.

thought to act as a dominant negative, interfering functionall% )

with wild-type HOXD13 and other 'SHOXD proteins F'asmid constructs _

expressed in the autopod (Zakany and Duboule, 1996; Brunea generate open reading frames (ORFs) for wild-type and mutant
et al., 2001). An atypical form of SPD, which is characterised ©XP13 wild-type exon 1 and wild-type and mutant exon 2 were

A : -+ -amplified separately by PCR from patient genomic DNA and cloned
]?y a d'St'?Ctt'\ée ffoot_llphen_?';]ype, Pas_lglso hbe(;n |de(;1_':(|ff|ed 'tﬁwto pCR-Script. Each exon was amplified from the cloned template
our unrelated families. ree famies harbour GIMErent, g tajled primers, and exon 1 was spliced to either wild-type or
frameshifting deletions iHOXD13 (Goodman et al., 1998; mytant exon 2 by overlap extension (SOEing) PCR. The wild-type

Calabrese et al., 2000), which are predicted to result iBnd mutant ORFs were cloned into pCR-Script and their sequences
truncated proteins unable to bind DNA, while the fourth familyverified by DNA sequencing. To generate expression constructs for
harbours a missense mutation in helix Il of the HOXD13HOXD13 and HOXD13(147L), the respective ORFs were cloned in
homeodomain (R31W), which is predicted to destabilise thérame with a hemagglutinin (HA) tag into the SV40-based vector
homeodomain (Debeer et al., 2002). All four mutations ar®SG-5 (Stratagene). HOXD13(IQN) was generated by PCR
thus likely to cause functional haploinsufficiency for HOXD13.mutagenesis of the wild-type construct, and the presence of the

The typical and atypical forms of SPD produced by these tw€sired base changes was verified by DNA sequencing. The
Gpression of all three proteins was tested by in vitro transcription-

fr:asses O.I).mm?ﬁlotns tﬁreH\(/)eQI/Digmlla;, ?owever, IeaVIgg OP& anslation and SDS-PAGE. Expression constructs for glutathione-S-
€ possibiity that othe mutations may proauce ,nsferase (GST)-homeodomain fusion proteins were produced by

unexpected phenotypes. _ __cloning restriction fragments containing the homeodomains of
Although the identification of human limb malformations HoxDp13 (HOXD13HD), HOXD13(147L) [HOXD13HD(147L)] and
caused byHOXD13mutations provide a unique opportunity to HOXD13(IQN) [HOXD13HD(IQN)] into the bacterial expression
gain insight into the role of HOXD13 in limb development, vector pGEX4T-1 (Amersham Biosciences). The pTHCR reporter
no previous studies have characterised the effects of thesenstruct was described previously (Zappavigna et al., 1991). Avian
mutations at a molecular level. We describe a six-generatiggtroviral expression constructs containing HOXD13, HOXD13(147L)
family in which a unique combination of brachydactyly and@nd HOXD13(IQN) were generated by cloning the appropriate
central polydactyly co-segregates with a missense mutation [gStriction fragments into the shuttle vector pSLAX13 and then
helix Ill of the HOXD13 homeodomain (147L). We have Is:Lébkcélt%nnggn)to the retroviral vector pRCAS(BP)A (Morgan and
compared the functions of the HOXD13(147L) mutant protein ' '
with those of wild-type HOXD13 and a HOXD13 mutant Cell culture and transfections
unable to bind DNA. We show that the 147L substitution doe$19 mouse embryonic carcinoma cells were cultured in Minimum
not produce a dominant-negative effect or a gain of functiorgssential Medium Alpha (Invitrogen) supplemented with 10% foetal
but instead impairs DNA binding at a subset of sites recogniseahlf serum (Celbio), 2 mM L-glutamine (Invitrogen), 100 U/ml
by wild-type HOXD13, causing a selective loss of function.penicillin and 100 pg/ml streptomycin. Primary chick embryo
Consistently, retrovirus-mediated overexpression of wild-typdibroblasts (CEF cells) were cultured in Dulbecco’s Medium (Life
HOXD13 in the chick autopod upregulates chEghA7 a Technologies). Transfections were carried out by Gaf€zipitation
putative downstream target boxal3 but overexpression of (D! Nocera and Dawid, 1983). In a typical experiment, L0 of
HOXD13(147L) does not. Interestingly, the two mutant pTHCR reporter plasmid, 0.5-2ug of expression construct and 0.25

tei d h h than th ild-t of pCMV-{3gal (Clontech) as internal control were used per 10 cm
proteins proauce more severe phenotypes than the wild-lyjifgy, Forty-eight hours after transfection, cells were washed, lysed and

protein in proximal regions of the chick limb, suggesting thahssayed for luciferase afdgalactosidase expression (Zappavigna et
functional suppression of anterior Hox proteins by morgy 1994). Immunoblots of extracts from transfected cells showed that
posterior ones does not require DNA-binding activity and mayhe expression constructs produced identical amounts of HOXD13 and
be mediated solely by protein:protein interactions. HOXD13(147L) (data not shown).

cript (Stratagene) on an ABI 377 automated sequencer (Applied

Electrophoretic mobility shift assays (EMSAS)
Full-length HA-tagged HOXD13 and HOXD13(147L) proteins were

MATERIALS AND METHODS synthesised in vitro using the TNT-coupled transcription/translation
) ) ) ) system (Promega), diluted in uBof &-buffer (20% glycerol, 20 mM
Patient evaluation and mutation analysis KCI, 2 mM MgCh, 0.2 mM EDTA, 0.5 mM DTT) and pre-incubated

The family was identified following referral to the Clinical Genetics with 100 ng poly-(dI-dC) in a total volume of 201x binding buffer

Unit, Birmingham Women'’s Hospital, UK. Nine affected individuals (0.1 M KCI, 2 mM MgCp, 4 mM spermidine, 0.1 mg/ml BSA) for
(indicated in Fig. 1) were examined clinically, and radiographs of botd5 minutes on ice. The amount of reticulocyte lysate used was
hands and both feet were obtained. Venous blood samples for DNedjusted to normalise for translated protein content. 20,000-50,000
extraction were taken from affected and unaffected individuals witttpm of 32P-labelled probe were added and samples were incubated
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for 30 minutes on ice. Reactions were separated on 69
polyacrylamide gels in 06 TBE, which were dried and exposed
to Kodak X-OMAR film at —-80°C. GST-HOXD13HD, GST-
HOXD13HD(147L) and GST-HOXD13HD(IQN) fusion proteins
were expressed iB. coli, purified according to established methods

and analysed by SDS-PAGE and Coomassie staining. Prot
sequences are given in Figs 5 and 6. The SelD13 probe was genere ‘
by annealing the SelD13 oligonucleotide pool (Fig. 5C) with a 10 10

fold molar excess of the primer Sel3-BGCGAGATCTCTCGA-
GGG-3) and extending with Klenow polymerase in the presence Iv
of a-[32P]-dCTP. Quantitative evaluation of the DNA-binding

1 2
efficiencies was performed using an Amersham Bioscienc i
Densitometer. \Y
1 2 3 4 5 6 7 8
DNA binding site selection assays
Bacterially expressed, purified GST-HOXD13HD and GST- VI
1 2 3 4 5 6 7 8 9 ;0

HOXD13HD(147L) fusion proteins were loaded onto glutathione-
Sepharose 4B resin (Amersham Biosciences) and incubated with t
SelD13 oligonucleotide pool inxlbinding buffer for 30 minutes at
4°C. After five washes in 50Q1 1x binding buffer, beads were A
incubated at 95°C for 5 minutes to release the bound DNA. AIiquotgc()jli)éc;"’t‘g;y%fI?glg:g?%Oforrfgﬁéﬂtngﬁae&iz Qd';lﬂu?;z SThrﬁb%rerW
of the heated binding reaction mixture were amplified by PCR for Zﬁnd. tes th tﬁh ; d'.'d | ined clini p” 9 Y

cycles (95°C for 1 minute, 55°C for 30 seconds, 72°C for 1 minutebn Icates that the individual was examined clinicafly.

with primers complementary to the non-random flanking arms of

SelD13 (Sel3 as above; Sel5>GCGCGGATCCGTCGACGG-'3  accompanied by hypoplasia or absence of the fifth nails, but in
rounds of selection, the amplified DNA was cloned and Cyc'%ere hypoplastic as well. All also had hypoplasia or deformity

sequenced. Consensus sequences were aligned using the prog . -
CLUSTAL W (Thompson et al., 1994) as implemented in the BioIogyEﬁ:rrahe middle phalanges of the toes (but not the fingers), and

Fig. 1. Pedigree drawing of the family with brachydactyly-

WorkBench Version 3.2 (http:/workbench.sdsc.edu). most had shor_tenlng of the third to fifth metacarpals and

metatarsals, with the fourth metacarpals and metatarsals
Avian retrovirus production, microinjection, cartilage always being most severely affected. Moreover, two had
staining and whole-mount in situ hybridisation bilateral hypoplasia of the styloid process of the ulna, and one

CEF cells were transfected by Caffecipitation with 2Qug of the ~ had bilateral hypoplasia of the middle cuneiforms (distal
RCAS-HOXD13, RCAS-HOXD13(l47L) or RCAS-HOXD13(IQN) tarsals), with compensating overgrowth of the second
retroviral constructs to generate virus stocks, which were harvesteghetatarsals. This pattern of digital shortening is distinct from

C?nce”trated alnd*tlit(;gat?d/o? CEF gell_s (B/I?rgan it al., 19F92);|_A tgrﬁwat in all five recognised types of heritable brachydactyly
of approximately cfu/ml was obtained for each virus. Fertilise H HY indivsi
eggs were incubated at 37°C for 1.5 days until stage 10 (Hamburggr/emtamy and McKusick, 1978). In addition, two individuals

and Hamilton, 1992), when virus was introduced into the prospectiv |7 and V1.10) had bilateral asymmetrical partial duplication

right limb area by a series of five to ten closely spaced injectiongt;c the fourth fingers (Fig. 2G-J). A third individual (IV.1),

(Morgan et al., 1992). The eggs were returned to the incubator atgough unavailable for examination, was reported to have a
harvested at stages 28-34. For cartilage staining, embryos were fixd@uble nail on the right fourth finger. This pattern of central

in 96% ethanol for 3-5 days, stained in Alcian Blue (15 mg Alcianpolydactyly in the hands is similar to that in SPD, although no
Blue 8GX (Sigma) in 80 ml 96% ethanol and 20 ml glacial acetidamily member had polydactyly in the feet.

acid) for 24 hours, and rinsed twice in 96% ethanol for 2 days, before

being cleared first in 1% KOH on ice and then in 2% KOH:glycerolA new missense mutation (147L) in the

(20:80). Injected and control limbs were dissected and photographétbmeodomain of HOXD13

through a dissecting microscope. Cartilage lengths were measurgﬂrect sequencing of HOXD13 in the mother of the proband

using an ocular reticule. Whole-mount in situ hybridisation A PSS
(Wilkinson and Nieto, 1993) was performed using a digoxigenin-(v'7) revealed a heterozygous A-to-C transition in exon 2 at

labelled antisense mMRNA probe to chieghA7 (Araujo and Nieto, position 940 .Of the .coding sequence. This base change, Wh.iCh
1997). converts amino acid 314 (residue 47 of the homeodomain)

from isoleucine to leucine, does not alter a restriction site, but
its presence was confirmed by cloning the PCR product and
sequencing individual clones (Fig. 3A,B). The same base

RESULTS change was identified by direct sequencing in six other affected
family members (V.2, V.3, VI.1, V1.2, V1.7 and VI.8), but not
A new brachydactyly-polydactyly syndrome in one unaffected family member (V.4) or in 50 unrelated

We identified a new dominantly inherited distal limb unaffected controls. The co-segregation of the base change
malformation in a large Caucasian English family (Fig. 1). Atwith the phenotype was further demonstrated by PCR
least 18 individuals from six successive generations weramplification of genomic DNA from affected and unaffected
affected, nine of whom were available for examination. All hadndividuals with a forward primer specific for the mutant allele
bilateral, symmetrical brachydactyly in the hands and feet, witfFig. 3C).

considerable variation in severity (Fig. 2A-N). Thus, all had X-ray crystallographic and NMR studies of homeodomain/
hypoplasia or absence of the fifth distal phalanges, usuallPNA complexes have shown that residue 47 is one of four
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Fig. 2. The brachydactyly-polydactyly
phenotype. (A,B) Hands of V.8, showing
small fifth distal phalanges and very short
third to fifth metacarpals. (C,D) Hands of
V.2, showing absent fifth distal phalanges
and nails, small second and fourth distal
phalanges, short third to fifth metacarpals,
and hypoplasia of the styloid process of the
ulna. (E,F) Hands of VI.2, showing very
small fourth and fifth distal phalanges, absent
or hypoplastic fourth and fifth nails, and
short third to fifth metacarpals. (G-J) Hands
of VI.7, showing partial fourth finger
duplication (abnormally wide middle
phalanges, with a bracket epiphysis on the
left), small second, fourth and fifth distal
phalanges, hypoplastic fifth nails, and very
short third to fifth metacarpals. (K,L) Feet of
V.2, showing absent fourth and fifth distal
phalanges and nails, small second and third
distal phalanges with hypoplastic nails, small
middle phalanges, and short third to fifth
metatarsals. (M,N) Feet of VI.2, showing
absent fifth distal phalanges and nails, small
first to fourth distal phalanges, hypoplastic
second to fourth nails, small middle
phalanges, short third to fifth metatarsals,
and small middle cuneiforms with
overgrowth of the second metatarsals.

highly conserved residues in the recognition helix of theegulatory element derived from theElOXD9 promoter,
homeodomain that make base-specific contacts with DNAvhich can mediate transcriptional activation by HOXD9
(Gehring et al., 1994; Fraenkel and Pabo, 1998). A mutatioand HOXD10 (Zappavigna et al.,, 1991). To compare
at this position would therefore be expected to affect the DNAHOXD13(147L) with a HOXD13 mutant that is completely
binding capacity of HOXD13. The substitution replaces onainable to bind DNA, we also generated an artificial mutant,
non-polar branching amino acid with another, howeverHOXD13(IQN), carrying alanine substitutions at positions
prompting us to investigate whether it might alter rather thad7(l), 50(Q) and 51(N) of the homeodomain. These three

abolish DNA binding. highly conserved residues in the recognition helix make crucial

o ] - base-specific DNA contacts (Gehring et al., 1994), so we
The 147L mutation impairs HOXD13's ability to predicted that replacing them with alanine would abolish DNA
activate transcription at the HCR element binding altogether. We transiently co-transfected P19 cells with

No naturally occurring HOXD13 DNA-binding sites have beena luciferase reporter construct driven by the HCR sequence
characterised, as none of the target genes of HOXD13 have ypTHCR), together with increasing amounts of SV40-
been identified. To examine whether the 147L substitutiomriven constructs expressing HOXD13, HOXD13(147L) or
affects the ability of HOXD13 to control transcription, we usedHOXD13(IQN). Although HOXD13 increased basal reporter
the HCR sequence (Fig. 4C), a highly conserved 92 bapctivity five- to sixfold, HOXD13(147L) increased it only about

A ¥ B c . .
TCXTATTTOGITT B Fig. 3. The novel point

mutation inHOXD13

3

350 340 V.2 V. ; EI
showing the wild-type (A) and

Va4 V.7 control (A,B) Electropherograms

Vi1 V.2 VL7 VI8 mutant (B) alleles (subcloned)
in V.7. (C) PCR amplification
of genomic DNA using a
forward primer specific for the
mutant allele yielded a 100 bp

100 bp product in seven affected
family members but no
product in an unaffected

ATT cTT family member or a control
Wildtype Isoleucine Mutant  Leucine individual.
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Fig. 4. Transcriptional activity of A B
HOXD13, HOXD13(147L) and 600 -
HOXD13(IQN) at the HCR. P19 8007
cells were transiently transfecte
with 10 pg of pTHCR reporter
construct and the indicated
guantities of expression
constructs. Bars represent the
mean luciferase activityts.e.m.
at least six independent
experiments. (A) Transcriptional
activity mediated by increasing
amounts of pSG-HOXD13, pSG
HOXD13(147L) or pSG-
HOXD13(IQN) assayed
separately. (B) Transcriptional
activity mediated by 1.Qg pSG-
HOXD13 in the presence of
increasing amounts of pSG-
HOXD13(147L) or pSG-
HOXD13(IQN), with the activity 0512525 0512525 05 12525 ug
mediated by increasing amount: D13 D13(147L) D13(IQN) D13 D13(147L) D13(IQN)
of pSG-HOXD13 shown for
comparison. (C) Sequence of th c
HCR element, with potential Ho

core binding motifs (5TAAT-3'

or 5-TTAT-3') on the forward strand and reverse strands over- and underlined respectively. Thé-3ing@-3 motif is highlighted in grey.

600

400

Luciferase units (x100)
Luciferase units (x100)

200

ATCCGTCCGTTTTATTAGGGACACATTAATCTATAATCAAATACACCTCATAAAATTTTTATTGAAAGGCATAATATCATTACAGAGGTCTT

1.5-fold, and HOXD13(IQN) had virtually no effect (Fig. 4A). which contain four sets of TAAT and/or TTAT motifs that could
Thus, the 147L substitution severely compromises the abilitpotentially be bound by HOX proteins. While HOXD13 bound
of HOXD13 to activate transcription through the HCR elementHCRa efficiently, forming three different retarded complexes
suggesting that it significantly impairs the capacity of thgFig. 5A, lanes 3-5), HOXD13(147L) bound more weakly,

protein to bind DNA. producing detectable complexes only at higher protein

) ] o concentrations (Fig. 5A, lanes 7 to 9). We next used bases 3-
HOXD13(147L) does not interfere with transcriptional 25 of the HCR (HCR I[; Fig. 5B), because they contain an 8 bp
activation by wild-type HOXD13 sequence (STTTTATTA-3') that is identical to the consensus

To examine whether HOXD13(147L) can act as a dominanbinding site previously reported for Abd-B and HoxalG (5
negative, we co-transfected P19 cells with fixed amounts GFTTTAT(T/G)(A/G)-3") (Ekker et al., 1994; Benson et al.,
pTHCR and the HOXD13 expression construct, togethet995) and differs at just two positions (underlined) from the
with increasing amounts of the HOXD13(147L) expressionconsensus binding site previously reported for Hoxd13 (5
construct. As shown in Fig. 4B, the levels of reporter activityTTTTACGA-3') (Shen et al., 1997). HOXD13 formed a strong
obtained with 1.Qug of HOXD13 together with 0.5, 1.0 or 1.5 retarded complex with HCR | (Fig. 5B, lane 3), whereas
pg of HOXD13(147L) were in each case slightly higher thanHOXD13(147L) bound only weakly (Fig. 5B, lane 4). We
that obtained with 1.0ug of HOXD13 alone, although subsequently used bacterially expressed, purified GST fusions
substantially lower than those obtained with 1.5, 2.0 op8.5 of the HOXD13 and HOXD13(l147L) homeodomains [GST-
of HOXD13 alone. In a similar experiment with HOXD13HD and GST-HOXD13HD(I47L)] to determine their
HOXD13(IQN), the levels of transcriptional activation were dissociation constants {Kat this site in EMSAS, obtainingsK
marginally lower than that obtained with Ju§ of HOXD13 values of %108 M and 3107 M respectively (data not
alone. Thus transcriptional activation by wild-type HOXD13shown). Thus, HOXD13(147L) fails to recognise at least some
is not significantly inhibited by co-expression of eithersites bound by the wild-type protein. This suggests that the
HOXD13(147L) or HOXD13(IQN), suggesting that neither 147L mutation produces a loss of function, but leaves open the

mutant acts as a dominant negative. possibility that it produces a gain of function by changing
L . - binding site specificity.

The 147L mutation impairs the ability of HOXD13 to To explore these alternatives, we designed an

bind DNA oligonucleotide probe (SelD13; Fig. 5C) with 12 central

To investigate whether the weak transcriptional activatiolbases derived from HCR | (GTTTTAAGGG), but with
mediated by HOXD13(147L) at the HCR reflects defectivethe ATTAG sequence replaced by five random bases
DNA binding, we performed EMSAs using oligonucleotide (GTTTTNNNNNGG), thus generating a large pool of
probes derived from this element. The HCR contains severakquence variants. We expected that a straightforward switch
sites recognised in vitro by BOXD proteins and supports the in binding specificity would result in equally efficient binding
formation of multiple retarded complexes with differentby HOXD13 and HOXD13 (l147L), as the different optimal
stoichiometries in EMSAs with HOXD10 (Zappavigna et al.,binding sequences would be equally represented in the pool.
1991). We first used bases 1-55 of the HCR (HCOHRg. 5A),  As shown in Fig. 5C, when the SelD13 probe was incubated
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A B Fig. 5.HOXD13(147L)

' o < oy AL T binding ability in EMSAs.
3 nll B + Probe sequences are shown
— 1 + HOXD13(147L) +l 1+]L [+ below the gels, with potential
Hox core binding motifs (5
TAAT-3' or 5-TTAT-3') on the
forward strand and reverse
strands over- and underlined
respectively. Arrows indicate
bands corresponding to HOX
protein:DNA complexes.
Asterisks indicate nonspecific
* bands produced by the
* reticulocyte lysate. (A) Binding
of in vitro translated HOXD13
(lanes 3-6) and HOXD13(147L)
(lanes 7-10) t§2P-labelled
—— ettt e ) g
m in vitro translated HOXD13
1 2 3 4 5 6 7 8 9 10 — (lane 3) and HOXD13(147L)

F RRL —]

:
i

4
=
A

#

123456 78 (lane 4) to2P-labelled HCR
ATCCGTCCGTTTTATTAGGGACACATTAATCTATARTCARATACACCTCATAAAA — (lane 1). In A and B, to identify
HCRo. CCGTCCTTITATIAGGGACACA HOX protein:DNA complexes,
HCR | 200 ng of anti-HA antibody
c (Santa Cruz Biotechnology)
HOXD13HD HOXD13HD(147L) HOXD13HD(IQN) was added to the binding

reactions (A, lanes 6 and 10; B, lanes 5 and 6). In B, to assess
binding specificity, a 300-fold molar excess of cold
competitor HCR | was added to the binding reactions (lanes 7
and 8). (C) Binding of bacterially expressed, purified GST-
JEEE—— — <« HOXD13HD (lanes 2-6), GST-HOXD13HD(I147L) (lanes 7-

11) and GST-HOXD13HD(IQN) (lanes 12-16)3#-labelled
SelD13 (lane 1).

F 12525 5 10 201.2525 5 10 2012525 5 10 20 ng

binding site selection assays with purified GST-

HOXD13HD and GST-HOXD13HD(147L) using the
SelD13 oligonucleotide pool. After five rounds of

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 selection, the sequences of 100 oligonucleotides
¢ ! selected by each protein were examined. Of 100 sites
CCGCGGATCCGTCGACGETTTTNNNNNGGCCCTCGAGAGATCTCGCC selected by wild-type HOXD13 (Fig. 6A), 48 had a
SelD13 TTAT core, followed in 36 by TGG. Only 2 had a TAA

core. 32 had a TT& core, followed in 25 by GAG. The

remaining 18 had a TA® core, followed in 17 by GAG.
with increasing amounts of the purified GST-homeodomaiWild-type HOXD13 therefore appears to have an equal
fusion proteins, GST-HOXD13HD bound efficiently at preference for two distinct sites, one (site 1) with T in the
all concentrations tested (lanes 2-6) whereas GSTourth core position (TTTATTGG) and the other (site 2)
HOXD13HD(l147L) bound only at higher concentrationswith C in the fourth core position (TTT(T/AYAGAG) (Fig.
(lanes 7-11). GST-HOXD13HD(IQN) bound marginally even6B). By contrast, HOXD13(l47L) recognised a more
at the highest concentration tested (lanes 12-16), indicatinggstricted set of sites. Of 100 sites selected (Fig. 6A), only
as predicted, that HOXD13HD(IQN) does not recognisghree had a TTA or TAAT core. 73 had a TT& core,
any site in the pool efficiently. The intermediate bindingfollowed in 47 by GAG, while 20 had a TARXcore, followed
levels seen with HOXD13HD(I47L) are not consistent within 11 by GAG. HOXD13(147L) therefore appears to
a straightforward switch in binding specificity, but could recognise one of the two sites selected by wild-type HOXD13
have occurred either because the mutant protein bindsite 2), while almost completely failing to recognise the
more weakly than the wild-type protein at all sites in the poolpther (site 1) (Fig. 6B).
or because the mutant binds a smaller subset of sites in theTo confirm these findings, we performed EMSAs using

pool. probes containing site 1 (with the TTAT core) and the two

) ) variants of site 2 (with TTAC and TAAC cores). As shown in
HOXD13(147L) binds a subset of the sites Fig. 6C, HOXD13 bound all three probes with comparable
recognised by HOXD13 efficiency (lanes 2-4, 9-11 and 16-18). HOXD13(147L) bound

To distinguish between these possibilities, we performethe TTAT-containing probe much more weakly than the wild-
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A HOXD13
Site 1 TTITATTGG (50) Site 2 TTI(T/A)ACGAG (50)
Core  TTAT (48)  TTITATT  (43) Core  TTAC (32) TTITACG (29)
TTTTATTG  (39) TTTTACGA  (28)
TTITATTGG (36) TTTITACGAG  (25)
Core  TAAT @ Core  TAAC (18) TTTAACGAG  (17)
HOXD13(147L)
Site 1 TTITATTGG  (3) Site 2 TTT(T/AACGAG  (93)
Core  TITAT @ Core  TTAC (73) TTITACG (59)
TTTITACGA  (52)
TTITACGAG  (47)
Core  TAAT @ Core  TAAC (20) TTTAACGAG  (11)
B
HOXD13 site 1 HOXD13 site 2 HOXD13(147L)
100% — 100% —— — 100% —
LA LA TC LA | 1 C| A A —
80% | 80% A | T 80% 1| L A T
60% - 60% I 60% 1 ]
wnl TIT|T|T|A|T|T|G|G wnl T/ T|{T|T|A|C|G|A|G wel T/ T|T|T|AIC|G|A|G
20% 1 20% 20% 1
0% 0% 0%
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Cc
D13HD  D13HD(147L) D13HD  D13HD(I47L) D13HD D13HD(l47L)

F 5 10 20 5 10 20 F 5 10 20 5 10 20 F 5 10 20 5 10 20 ng

i e i

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

GCOGTCCGTTTTATTIGGGGACACE  GCCGTCCGTTTTACGAGGGACACA GCCGTCCGTTTAACGAGGGACACA

Fig. 6.HOXD13HD(147L) binds a subset of the sites recognised by HOXD13HD. The sequences of 100 oligonucleotides selected by each
homeodomain in site selection experiments were aligned using the program CLUSTAL W. Those selected by HOXD13HD fell imad» two eq
sized groups, one with a TTAT core (site 1) and the other with a T(T/A)AC core (site 2), whereas those selected by HOX) 3btDigdl7

a single group with a T(T/A)AC core. (A) Numbers of oligonucleotides containing sites 1 and 2 selected by each homeodoreairityB) R
displayed as consensograms (Wilson et al., 1993). (C) Binding of GST-HOXD13HD and GST-HOXD13HD(I47L) to SRETIGET lanes

1-7) and the two variants of site 2 ATGAG, lanes 8-14, andAR CGAG, lanes 15-21). The arrow indicates bands corresponding to HOX
protein:DNA complexes.

type protein (16- and ninefold less at 5 and 10 ng respectivelylisexpression of HOXD13(147L) in developing chick

lanes 5-6), but bound the TTAC- and TAAC-containing probedmbs does not affect the digits but produces more

with the same efficiency (0.9-fold less TTAC at 5 and 10 ngSevere proximal abnormalities than HOXD13

lanes 12-13; 1.3- and 1.1-fold less TAAC at 5 and 10 ngo explore the effects of the 147L mutation further in vivo, we
respectively, lanes 19-20). Thus, the 147L mutation does natsed the developing chick limb, a well-established model system
result in recognition of a novel DNA-binding sequence.for studying limb development in vertebrates. The availability of
Instead, it causes a selective impairment of DNA-bindingeplication-competent retroviral vectors that permit gene transfer
ability, producing a marked reduction in affinity at one class ofnto avian cells has made it possible to manipulate chick limb
sites recognised by the wild-type protein, but no loss of affinityevelopment genetically in ovo (Morgan and Fekete, 1996). We
at the other. therefore generated recombinant retroviral vectors expressing
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full-length HOXD13, HOXD13(147L) or HOXD13(IQN), and As reported previously (Goff and Tabin, 1997), embryos
injected concentrated retroviral suspensions of comparable titresisexpressing wild-type HOXD13 (Fig. 7A) had mild shortening
into the prospective right hindlimb field of stage 10 chickof the cartilages of the stylopod, zeugopod and proximal autopod,
embryos in ovo. Control experiments using a retroviral constru@specially the femur and tibia. As a result, the fibula, which is
expressing alkaline phosphatase (Fekete and Cepko, 1998)rmally shorter than the tibia, was usually about the same
confirmed that the entire right leg bud was infected at higliength, and often articulated with or was fused to the fibulare (Fig.
frequency (data not shown). Embryos were harvested at stagd). No phalangeal abnormalities were ever observed, however,
32-33 (day 7.5-8) and stained with Alcian Blue to allowconfirming that elevated levels of wild-type HOXD13 do not
visualisation of cartilaginous skeletal elements. The lefperturb normal development in the distal autopod.
uninjected limbs were used as internal controls. The resulting Embryos misexpressing HOXD13(l147L) (Fig. 7B,C)
phenotypes are summarised in Table 1 and illustrated in Fig. likewise had no phalangeal abnormalities (except one embryo
out of 38, which had an extra anterior digit). The cartilages

of the stylopod, zeugopod and proximal autopod, however,
were more severely shortened, especially the tibia, which
on average was reduced to 54% of its normal length (Table

"‘_’ 1). In 16% of embryos, the morphology of the tibia was

(=) also altered from a typical long bone cartilage to a rounded

> cartilage, with bowing of the fibula, sometimes producing

o a complete inversion of normal limb posture (Fig. 7C). In

:l.: addition, 16% of embryos had extra cartilages in the

N zeugopod (Fig. 7B,C). Neither these tibial changes nor

g ectopic cartilages were ever observed in embryos

o misexpressing HOXD13 (Goff and Tabin, 1997) (this
work).
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Fig. 7.Phenotypes produced by misexpressing HOXD13, HOXD13(147L) and HOXD13(IQN) in developing chick limbs. Frontal views of
stage 32-34 hindlimbs stained with Alcian Blue, showing the injected right limb on the right and the uninjected oppositthénfefto Ti,

tibia; Fi, fibula; t, tibiale; f, fibulare. (A) Embryo injected with RCAS-HOXD13, showing normal phalanges but mild shortehimg of

proximal cartilages, especially the femur and tibia, resulting in an abnormal articulation between the fibula and fibulaeadgrrow

(B,C) Embryos injected with RCAS-HOXD13(147L), showing normal phalanges (the embryo in C was the only one out of 38 with a
rudimentary extra digit (asterisked), but marked shortening of the proximal cartilages, particularly the tibia, whichritesdanorphology,

and extra cartilages in the zeugopod (arrowheads). (D,E) Embryos injected with RCAS-HOXD13(IQN), showing normal phalaagesibut m
shortening of the proximal cartilages, especially the femur and tibia (again resulting in an abnormal articulation befiwalaratin fibulare;
upper arrowheads), and also the metatarsals (lower arrowheads).
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Table 1. Cartilage shortening in chick hindlimbs injected with RCAS-HOXD13, RCAS-HOXD13(147L) or
RCAS-HOXD13(IQN)

Zeugopod Autopod
Mutation Stylopod Tibia Fibula Tarsometatarsals Phalanges
D13 (n=30) 0.78+0.09 0.70+0.14 0.83+0.28 0.87+0.24 1
D13(147L) (=38) 0.72+0.11 0.54+0.14 0.72+0.14 0.80+0.12 1
D13(IQN) (h=102) 0.70%0.10 0.63+0.13 0.78+0.22 0.72+0.14 1

Figures represent the ratio of cartilage lengths in the injected limb to the corresponding cartilage lengths in the appgsiteelimb. Values are the
meanzs.e.m, number of embryos analysed.

Embryos misexpressing HOXD13(IQN) (Fig. 7D,E) againof SPD (fifth finger clinodactyly, partial duplication of the
had no phalangeal abnormalities, but the proximal cartilagesecond metatarsals) are absent in the new syndrome. The
especially the femur and tibia, were more severely shortenebnormalities are nevertheless confined to the expression
than in embryos misexpressing HOXD13, and the metatarsatkomain ofHOXD13in the developing limb, which comprises
were shorter than in embryos misexpressing either HOXD1®&e entire anteroposterior extent of the autopod, as far
or HOXD13(147L) (Table 1). However, no instances of alteredoroximally as the distal carpals/tarsals, and the posterior border
tibial morphology or ectopic cartilages were observed in oveof the zeugopod (Dolle et al., 1991; Nelson et al., 1996).
100 embryos examined. Strikingly, the phenotype produced binterestingly, the hypoplasia or absence of the nails and distal
a HOXD13 mutant incapable of binding DNA is thus phalanges closely resembles that in Brachydactyly type B,
qualitatively similar to but quantitatively more severe than thawhich is caused by mutations ROR2(Oldridge et al., 2000).

produced by HOXD13. This supports suggestions tfRDR2 which plays an essential
) role in cartilage growth and differentiation, may lie in the same
Overexpression of HOXD13 upregulates  EphA7, molecular pathway as the Hox genes (DeChiara et al., 2000).

while overexpression of HOXD13(147L) does not

In Hoxal3"~ mice, EphA7expression is significantly reduced
in the condensing mesenchyme of the digits, carpals ar EphA7 mRNA
tarsals, but not completely absent, suggesting that this ephi
receptor is a downstream target not only of Hoxal3 but perha,
also of other Hox proteins expressed in the developin
autopod, like Hoxd13 (Stadler et al., 2001). To investigat:
whether HOXD13 controlsEphA7 expression, and, if so,
whether the 147L mutation affects this activity, we analysec
chick EphA7 expression in chick limbs overexpressing
HOXD13, HOXD13(147L) or HOXD13(IQN). In control stage
28 hindlimbs,EphA7was expressed in the perichondrium of
the phalangeal mesenchymal condensations (Fig. 8A,C,E),
reported previously in E13.5 mice (Stadler et al., 2001)
Overexpression of HOXD13 markedly increasé&ghhA7
expression in the perichondrium but produced no significar
ectopic  expression (Fig. 8B). Overexpression of
HOXD13(147L) or HOXD13(IQN), however, had no effect
upon EphA7levels (Fig. 8D,F). Thus, while HOXD13, like
Hoxal3, upregulatdsphA7expression in the autopod, neither
HOXD13(147L) nor HOXD13(IQN) retains this activity.

RCAS-HOXD13

RCAS-HOXD13(147L)

DISCUSSION

RCAS-HOXD13(1QN)

Several different mutations iHOXD13have previously been
shown to cause the congenital limb malformation SPLC Uninjected St. 28 Injected

(reviewed by Goodman, 2002), but little is yet known abou

how these mutations perturb protein function. We havFig. 8. Overexpression of HOXD13 upregulates expression of chick
identified and analysed a novel amino acid substitution i'&fhh(ﬁezn?gﬁr?t\;eg?ﬁ;zzs'z%nc%fiioeﬁ%ﬁgfe%ffsi?nréoﬁoxms
g'y%zlrﬁé_"mﬁgu‘;i“zg;z‘ ]%rgﬁuligsbg?ﬁm{sd2;%@:0?22/%32%?H0XD13(I47L) or HOXD13(IQN) in the right hindlimb. Embryos

. . - were hybridised in situ with an antisense ctighA7probe. Chick
polydactyly in the hands, middle phalanx hypoplasia in the feeEphA?is expressed in the perichondrium of the digital

occur in both typical and atypical SPD, others (hypoplastic Ccondensations. This expression is increased in the right limbs
absent nails and distal phalanges, short third to fifth metacarpioverexpressing HOXD13 (B), but unaltered in limbs overexpressing
and metatarsals, hypoplastic middle cuneiforms and ulniHOXD13(147L) (D) or HOXD13(IQN) (F). In A,C,E, the respective
styloids) do not. Moreover, several features of one or both forncontralateral uninjected limbs are shown.
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The substitution in question alters the isoleucine residue &ound by several 5HHOXD proteins, but only one TTAC motif
position 47 of the HOXD13 homeodomain to leucine. In thgZappavigna et al., 1991). Although HOXD13 bound strongly
Antennapedia, engrailed and HOXB1 homeodomain/DNAand specifically to several of these sites in EMSASs,
complexes, 147 methyl groups make van der Waals contackdOXD13(147L) bound only weakly, with an affinity for one of
both with the C5 methyl group of the thymine at position 4 othem (HCR |, TTTATTAG) about sixfold lower than that of
the Hox core binding site (TAR) and with C8 of the adenine the wild-type protein. Moreover, while HOXD13 activated
at position 3 (TAT) (Gehring et al., 1994; Fraenkel and Pabo transcription through the full-length HCR, HOXD13(147L) did
1998; Piper et al., 1999). In keeping with this crucial role imot. These observations suggest that HOXD13(147L) is unable
DNA binding, residue 47 is highly conserved (Banerjee-Basto regulate some of the genes regulated by wild-type HOXD13.
et al., 2001). Seven out of the eidhbsophilaHox proteins .
and all but two of the 39 vertebrate Hox proteins havdlOXD13 upregulates EphA7 expression but
isoleucine at this position, the exceptions all being group PIOXD13(147L) does not
paralogs Drosophila proboscipedia, vertebrate Hoxa2 andSignalling between Eph receptors and their ephrin ligands
Hoxb2), which have valine, another non-polar branchinglays a key role in regulating many developmental processes
amino acid (Banerjee-Basu et al.,, 2001). Most otheand is probably a downstream effector of severéldka and
homeodomain proteins also have isoleucine or valine, althoudgtioxb genes [reviewed in (Frisen et al., 1999)]. Moreover,
different amino acids occur in some atypical homeodomainkloxal3is necessary for normephA7expression levels in the
(Banerjee-Basu and Baxevanis, 2001; Banerjee-Basu et aytopod (Stadler et al., 2001). We found that misexpression of
2001). The only two reported instances of leucine at positiorlOXD13 in chick limbs increased chi&phA7expression in
47 are in highly divergent proteins, PaHB2 of the Norwaythe perichondrium of the digital condensations, showing that
spruce Picea abieyand the bE1-bE7 mating type proteins of HOXD13, like Hoxal3, can upregulaEphA7 Interestingly,
the smut fungus Ustiligo maydi$ (GenBank Accession ectopic expression of chiégphA7was not induced, suggesting
Numbers AAL83725, AAA63553-6 and CAA38000-2). that additional factors are required flBphA7 transcription.

No naturally occurring mutations affecting homeodomainMisexpression of HOXD13(147L), however, had no effect on
residue 47 have previously been reported (D’Elia et al., 2001¢hick EphA7 levels, showing that the 147L mutation indeed
An artificial 147A substitution in engrailed reduces DNA impairs the capacity of HOXD13 to regulate one of its
binding affinity 10- to 20-fold in vitro (Ades and Sauer, 1995),downstream targets. Although no other HOXD13 targets have
while an 147Q substitution in the Para-Hox protein IPFlyet been identified, our finding that HOXD13(147L) retains the
abolishes DNA binding in vitro and greatly reducesability in vitro to bind some sites bound by HOXD13 suggests
transcriptional activation in transfected cells (Lu et al., 1996)that it can still regulate at least some of these targets. It may
A V47L substitution in the POU homeodomain protein Oct2thus partially or completely fail to regulate a subset of the
also abolishes DNA binding in vitro (Stepchenko et al., 1997)genes normally controlled by HOXD13, suchEhA7 while
No 147L substitution, however, has yet been analysed. correctly regulating the remainder, thus eliciting an unbalanced

. ) transcriptional response.
HOXD13(147L) exhibits a selective loss of DNA-

binding ability Misexpression of HOXD13(147L) in chick limbs

Previous studies have shown that the modtidk protein in  produces a phenotype both quantitatively and
Drosophila Abd-B, selects sites with a TTAT core (Ekker et al.,qualitatively different to that produced by HOXD13
1994), whereas thé Bertebrate Hox proteins select sites with aTo analyse the consequences of the 147L substitution in vivo,
TTAT or TTAC core (Benson et al., 1995; Shen et al., 1997). Wave used retrovirus-mediated expression in the developing
found that HOXD13 displayed an equal preference for twahick limb. When overexpressed in the phalanges, where
distinct consensus sites, one containing a TTAT coréloxd13 is normally expressed, HOXD13(147L), like wild-type
(TTTTATTGG), and the other containing a TTAC or TAAC coreHOXD13 (Goff and Tabin, 1997) (this work) and
(TTT(T/A)JACGAG). This second site is identical to the HOXD13(IQN), caused no defects. Thus, HOXD13(147L)
consensus Hoxd13 binding site obtained by Shen et alloes not interfere with the functions of endogenous Hoxd13 in
(TTTTACGAG) (Shen et al., 1997), except at position 4, wherevivo, or with distal autopod development, indicating that it
we observed a 64:36 T:A ratio whereas Shen et al. observedlaes not act by a dominant-negative or other gain-of-function
strong preference for T. HOXD13(147L) selected only themechanism. Consistently, HOXD13(147L) did not interfere
second of these sites (TTT(T/AUGAG), perhaps reflecting the with transcriptional activation by HOXD13 at the HCR
inability of L47 to make the contacts normally made by 147 withelement in transiently transfected cells, and showed no gain or
a T residue in the fourth core position. Thus, the mutant proteigwitch in DNA-binding activity in vitro.
rather than recognising a novel binding site, appears to have lostin proximal limb regions, however, whereas HOXD13
the ability to recognise one class of site bound by the wild-typeaused only mild shortening of the long bone cartilages,
protein while retaining the ability to recognise the other. HOXD13(l147L) produced severe shortening, as well as striking
Consistent with these findings, HOXD13(147L) bound theabnormalities of zeugopod morphology, including a change in
TTTITACGAG and TTRACGAG sequences with the same the shape of the tibia from long to rounded cartilage and
affinity as wild-type HOXD13 in EMSASs, but displayed a the formation of ectopic cartilages. Misexpression of
significantly lower affinity for the TTTATTGG sequence. The HOXD13(IQN) likewise caused severe shortening of the
impaired capacity of HOXD13(l147L) to recognise TTAT- and proximal cartilages, but never produced the abnormal
TAAT-containing sites was further confirmed using the HCRzeugopod morphology observed with HOXD13(147L). The
element, which contains multiple TTAT and TAAT motifs phenotype caused by HOXD13(147L) in proximal limb regions
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is thus qualitatively as well as quantitatively different from thathat this interference is mediated by protein:protein
produced by wild-type HOXD13, but is also qualitatively interactions and is mitigated rather than exacerbated by the
different from that produced by HOXD213(IQN), which is ability to regulate shared target genes. Our results therefore
completely unable to bind DNA. This further strengthens theupport a model in which posterior prevalence is based on
hypothesis that the 147L substitution results in a selective rathebmpetition for interacting partners and/or transcriptional co-
than a generalised loss of function. The additional zeugopddctors, rather than on competition for targets.
abnormalities caused by HOXD13(147L) probably reflect its Which region(s) of HOXD13 mediate these interactions? In
ability to control only a subset of the genes normally controlledhe chick limb, misexpression of a Hoxd13 protein lacking
by HOXD13, leading to an imbalance in the regulation ofthe first 98 amino acids produced slightly less zeugopod
downstream targets. Interestingly, misexpression of wild-typshortening than full-length Hoxd13 (Goff and Tabin, 1997),
Hoxal3 in chick limbs produces a similar zeugopod phenotypsuggesting a possible role for the poorly characterised N-
(Yokouchi et al., 1995), suggesting that some of the samterminal region. However, the zeugopod was severely
targets may be involved. shortened in mice homozygous for a ‘knock-in’ mutation in

A selective loss-of-function mechanism also accounts wellvhich the homeodomain of Hoxall was replaced with that of
for the novel brachydactyly-polydactyly syndrome producedHoxal3 (Zhao and Potter, 2001). Taken together with our
by the mutation. Thus, the occasional central polydactyly ifindings, this result suggests that the homeodomain itself may
the hands, like that in typical and atypical SPD, probablye sufficient to mediate posterior prevalence by interacting
reflects loss of transcriptional activity, while the impairedwith DNA-binding partners and/or co-factors without binding
growth or absence of specific phalangeal and metaphalang&aNA. Further work will be required to characterise the protein
bones, unaffected in both forms of SPD, probably reflectmotifs and factors involved.
unbalanced regulation of the normal targets of HOXD13.
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