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Localization of a Gene for Syndactyly Type 1 to Chromosome 2¢34-¢36
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Syndactyly type 1 (SD1) is an autosomal dominant limb malformation characterized in its classical form by complete
or partial webbing between the third and fourth fingers and/or the second and third toes. After exclusion of a
candidate region previously identified for syndactyly type 2 (synpolydactyly), we performed a genomewide linkage
analysis in a large German pedigree. We found evidence for linkage of SD1 to polymorphic markers on chromosome
2q34-q36, with a maximum LOD score of 12.40 for marker D2S301. Key recombination events in affected in-
dividuals defined a 9.4-cM region between markers D252319 and D2S344. The identification of the responsible
gene will give further insights into the molecular basis of limb development.

Isolated syndactyly is one of the most common congen-
ital malformations of the hands and feet. On the basis
of an anatomic approach, isolated syndactyly has been
subdivided into five types (Tentamy and McKusick
1978). Syndactyly type 1 (SD1 [MIM 185900]), also
named “zygodactyly,” is inherited as an autosomal dom-
inant trait and accounts for the majority of isolated syn-
dactylies, with an incidence of ~2-3/10,000 in newborns
(Castilla et al. 1980; Tentamy 1990). In this common
type of syndactyly, there is usually complete or partial
webbing between the third and fourth fingers and the
second and third toes, with occasional involvement of
other digits. In some cases, the webbing between fingers
is associated with bony fusion of the distal phalanges.
Sometimes only the hands are affected and sometimes
only the feet. The phenotype is extremely variable within
and between families. Occurrence of skipped generations
indicates that penetrance is <100% (Montagu 1953;
Feller et al. 1981). Here, we describe the localization of
the first SD1 locus and provide evidence that SD1 maps
to the 2q34-q36 region in a large German family.

The family was originally described by Lueken (1938)
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and now extends over eight generations comprising 338
individuals, including 77 affected family members (fig.
1). After informed consent was obtained, we collected
blood samples from 63 individuals, 27 of whom were
affected. DNA was prepared according to standard
methods. In 23 individuals, syndactyly was present in
both hands and feet, whereas 4 individuals presented
with malformations of only the feet. The spectrum of
digital malformation reached from skin fusion between
the second and third toes to complete webbing between
the second to fifth fingers and first to fifth toes (fig. 2).
Three persons presented with synostoses between distal
phalanges of their fingers (fig. 2). Men and women were
affected equally; no instance of nonpenetrance was ob-
served. The present family is unique among the pub-
lished families with SD1 because, in some affected mem-
bers, the syndactyly involves the first toes. The
involvement of the second fingers is also an extremely
rare finding in SD1, since it has otherwise been reported
in only a single individual from a family with SD1 (Ten-
tamy and McKusick 1978). On the basis of the involve-
ment of the second fingers and the first toes, Lenz and
Majewski (1981) classified this family as having syn-
dactyly type 1a (or “syndactyly type Lueken”).
Thirty-four members of the family were analyzed for
the initial exclusion of a candidate locus. Because mu-
tations in the HOXD13 gene on 2q31 are known to
cause syndactyly type 2 (Muragarki et al. 1996), this
gene deserved particular attention as a potential can-
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Figure 1

Pedigree of the SD1 family studied. Circles denote females; squares, males; and blackened symbols, affected individuals. Numbers

below symbols denote individuals included in the linkage analysis. Numbers inside symbols indicate the number of siblings.

didate. However, a negative LOD score was obtained
for this locus (data not shown).

Subsequently, a genomewide linkage scan using highly
polymorphic microsatellite markers was performed in
42 individuals. Two-point LOD scores were calculated
between each marker locus and syndactyly, using the
LINKAGE version 5.21 software (Lathrop et al. 1984).
Given the inheritance pattern observed in our family,
LOD scores were calculated under the assumption of

autosomal dominant inheritance with a penetrance of
100% (phenocopy rate 0), a frequency of .001 for the
disease allele, and equal allele frequencies for each
marker. Alternatively, we calculated LOD scores by ap-
plying a more conservative model with a penetrance of
95%. After performing linkage analysis for 48 markers,
we found evidence for linkage to the marker D2S377.
Fine mapping of the region by means of nine additional
markers and genotyping of 21 additional family mem-



Figure 2 Phenotypic appearance of variably affected individuals. A and B, Hands and feet of individual VI:12, demonstrating a mild
expression of SD1; the hands are unaffected, the feet show partial syndactyly between the second and third toes. C and D, Hands and feet of
individual VII:11. Partial webbing is present between the second, third, and fourth fingers, more pronounced in the left hand than in the right
hand. Both feet show complete syndactyly between the second and third toes and partial syndactyly between the third and fourth toes. E and
FE, Hands and feet of individual VI:2, demonstrating the most severe expression of SD1 in the family studied; complete webbing between the
second to fifth fingers in both hands and syndactyly between the first to fourth toes in both feet. G, Radiographs of the hands of individual
VII:2 taken shortly after birth. The distal phalanges of the third, fourth, and fifth fingers show a synostotic fusion in both hands.
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bers was performed. A maximum two-point LOD score
(Zax) Of 12,40 was obtained at recombination fraction
(0) 0 for marker D2S301 (table 1). Allowing for reduced
penetrance had only minor effects on maximum LOD
scores (data not shown). Haplotypes were then recon-
structed to determine the critical recombination events.
A common haplotype spanning a 9.4-cM region between
markers D252319 and D2S344 segregated in all affected
members. The critical recombinants defining the cose-
gregating interval both occurred in affecteds. The cen-
tromeric boundary of this interval was defined by a re-
combination between markers D252319 and D252382
in individual VII-2 (fig. 3A). The telomeric boundary of
this interval corresponded to a recombination between
markers D25163 and D2S344, which was observed in
individual VII-11 (fig. 3B).

The results of the present study have identified the
first locus for SD1, on chromosome 2q34-q36. Our find-
ing that a gene for SD1 is localized at least 24 cM telo-
meric to the HOXD gene cluster (Muragarki et al. 1996)
suggests the existence of an additional gene involved in
limb development located on the long arm of chromo-
some 2.

Of interest, brachydactyly type A-1 (BDA1) has re-
cently been mapped to an 8.1-cM region on 2q35-q36
(Yang et al. 2000). This region overlaps with the interval
in which we mapped the gene for SD1. The BDA1 phe-
notype of the two families studied by Yang et al. (2000)
includes proportionate shortening of all fingers. The
middle phalanges were either reduced, fused, or missing.
Clinodactyly of the second, third, or fourth fingers was
present in most of the affected members. In contrast, the
affected individuals from our family with SD1 showed
neither shortening of fingers nor clinodactyly. Although
BDA1 and SD1 present with clinically different malfor-
mations of the limbs, it is possible that both disorders
represent different mutations within a single gene. Al-
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ternatively, one can hypothesize that a cluster of genes
with related function maps to chromosome 2q34-q36.
In the case that BDA1 and SD1 represent allelic disor-
ders, the candidate region could be narrowed to a 4.9-
cM interval flanked by markers D25301/D252248 and
D2S344.

The formation of limbs involves numerous genes, such
as those encoding proteins involved in the Sonic hedge-
hog (SHH) signalling pathway, fibroblast growth fac-
tors, bone morphogenetic proteins, cartilage-derived
morphogenetic protein, and Wnis (Tickle 1995; Man-
ouvrier-Hanu et al. 1999). GeneMap’99 lists a large
number of expressed-sequence tags (ESTs) and cloned
genes in the SD1 region. Among these, the Indian hedge-
hog (IHH) gene can be considered a potential candidate
gene. IHH is a homolog of SHH, which is an important
morphogen in vertebrates and plays a key role in the
establishment of anteroposterior polarity of the limbs
(Riddle et al. 1993; Chang et al. 1994). IHH has bio-
logical properties similar to those of SHH, and it has
been shown that IHH functions in a pathway that reg-
ulates the rate of chondrocyte differentiation (Vortkamp
et al. 1996).

In addition, a clone containing part of the human
WNT6 gene has been mapped to chromosome 2q35
(Rankin et al. 1999). Furthermore, GeneMap’99 con-
tains an EST with high similarity to Wnz6, the EST be-
ing localized between markers D25301/D2S164 and
D2S5163. The human WNT6 gene might be a promising
candidate gene, since Wnt6 is known to be expressed in
the limb bud of developing mouse embryos (Parr et al.
1993).

Yang et al. (2000) discussed the transcription factor
PAX3 as a candidate for BDA1. According to Gene-
Map’99, the PAX3 gene is located outside our region,
providing exclusion of this gene for SD1.

In summary, the data presented in this study identify

Table 1
Two-Point LOD Scores, between the Disease Locus and 10 Chromosome 2 Microsatellite
Markers
GENETIC-MAP

MARKER LOCATION LOD SCORE AT § = MAXIMUM

(cM)? .00 .01 .05 10 .20 0 .
D2S5143 217.0 —o0 4.34 5.09 4.85 3.73 .053 5.09
D2S2319 217.5 —o 3.55 494 492 3091 .050 4.94
D2S2382 220.7 7.70 7.65 7.30 6.67 5.06 0 7.70
D2S301 222.0 12.40 12.17 11.20 9.95 7.33 0 12.40
D2S1371 222.4 8.09 7.96 740 6.58 4.73 0 8.09
D252249 223.1 10.16 9.97 9.17 8.13 5.93 0 10.16
D2S173 223.2 10.87 10.64 9.70  8.50 6.02 0 10.87
D2S163 225.6 11.01 10.83 10.05 8.96 6.56 0 11.01
D2S344 226.9 —© 2.76 3.06 2.83 2.04 .050 3.06
D2S377 228.2 —o0 6.92 7.01 6.46 4.90 .028 7.10

* Measured from 2qter and taken from the Généthon sex-averaged linkage map (Dib et al.
1996) and the Marshfield sex-averaged linkage map (Broman et al. 1998).
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1 2
D2S143 3 4 3 2
D282319 10 12 1" 8
D2S2382 2 5 3 5
D2S301 1 1 1 4
D281371 2 2 5 3
D2S2249 5 6 6 4
D28173 3 1 1 2
D25163 4 3 4 3
D2S344 3 3 4 3
D28377 2 1 2 2
1 2
D2S143 3 3 4 3
D2S2319 10 11 12 11
D282382 5 3 5 5
D2S301 1 1 1 4
D281371 2 5 2 3
D282249 5 6 6 4
D28173 3 1 1 2
D2S163 4 4 3 3
D2S344 3 4 3 3
D28377 ? ? 1 2
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D25143 6 1 10 2 10 2
D252319 6 1 4 8 4 8
D252382 9 5 5 5 5 5
D2S301 9 1 4 4 4 4
D251371 3 5 4 3 4 3
D2S2249 3 3 4 4 4 4
D25173 2 3 3 2 3 2
D25163 6 7 4 3 4 3
D2S344 4 3 2 3 2 4
D28377 1 1 4 2 4 1
4

D25143 6 2

D252319 6 8

D252382 9 5

D2S301 9 4

D251371 3 3

D252249 3 4

D25173 2 2

D25163 6 3

D2S344 4 3

D2S377 1 2

Haplotype analysis of two parts of our family with SD1, showing the two recombinants that delineate the 9.4-cM critical region

between markers D252319 (proximal) in individual VII-2 (A) and D2S344 (distal) in individual VII-11 (B). Blackened bars denote segregating

chromosomal segments and show regions of crossover.

a new locus for syndactyly. The identification of a gene
for SD1 is anticipated to broaden our understanding of
the molecular basics of limb differentiation.
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