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Introduction

Preaxial polydactyly [PPD (MIM190605)] is one of the
most frequently observed human developmental mal-
formations of the limbs. Sporadic cases of isolated
PPD have been described, but most show an autosomal
dominant mode of inheritance. The phenotype shows
large variation within families and varies from triph-
alangeal thumb or duplication of the thumb to tibial
aplasia. Using several large families, a PPD locus was
mapped to a 450-kb region on chromosome 7q36, and
all families described so far are linked to this region [1–
4]. Recent data suggest that the autosomal dominant
form of PPD is a part of a complex locus that includes
the other limb disorders. The gene responsible for com-
plex polysyndactyly [5] and acheiropodia (MIM 200500)
[6] has been mapped in the same region. Acheiropodia
is a rare autosomal recessive disorder of the limb with a
striking phenotype. All four limbs seem to be ampu-
tated at the level of elbow or knee, so that the hands and
feet are absent except for an ectopically formed single
bone at the distal end of the humerus (Bohomoletz
bone). Within the human PPD critical region, five tran-
scriptional units were identified, but finding genetic le-
sions within these families and the mouse mutants has
remained problematic [7].

In the syntenic region in mouse, two mutations have
been localized; Hemimelic extra toes (Hx), character-
ized by PPD and tibial aplasia [8], and Hammertoe

(Hm) [9], characterized by syndactyly. Because of the
significant similarity between the human and mouse
phenotypes and the synteny of the chromosomal region,
we consider it likely that the Hm and Hx mutations are
the mouse equivalent of the human mutations linked to
chromosome 7q36. Here we show that a novel polydac-
tylous mutant called Sasquatch (Ssq) is an allele of Hx.

Identification of the breakpoint in the t (5,7)(q11,
q36) patient and of the mouse Ssq insertion site

By using a combination of human and mouse genetic
approaches, we identified mutations in a human PPD
patient and in the mouse Ssq mutant. The patient, a
3-year-old girl, had bilateral symmetrical duplication
of the triphalangeal thumb and triplication of the great
toe without any associated abnormality (Fig. 1). She
carries a de novo translocation with a breakpoint
within the critical region for PPD. The breakpoint lies
within the gene C7orf2, one of the five transcripts in
the PPD critical region. Further analyses identified the
breakpoint within intron 5 of the gene. Prediction of
the secondary sequence topology [10] suggests that the
C7orf2 gene encodes a protein with multiple transmem-
brane domains. Thus, there is a possibility that the
C7orf2 protein products operate as receptors or as part
of larger membrane-bound complexes.

The second mutation identified was in the mouse
mutant Ssq [11]. The Ssq mutant arose as a result of a
transgenic insertion. The insertion was found to lie
within the same intron of Lmbr1 gene, the mouse
ortholog of C7orf2, showing that the mouse Ssq muta-
tion is a model for human PPD. In addition, these dis-
ruptions occurred in a stretch of repetitive DNA. These
data pinpoint the C7orf2/Lmbr1 genic region as critical
to the preaxial polydactyly phenotype observed in the
two species.
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Mutation analyses of PPD families

Analysis of transcription in the translocation case and
Ssq shows that the translocation breakpoint or the
transgenic insertion appears to confer partial transcrip-
tional stop activity, resulting in transcripts that termi-
nate in the intron between exons 5 and 6. However,
sequence analyses of C7orf2 in PPD families indicate
that no exons are skipped in patients. Thus, truncation
of the C7orf2 protein product between exon 5 and 6
may not be a general feature of the familial PPD cases.

Discussion

Our data suggest that PPD is associated with mutations
in the C7orf2 genic region. Then, how are they acting?
Studies of large chromosomal deletions on human 7q36
and mouse chromosome 5 revealed that a loss of a single
copy of C7orf2 does not result in preaxial supernumer-
ary digits or other limb defects [12,13], which suggests
that the mutations are not haploinsufficiencies but
rather act as dominants. The C7orf2 gene encodes a
putative multipass membrane-associated protein and

may operate at the cell surface as a receptor or part of a
receptor complex. Preaxial polydactyly mutations may
result from truncated, activated forms of this protein.
However, contradictory evidence from the study of five
different families suggests that the explanation may be
more complicated. These patients showed no nonsense
mutations or other mutations predicted to yield
truncated proteins and, in addition, RT-PCR failed to
detect premature transcriptional termination within the
C7orf2 gene. These data cast some doubt on the sugges-
tion that a specific truncated product is the predominant
cause of PPD in families and that this disorder may
result from a complex series of mutational events.

Studies in the mouse models for PPD do suggest a
close relationship with Sonic Hedgehog (Shh) expres-
sion. Shh is expressed in a posterior domain referred to
as the zone of polarizing activity (ZPA) and is funda-
mental to anteroposterior patterning of the limb [14].
Normally Shh expression in the anterior part of the limb
bud is actively repressed by transcriptional factors such
as Gli3 [15]. In Ssq and Hx, as in other unrelated pre-
axial polydactylous mutants [16–20], Shh is detected in
an additional anterior ectopic site outside the ZPA.
Generally, an ectopic site of signaling activity is pre-
dicted to be essential in the formation of extra digits.
The relationship between Ssq and PPD suggests that in
humans the supernumerary preaxial digits correspond-
ingly result from ectopic expression of Shh. Thus, the
mutations within the C7orf2 gene reported here appear
to have a role in the misexpression of the Shh gene.
Given that extra digits result from Shh misexpression,
then the converse loss of limb expression may be ex-
pected to effect severe distal limb truncations as seen in
acheiropodia patients. Recently, genomic deletion in-
cluding exon 4 of C7orf2 was identified in acheiropodia
patients. There are no mouse models for acheiropodia;
however, in limbs of the mouse model for Shh-targeted
deletions, truncation of long bones, complete loss of
feet, and sometimes an ectopic single bone at the distal
end of the humerus/femur, similar to the Bohomoletz
bone, were seen [21]. We suggest that, in contrast to Ssq
and PPD, acheiropodia results from a limb-specific loss
of Shh expression. Thus, we predict that C7orf2 muta-
tions in this region correspond very closely to limb-
specific expression of Shh.

The data suggest an intriguing relationship between
C7orf2 and Shh and raise the question, is C7orf2 a regu-
lator of the Shh gene? The physical linkage of Shh and
C7orf2, which map apart at an approximate 1-Mb dis-
tance in both mouse and human, make this difficult to
discern. The role for C7orf2 in limb morphogenesis re-
mains to be determined. As it stands, we cannot rule
out the previously suggested possibility that the C7orf2
genic region is dominated by Shh long-range, limb-
specific regulatory elements (Fig. 2).

Fig. 1. Limb phenotype of preaxial polydactyly (PPD) patient
carrying a de novo translocation t(5,7)(q11,q36). Radiograms
of hands showing bilateral duplication of the thumb (upper
panels) and radiograms of feet show bilateral triplication of
the great toe (lower panels)
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The inability to resolve all mutations is not unique to
this genetic region. Mutations that lie outside the coding
region are notoriously difficult to identify. In future
investigations, however, these mutations may pinpoint
unidentified isoforms or regulatory regions.
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